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Abstract

TRPML1 (transient receptor potential mucolipin 1) is a Ca2+-permeable, non-selective cation 

channel localized to the membranes of endosomes and lysosomes and is not present or functional 

on the plasma membrane. Ca2+ released from endosomes and lysosomes into the cytosol through 

TRPML1 channels is vital for trafficking, acidification, and other basic functions of these 

organelles. Here, we investigated the function of TRPML1 channels in fully differentiated 

contractile vascular smooth muscle cells (SMCs). In live-cell confocal imaging studies, we found 

that most endosomes and lysosomes in freshly isolated SMCs from cerebral arteries were 

essentially immobile. Using nanoscale super-resolution microscopy, we found that TRPML1 

channels present in late endosomes and lysosomes formed stable complexes with type 2 ryanodine 

receptors (RyR2) on the sarcoplasmic reticulum (SR). Spontaneous Ca2+ signals resulting from the 

release of SR Ca2+ through RyR2s (“Ca2+ sparks”) and corresponding Ca2+-activated K+ channel 

activity are critically important for balancing vasoconstriction. We found that these signals were 

essentially absent in SMCs from TRPML1-knockout (Mcoln1−/−) mice. Using ex vivo pressure 

myography, we found that loss of this critical signaling cascade exaggerated the vasoconstrictor 

responses of cerebral and mesenteric resistance arteries. In vivo radiotelemetry studies showed that 

Mcoln1−/− mice were spontaneously hypertensive. We conclude that TRPML1 is crucial for the 

initiation of Ca2+ sparks in SMCs and the regulation of vascular contractility and blood pressure.
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Introduction

The transient receptor potential mucolipin (TRPML) subfamily of Ca2+-permeable, non-

selective cation channels consists of three members, TRPML1, TRPML2 and TRPML3, 

encoded by the genes Mcoln1, Mcoln2 and Mcoln3, respectively (1, 2). TRPML1 channels 

are broadly distributed (3), whereas TRPML2 is expressed at high levels only in lymphoid 

and myeloid tissues (4, 5), and TRPML3 is most abundant in the cochlea and in melanocytes 

(6). TRPML channels are not expressed at high levels on the plasma membrane, and instead 

are mainly localized to the membranes of late endosomes and lysosomes (LELs). Channel 

activity is potentiated by acidic pH (6, 7) and depends on phosphatidylinositol 3,5-

bisphosphate (PtdIns(3,5)P2), a phosphoinositide species that is abundant in the membranes 

of LELs, but rare within the plasma membrane (8). TRPML channels are important for many 

of the canonical functions of LELs, including H+ homeostasis (9), maturation, fusion, 

trafficking (1), and autophagy (10–12). Here, we explored an unorthodox role for TRPML 

channels in the regulation of Ca2+ signaling mechanisms and contractility of native vascular 

smooth muscle cells (SMCs).

The contractile state of SMCs is determined by a complex interplay of global and localized 

Ca2+ signaling mechanisms. Vasoconstriction is caused by membrane depolarization-

dependent Ca2+ influx through voltage-dependent CaV1.2 channels, which elevates overall 

cytosolic [Ca2+] in SMCs (13). In contrast, the effects of localized, transient changes in 

intracellular [Ca2+] that occur within specific subcellular compartments are more nuanced. 

Such signals are exemplified by Ca2+ sparks—large-amplitude, transient Ca2+-signaling 

events that reflect the optically detected release of Ca2+ through clusters of type 2 ryanodine 

receptors (RyR2s) on the sarcoplasmic reticulum (SR) (14). A single Ca2+ spark stimulates a 

functionally coupled cluster of large-conductance Ca2+-activated K+ (BK) channels on the 

plasma membrane, giving rise to large outward K+ currents, membrane hyperpolarization, 

SMC relaxation, and vasodilation (14, 15). The intraluminal [Ca2+] of LELs (~0.5–2 mM) 

(16) is much higher than that of the surrounding cytosol (~100–300 nM) of SMCs, and we 

predict that the opening of Ca2+-permeable TRPML channels on the membrane of LELs will 

produce transient, localized Ca2+ signals. Because the amplitude of an intracellular Ca2+ 

signal originating from a point source rapidly diminishes with distance from the origin, the 

specific functions of such signals are dictated by the local molecular environment.

In the current study, we tested the hypothesis that TRPML1 channels on LELs influence 

Ca2+ signaling pathways and contractile functions of SMCs. Molecular studies demonstrated 

that TRPML1 was the only detectable member of the TRPML subfamily in native 

contractile SMCs. Focusing on this channel, we used a live-cell LEL-tracking assay and 

nanoscale super-resolution microscopy to establish that TRPML1 and RyR2 formed a stable, 

closely coupled complex in native SMCs. High-speed confocal Ca2+ imaging and patch-

clamp electrophysiological studies revealed that spontaneous Ca2+ sparks and associated BK 

channel currents were essentially absent in contractile SMCs isolated from mice with a 

global deficiency of TRPML1 (Mcoln1−/−). Arteries from Mcoln1−/− mice studied ex vivo 

were hypercontractile, likely due to loss of RyR2 activity and hyperpolarizing BK channel 

currents. Experiments performed in vivo using surgically implanted radiotelemetry 

transmitters revealed that Mcoln1−/− mice were spontaneously hypertensive. We conclude 
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that under physiological conditions TRPML1 channels initiate Ca2+ sparks, thereby 

diminishing SMC contractility to regulate vascular resistance and blood pressure.

Results

TRPML1 channels are present in native vascular SMCs

Expression of Mcoln1, Mcoln2, and Mcoln3 in native contractile cerebral artery SMCs was 

surveyed at the mRNA level using quantitative reverse transcription-polymerase chain 

reaction (RT-qPCR). Homogeneous populations of native SMCs were obtained from 

cerebral arteries isolated from smMHCCre/eGFP reporter mice (17) by enzymatic dispersion 

and fluorescence-activated cell sorting (FACS), as previously described (18). RT-qPCR data 

were normalized to expression of the housekeeping gene Actb, encoding β-actin. Mcoln1 
was highly expressed in SMCs; in contrast, Mcoln2 and Mcoln3 were not present in these 

samples (Figure 1A), but were readily detectable in positive control RNA (Fig. S1A and B). 

An analysis of RNA from whole cerebral and mesenteric arteries revealed a similar pattern, 

with Mcoln1 expressed at much higher levels compared with Mcoln2 and Mcoln3 in vessels 

from wild-type (WT) animals (Figure 1B and C). We also found that Mcoln1 was 

undetectable in arteries from Mcoln1−/− mice and that expression levels of Mcoln2 and 

Mcoln3 did not differ between WT and Mcoln1−/− mice (Figure 1B and C). Using the Wes 

capillary electrophoresis protein detection system, we identified a single band at the 

expected molecular weight for TRPML1 (~60 kDa) in cerebral arteries from WT mice, but 

not in arteries from Mcoln1−/− mice (Figure 1D). We conclude that TRPML1 is the only 

TRPML subfamily member present in contractile SMCs and that Mcoln1 knockout does not 

alter expression levels of Mcoln2 or Mcoln3.

The majority of LELs in contractile SMCs are immobile

TRPML1 channels reportedly contribute to the intracellular trafficking of LELs (1). To 

investigate the mobility of these organelles in contractile SMCs, we labeled freshly isolated 

cerebral artery SMCs from WT mice with LysoTracker Deep Red, a dye that specifically 

stains the membranes of LELs (19). LysoTracker-labeled native contractile SMCs isolated 

from WT mice (Figure 2A) were imaged using live-cell spinning-disk confocal microscopy, 

and recordings were analyzed for movement of LysoTracker-labeled structures using NIH 

Image J. Unexpectedly, we found that the majority of LELs in contractile SMCs isolated 

from WT mice were essentially immobile, moving less than 1 µm during the recording 

period (Figure 2B and C; Movie S1). We also found that the majority of LELs in intact 

pressurized cerebral arteries were also essentially immobile, moving less than 1 µm during 

the recording period (Fig. S2A to C; Movie S2). We compared these data to those obtained 

from primary, unpassaged, proliferative cerebral artery SMCs derived from the same animals 

that had been used for native cell studies and cultured in the presence of serum for 6 days. 

Cells cultured under these conditions expressed the SMC markers smooth muscle α-actin 

and myosin heavy chain 11 (Fig. S3A and B). Proliferative SMCs isolated from WT mice 

were loaded with LysoTracker and imaged under the same conditions used for contractile 

SMCs (Figure 2D). These live-cell imaging studies revealed that nearly all LELs in 

proliferative SMCs isolated from WT mice were mobile, exhibiting slow, Brownian-type 
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diffusion within the cytosol as well as rapid long-range movements along linear tracks 

(Figure 2E and F; Movie S3).

Using the same procedures, we also examined LEL mobility in native contractile SMCs 

isolated from Mcoln1−/− mice (Figure 2G). Similar to contractile SMCs isolated from WT 

mice, we found that the majority LELs in contractile SMCs isolated from Mcoln1−/− mice 

were also essentially immobile (Figure 2H and I). Live-cell imaging studies of proliferative 

SMCs isolated from the same Mcoln1−/− mice loaded with LysoTracker (Figure 2J) revealed 

that LELs in these cells were mobile (Figure 2K and L) but exhibited less mobility 

compared to proliferative SMCs isolated from WT mice. The mean displacement (Figure 

2M) and speed (Figure 2N) of LysoTracker-labeled particles were greater in proliferative 

SMCs compared to contractile SMCs isolated from both WT and Mcoln1−/− mice. In 

agreement with previous reports of the pivotal role of TRPML1 channels in the trafficking of 

LELs (1), we observed a marked decrease in mean displacement and speed of LysoTracker-

labeled particles in SMCs isolated from Mcoln1−/− mice in comparison to corresponding 

SMCs isolated from WT mice (Figure 2M and N). The density of labeled particles per cell 

was also greater in proliferative SMCs isolated from both WT and Mcoln1−/− mice although 

deficiency in TRPML1 did not alter the number of labeled particles per cell (Figure 2O). 

These data suggest that LELs are essentially immobile in fully differentiated contractile 

SMCs and that reversion to the proliferative phenotype greatly increases the mobility of 

these organelles. Our data also show that TRPML1 channels contribute to the mobility of 

LELs in cultured cells.

Lamp-1-positive LELs and TRPML1 are located within 40 nm of RyR2 clusters in native 
SMCs

The near-immobility of the bulk of LELs in contractile SMCs suggests that these organelles 

form stable complexes and can functionally interact with neighboring structures. To examine 

this concept, we determined the subcellular localization of TRPML1 channels relative to 

RyR2s and the LEL marker protein, Lamp-1 (lysosomal-associated membrane protein 1), in 

native SMCs using GSDIM (ground-state depletion followed by individual molecule return) 

super-resolution microscopy (20–22). The specificity of our TRPML1 antibody was 

validated in Wes protein-detection experiments (Figure 1D) and in control experiments 

comparing the super-resolution labeling density of cerebral arterial SMCs from WT and 

Mcoln1−/− mice immunolabeled with the TRPML1 primary antibody and secondary 

antibodies with that of SMCs labeled with the secondary antibody alone (Fig. S4A to C). 

The specificity of Lamp-1 and RyR2 antibodies was also validated using this latter approach 

(Fig. S4D to I). The spatial resolution limits of our GSDIM system were probed using 20- 

and 40-nm DNA-PAINT–based nanorulers (23). GSDIM imaging revealed that the distance 

between markers for the 40-nm nanoruler was 39 ± 12 nm (mean ± SD), and the full width 

at half maximum (FWHM) for individual fluorophores was 16 ± 5 nm (Fig. S5A and B). 

The distance between markers for the 20-nm nanoruler was 23 ± 9 nm, and the FWHM was 

11 ± 3 nm (Fig. S5C and D). These values are consistent with those reported in prior studies 

(24, 25) and demonstrate that the lateral resolution limit of our GSDIM system is between 

20 and 40 nm.
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Native SMCs were co-immunolabeled for TRPML1 and Lamp-1, RyR2 and Lamp-1, or 

TRPML1 and RyR2, and imaged using GSDIM in the epifluorescence illumination mode. 

Super-resolution localization maps showed that TRPML1, Lamp-1, and RyR2 proteins were 

non-homogeneously distributed and were present as defined clusters in native SMCs (Figure 

3A to C). The mean area of TRPML1 protein clusters was smaller than that of RyR2 protein 

clusters; the sizes of individual clusters of both proteins were exponentially distributed 

(Figure 3D and E); and the mean density of RyR2 clusters was greater than that of TRPML1 

clusters (Figure 3F). High-resolution electron cryomicroscopy structural analyses estimated 

that the diameter of a single human TRPML1 channel is 10.5 nm (26). Using this value and 

assuming maximum packing density, we calculated that median-sized TRPML1 protein 

clusters (1608 nm2) could contain up to 18 TRPML1 channels.

Individual Lamp-1 protein clusters were organized into larger ovoid metastructures that were 

between 30,000 and 800,000 nm2 in size (Figure 3G). This distribution is consistent with the 

previously reported sizes of LELs (27). Using object-based analysis on cells co-

immunolabeled for Lamp-1 and TRPML1, we found that TRPML1 protein clusters 

colocalized at the resolution limit of our system (20-40 nm) with most (74.5%; 123/165) of 

the Lamp-1-positive metastructures.

The distance between individual RyR2 clusters and the outer edge of Lamp-1-positive LELs 

was determined by nearest-neighbor analysis of super-resolution images obtained from cells 

co-immunolabeled for Lamp-1 and RyR2 (Figure 3B). A plot of the distribution of these 

data showed that RyR2 clusters were most frequently located between 0 and 40 nm of 

Lamp-1-positive ovoids, and were randomly assorted at distances of 50 to 500 nm (Figure 

3H). These data suggest that RyR2s clusters are most frequently located within 40 nm of 

Lamp-1-positive LELs in contractile SMCs (288 of 1409 RyR2 clusters) and are randomly 

distributed relative to LELs outside of this range.

Object-based analysis of super-resolution localization maps of SMCs co-immunolabeled for 

TRPML1 and RyR2 showed that a significantly greater fraction of TRPML1 protein clusters 

colocalized with RyR2 clusters compared with a simulated random distribution (Figure 3I). 

These data indicate that a population of TRPML1 channels are located less than 40 nm from 

RyR2s in contractile SMCs. Together, our data support the concept that TRPML1 channels 

in Lamp-1-positive LELs form stable complexes with RyR2s in contractile SMCs.

SMCs from Mcoln1−/− mice lack spontaneous Ca2+ sparks and BK channel activity

Ca2+ sparks were recorded in contractile cerebral artery SMCs isolated from WT and 

Mcoln1−/− mice using spinning-disk confocal microscopy (Figure 4A and B). Spontaneous 

Ca2+ sparks were present in nearly all SMCs (11/13) obtained from WT mice, but were 

detected in less than 11% of SMCs obtained from Mcoln1−/− mice. Further, the number of 

Ca2+ spark sites per cell and the mean frequency of Ca2+ sparks were considerably lower in 

SMCs from Mcoln1−/− mice compared with controls (Figure 4C and D). A comparison of 

total SR Ca2+ store load between groups, performed by recording changes in global [Ca2+] 

in response to caffeine (10 mM) pulses, demonstrated that there were no differences between 

SMCs from WT and Mcoln1−/− mice (Figure 4E). These data show that the lack of 
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spontaneous Ca2+ spark activity in SMCs from Mcoln1−/− mice is not due to differences in 

SR [Ca2+].

Ca2+ sparks activate clusters of BK channels on the plasma membrane, generating large-

amplitude spontaneous transient outward currents (STOCs) (14). In native cerebral artery 

SMCs voltage-clamped at a physiologically relevant membrane potential (−40 mV), STOCs 

were present in cells obtained from WT animals but were almost undetectable in SMCs from 

Mcoln1−/− mice (Figure 5A). Mean STOC frequency and amplitude were lower in SMCs 

from Mcoln1−/− mice compared with WT mice over a range of membrane potentials (Figure 

5B and C). In control studies, we found that whole-cell BK current density did not differ 

between SMCs from WT and Mcoln1−/− mice, suggesting that TRPML1 knockout did not 

alter the number of BK channels available for activation at the plasma membrane (Fig. S6A 

and B). We also found that mRNA expression of Ryr2 (encoding RyR2), Kcnma1 (encoding 

the BKα pore-forming subunit), and Kcnmb1 (encoding the BK β1 regulatory subunit) did 

not differ between WT and Mcoln1−/− mice (Fig. S6C). The mobility of LELs in 

proliferative SMCs suggests that these cells might lack stable TRPML1-RyR2-BK signaling 

complexes. To test this hypothesis, we recorded STOC activity in proliferative SMCs using 

perforated patch-clamp electrophysiology. STOC frequency essentially 0 at membrane 

potentials that are physiologically-relevant for native SMCs (−60 to −20 mV and minimal at 

more depolarized membrane potentials (Fig. S7A to C). These data further support the 

concept that the formation of stable signaling complexes between TRPML1 channels on 

LELs and the RyR2-BK signaling cascade is necessary for the generation of STOCs.

To further characterize the impact of Mcoln1 knockout on spontaneous BK channel activity, 

we used a pharmacological approach. We found that the selective TRPML channel agonist 

MK6-83 (28) significantly increased STOC frequency in SMCs from WT, but not those from 

Mcoln1−/− mice (Figure 5D and E). However, STOC amplitude was not affected by MK6-83 

in both WT and Mcoln1−/− mice (Fig. S8). TRPML1 channel activity is regulated by 

intravesicular pH (6, 7). Therefore, we predicted that disruption of LEL pH by inhibiting the 

vacuolar H+-ATPase would diminish TRPML1 activity and reduce STOCs. We found that 

STOC frequency was nearly abolished by treating native SMCs with the vacuolar H+-

ATPase inhibitor bafilomycin A1 (Baf-A1) (Fig. S9A and B) and that STOC amplitude was 

significantly reduced by this treatment (Fig. S9C). Baf-A1 did not affect whole-cell BK 

channel currents (Fig. S9D and E). In additional control experiments, we treated voltage-

clamped SMCs with GSK1016790A, a selective activator of TRP vanilloid 4 (TRPV4) 

channels (29), to engage an independent signaling cascade that stimulates increases in Ca2+ 

spark and STOC frequency through TRPV4-mediated Ca2+ influx and Ca2+-induced Ca2+ 

release from RyR2s (30, 31). These experiments showed that stimulation of TRPV4 

channels increased STOC frequency, but not amplitude, to a similar extent in SMCs from 

WT and Mcoln1−/− mice (Figure 5F and G, Fig. S10), demonstrating that TRPML1 

knockout does not result in off-target effects that prevent pharmacological engagement of 

the Ca2+ spark/BK pathway. We conclude that TRPML1 expression is necessary for 

spontaneous activity of the Ca2+ spark/BK channel signaling cascade in contractile SMCs.
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Resistance arteries from Mcoln1−/− mice are hypercontractile

The involvement of TRPML1 channels in the regulation of vascular contractility was 

investigated in a series of ex vivo pressure myography experiments. We found that arteries 

isolated from Mcoln1−/− mice constricted more robustly in response to increases in 

intraluminal pressure within the physiological range compared with cerebral arteries (Figure 

6A and B). In addition, cerebral arteries from Mcoln1−/− mice were more sensitive to the 

constrictive effects of the thromboxane A2 receptor agonist U46619 (Figure 6C and D) 

compared with arteries from WT mice. Similarly, the contractile response to increase in 

intraluminal pressure was greater in mesenteric arteries from Mcoln1−/− mice (Figure 6E 

and F), as was the contractile response to the α1-adrenergic receptor agonist phenylephrine 

(Figure 6G and H). In control studies, we found that the degree of constriction of cerebral 

(Fig. S11A) and mesenteric (Fig. S11B) arteries induced by elevating extracellular [K+] to 

60 mM did not differ between arteries isolated from WT and Mcoln1−/− mice, indicating that 

loss of TRPML1 expression did not grossly alter voltage-dependent Ca2+ influx or 

contractile pathways associated with direct depolarization of the SMC plasma membrane. In 

addition, we found that vasodilation in response to the nitric oxide donor sodium 

nitroprusside did not differ between cerebral arteries isolated from WT and Mcoln1−/− mice 

(Fig. S12).

Mcoln1−/− mice are hypertensive

Age- and size-matched WT and Mcoln1−/− mice were surgically implanted with radio 

telemetry transmitters as previously described (32). After a recovery period (14 days), 

systolic and diastolic blood pressure (BP) and heart rate were recorded for 48 hours. Normal 

diurnal variations were observed for all parameters. The mean systolic BP of Mcoln1−/− 

mice was greater than that of WT mice during both day and night cycles (Figure 7A and B), 

whereas diastolic BP did not differ between groups (Figure 7C and D). Mean arterial 

pressure (MAP) (Figure 7E and F) was also greater in Mcoln1−/− mice compared with WT 

mice, whereas heart rate (Fig. S13A and B) and locomotor activity (Fig. S13C and D) did 

not differ between groups. These data indicate that knockout of TRPML1 results in 

spontaneous systolic hypertension, which is associated with elevated arterial contractility 

and decreased compliance in human patients (33). Regulation of BP is influenced by the 

central and autonomic nervous systems and the kidneys in addition to peripheral resistance 

imparted by small blood vessels. Our data suggest that elevated SMC contractility and 

excessive constriction of arteries from Mcoln1−/− mice contributes to elevated BP in these 

animals.

Discussion

Vascular resistance is primarily determined by the diameter of small arteries and arterioles, 

and its dynamic regulation by relaxation or contraction of SMCs controls blood flow and 

pressure. Here, we provide evidence that the activity of TRPML1, a non-selective cation 

channel localized to LELs, diminished SMC contractility, vasoconstrictor responsiveness, 

and BP. Using live-cell imaging and super-resolution microscopy, we showed that TRPML1 

channels in LELs formed stable, closely coupled complexes with RyR2s in contractile 

SMCs. Our findings also indicated that TRPML1 was required for the generation of 
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spontaneous Ca2+ sparks and corresponding BK channel activity. Failure to initiate this vital 

signaling cascade in Mcoln1−/− mice resulted in excessive vasoconstriction and was 

associated with the development of hypertension. We conclude that TRPML1 is critically 

important for initiation of Ca2+ sparks in SMCs and the consequent control of arterial tone.

The Ca2+ spark/BK channel signaling pathway is a fundamental regulator of vascular tone. 

BK channel currents, which are stimulated by spontaneous Ca2+ sparks, control SMC 

membrane potential and contractility (14, 34, 35), and provide critical negative feedback that 

limits the extent and duration of vasoconstrictor responses (15). Genetic knockout of the BK 

channel β1 subunit, a regulatory subunit that enhances the Ca2+ sensitivity of the channel 

(36), causes excessive vasoconstriction, elevated total vascular resistance, and hypertension 

(34, 35). Functional uncoupling of Ca2+ sparks from BK channels due to downregulation of 

the β1 subunit is associated with hypertension in human patients (37, 38). Conversely, a gain 

of function mutation in KCNMB1, which encodes the β1 subunit, is associated with lower 

than expected rates of diastolic hypertension in humans, providing evidence of the 

pathophysiological impact of this pathway (39). Our data showed that TRPML1 channels, 

acting upstream of RyR2s, were necessary for the spontaneous generation of Ca2+ sparks. 

Further, we found that knockout of TRPML1 in mice had an effect similar to that of 

knocking out the BK β1 subunit—specifically, exaggerated vasoconstrictor responses and 

hypertension. Thus, our findings identify TRPML1 as an essential component of the vital 

Ca2+ spark/BK signaling cascade in contractile SMCs.

How does TRPML1 stimulate the generation of Ca2+ sparks? We propose a model based on 

the localization of the channel within contractile SMCs. LELs are highly mobile in many 

types of cells, including proliferative SMCs, but our data showed that the vast majority of 

these organelles were essentially immobile in contractile SMCs. Further, a substantial 

population of TRPML1 channel clusters on the membranes of LELs was localized to within 

less than 40 nm of RyR2s on the SR in native SMCs. Because of the steep Ca2+ gradient 

between the lumen of LELs and the cytosol (16), the opening of TRPML1 channels is 

predicted to create a Ca2+ microdomain near the mouth of the channel (40). We propose that 

Ca2+ released from LELs through TRPML1 channels that are closely coupled with RyR2s 

triggers Ca2+ sparks through Ca2+-induced Ca2+ release. In this manner, a Ca2+-release 

event initiated by TRPML1 is amplified by Ca2+ released through RyR2s to generate a Ca2+ 

spark and activate subsequent downstream signaling events. Sustaining the activity of this 

pathway requires that the intraluminal [Ca2+] of an LEL proximal to an individual RyR2 

cluster be restored prior to the initiation of another Ca2+ spark at that site. The mechanisms 

that establish the Ca2+ gradient between the LEL lumen and cytosol are not known, but the 

involvement of an unidentified H+/Ca2+ exchanger has been proposed (16). It is conceivable 

that a fraction of the Ca2+ released from the SR through RyR2s is taken up by LELs and 

then later released to trigger a subsequent Ca2+ spark, contributing to the formation of a self-

sustaining Ca2+ signaling oscillator.

The specific properties of TRPML1 have been investigated by patch-clamp 

electrophysiology using cells overexpressing a TRPML1 variant containing a specific point 

mutation that promotes trafficking of the channel to the plasma membrane (6) and by 

treating cultured cells with vacuolin-1 to enlarge LELs (7). These studies showed that 
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TRPML channel activity is potentiated by acidic conditions and is specifically activated by 

the phosphoinositide PtdIns(3,5)P2 (8), which is abundant in the membranes of LELs. We 

predict that acidification of endosomes and the abundance of PtdIns(3,5)P2 in the membrane 

of these vesicles promotes frequent stochastic openings of TRPML1 channels that may be 

responsible for triggering spontaneous Ca2+ sparks in contractile SMCs. In addition, 

TRPML1 channels are sensitized or activated by exogenous oxidants and endogenously 

generated reactive oxygen species (ROS) (11), and inhibited by the mammalian target of 

rapamycin (mTOR) (41). We attempted to study the role of ROS and mTOR regulation of 

TRPML1 in contractile SMCs. However, in preliminary experiments, we found that, 

although vacuolin-1 increased the size of LELs in HEK cells, this treatment did not enlarge 

these organelles in native SMCs. These findings are in agreement with those of a prior study 

reporting that vacuolin-1 treatment does not increase the size of LELs in primary dorsal root 

ganglion neurons (42) and suggest that the effects of this compound are cell-type specific. 

As a consequence, we are unable to analyze TRPML1 regulation in contractile SMCs using 

patch-clamp electrophysiology. TRPML1 activity can also be studied in cultured cells that 

express Ca2+-biosensor proteins targeted to LELs (43). However, because SMCs rapidly 

undergo phenotypic changes under cell culture conditions (44), application of this method to 

study TRPML1-dependent Ca2+ signaling in fully differentiated contractile SMCs will 

require the development of new transgenic mice expressing LEL-targeted Ca2+ biosensors.

Loss-of-function mutations in MCOLN1 are associated with mucolipidosis type IV (MLIV) 

(3, 45), an extremely rare human lysosomal storage disease, with just over 100 reported 

cases (46). MLIV patients exhibit delayed development of mental and motor skills, impaired 

vision, achlorhydria and other pathologies in multiple organ systems (47), many of which 

are recapitulated in Mcoln1−/− mice (48). Ultrastructural skin biopsies of MLIV patients 

have revealed abnormalities in blood vessel walls and smooth muscle fibers (49), but none of 

the clinical studies have reported hypertension. This may be because nearly all of the case 

studies describe the disease in children or young adults, before cardiovascular pathology 

becomes evident.

The Ca2+ spark/BK channel signaling pathway was first described in SMCs more than two 

decades ago (14), but the initiation of these seemingly spontaneous Ca2+ signals has 

remained enigmatic. Our study demonstrates that TRPML1 channels act upstream of RyR2s 

in this pathway and are necessary for the generation of spontaneous Ca2+ sparks and 

subsequent activation of BK channels. Knockout of Mcoln1 resulted in vascular 

hypercontractility and hypertension, effects similar to those of knocking out a BK channel 

regulatory subunit (34, 35). We conclude that TRPML1 is critically important for the 

regulation of vascular contractility.

Materials and Methods

Chemical and reagents

All chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), 

unless stated otherwise.
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Animals

Adult (16–20 weeks of age) male WT C57BL/6J mice (Jackson Laboratories, Bar Harbor, 

ME, USA), homozygous global Mcoln1−/− mice (B6.Cg-Mcoln1tm1Sasl/J, strain #027110; 

Jackson Laboratory), and smMHCCre/eGFP (B6.Cg-Tg[Myh11-cre-EGFP]2Mik/J) reporter 

mice that express eGFP exclusively in SMCs under the control of the myosin heavy chain 

promoter (17) were used for these studies. Animals were maintained in individually 

ventilated cages (<5 mice/cage) with ad libitum access to food and water, in a room with 

controlled 12-hour light and dark cycles. All animal care procedures and experimental 

protocols involving animals were performed in compliance with the NIH Guide for the Care 
and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use 

Committee at the University of Nevada, Reno School of Medicine. Arteries for ex vivo 

experimentation were harvested from mice that were deeply anaesthetized with isoflurane 

(Baxter Healthcare, Deerfield, IL, USA) and euthanized by decapitation and exsanguination. 

Brains and mesenteries were isolated and placed in ice-cold Ca2+-free physiological saline 

solution (Ca2+-free PSS; 134 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM HEPES, 10 mM 

glucose, 0.5% bovine serum albumin [BSA], pH 7.4).

Enzymatic dispersal of SMCs

Individual native SMCs were obtained by digesting freshly isolated arteries in papain (1 

mg/ml; Worthington Biochemical Corporation, Lakewood, NJ, USA), dithiothreitol (1 mg/

ml), and BSA (10 mg/ml) in Ca2+-free PSS at 37°C for 12 minutes, followed by a 14-minute 

incubation in type II collagenase (1 mg/ml; Worthington Biochemical Corporation). 

Digested arteries were washed with Ca2+-free PSS and triturated with a polished glass 

pipette to dissociate SMCs. SMCs were freshly dissociated on the day of experiments.

Isolation of SMCs using fluorescence-activated cell sorting (FACS)

Native cerebral artery SMCs were isolated from smMHCCre/eGFP reporter mice using 

previous described protocols (18, 50). Briefly, after enzymatically dispersing as described 

above, eGFP-expressing cells were sorted by FACS using a BD Biosciences FACSAria II 

flow cytometer (San Jose, CA, USA) with a 130-μm nozzle at a sheath pressure of 12 psi. 

Viability was assessed by labeling cells with Hoechst 33258 (1 μg/ml) followed by 

excitation with a 355-nm UV laser and emission detection using a 450/50 nm bandpass 

filter. Cells with compromised membranes that stained positively for Hoechst 33258 were 

eliminated. Cells that were negative for Hoechst 33258 but positive for eGFP (488 nm 

excitation) were collected in a tube containing TRIzol reagent (Invitrogen, Carlsbad, CA, 

USA) and further processed for RNA isolation. FACS was performed in the FACS/FCMSRL 

Core Facility at the University of Nevada, Reno School of Medicine.

RNA isolation and RT-PCR

Cerebral and mesenteric arteries or FACS-isolated SMCs were placed into TRIzol Reagent 

(Invitrogen) and homogenized using a syringe and 20-gauge needle. The homogenate was 

centrifuged at 20,800 × g for 5 minutes, and the RNA-containing supernatant was 

transferred to a new tube. Total RNA was isolated using Direct-zol RNA MicroPrep (Zymo 

Research, Irvine, CA, USA), quantified using a Nanodrop 2000 spectrophotometer 
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(ThermoFisher, Waltham, MA, USA), and treated with OPTIZYME DNase I (Fisher 

BioReagents, Pittsburgh, PA, USA). First-strand cDNA was synthesized using qScript 

cDNA SuperMix (Quanta, Gaithersburg, MD, USA).

RT-qPCR was performed on a QuantStudio 3 system (ThermoFisher) using Fast SYBR 

Green Master Mix (ThermoFisher) and specific custom-designed primers (Table S1). The 

efficiency of RT-qPCR primer pairs (Fig. S1) for Mcoln1, Mcoln2, and Mcoln3 was 

determined using serial dilations of first-strand cDNA generated from Mouse XpressRef 

Universal Total RNA (Qiagen), which also served as positive control material for all assays. 

Reactions without template cDNA served as contamination controls. RT-qPCR data were 

normalized to β-actin and analyzed using the ΔΔCT method (51).

Endpoint RT-PCR was performed using GoTaq Green Master Mix (Promega, Madison, WI, 

USA) and the specific primer pairs indicated above in a T100 Thermal Cycler (Bio-Rad, 

Hercules, CA, USA). PCR products were resolved on 2% agarose gels containing ethidium 

bromide and imaged on a Bio-Rad Chemidoc (Bio-Rad).

Protein extraction and Wes protein analysis

Arteries were isolated, cut into small segments, and placed directly into ice-cold 1× RIPA 

buffer (Cell Biolabs, San Diego, CA, USA) supplemented with 1% protease inhibitor 

cocktail (Cell Biolabs). Following a 15 minute incubation, samples were disrupted using a 

hand-held homogenizer equipped with a sterile disposable tip (VWR, Radnor, PA, USA) and 

further processed using a probe sonicator (Fisher Scientific, Hampton, NH, USA). 

Homogenized samples were centrifuged at 20,800 × g for 20 min at 4 °C, and the 

supernatant was transferred to a clean tube. The protein concentration of the supernatant was 

determined using a Pierce BCA Protein Assay Kit (ThermoFisher), and absorbance values 

were read using a FlexStation 3 plate reader (Molecular Devices, San Jose, CA, USA).

Protein expression was measured using a Wes automated capillary‐based protein detection 

system (ProteinSimple, Santa Clara, CA, USA) employing 25-capillary 12 to 230-kDa Wes 

separation modules and anti-mouse/rabbit detection modules, according to the 

manufacturer’s recommendations. Briefly, samples (0.3 mg/mL) were diluted in a 

fluorescence-reducing buffer and heated to 95 °C for 5 min before loading onto the Wes 

plate. A biotinylated ladder was included in all Wes experiments. Rows were successively 

loaded with Wes antibody diluent blocking buffer; anti-TRPML1 (1:50, sc-398868, Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) or anti–β-actin (1:1000, ab8227, Abcam, 

Cambridge, MA, USA), horseradish peroxidase (HRP)-conjugated anti-mouse or -rabbit 

secondary antibody (1×; ProteinSimple), and a luminol–peroxide mix. Data were analyzed 

using Compass for SW (ProteinSimple).

Primary SMC culture

Enzymatically dispersed cerebral artery SMCs were cultured as previously described (52) on 

30-mm glass-bottomed culture dish in Complete Smooth Muscle Cell Growth Medium (Cell 

Biologics, Inc., Chicago, IL, USA) in an incubator maintained at 37°C with 6% CO2. SMCs 

were cultured for 6 days prior to study; some cultures were immunolabeled for smooth 
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muscle α-actin (ab5694, 1:100, Abcam) and myosin heavy chain (ab53219, 1:100, Abcam) 

expression (Fig. S3).

LysoTracker

Freshly isolated cerebral artery SMCs and cultured proliferative SMCs were labeled with 

LysoTracker Deep Red (50 nM; ThermoFisher) diluted in Ca2+-free PSS for 30 minutes at 

room temperature (22°C). Labeled cells were then washed with and maintained in HEPES 

buffered imaging solution (146 mM NaCl, 4.7 mM KCl, 0.6 mM MgSO4, 0.15 NaHPO4, 2.5 

mM CaCl2, 8 mM glucose, 0.1 mM ascorbic acid, 10 mM HEPES, pH 7.4). Cells were 

imaged using a custom built live-cell spinning-disk confocal microscopy (laser source, 

Andor Integrated Laser Engine, Andor Technology, Belfast, UK; spinning disk CSU-X1, 

Yokogawa, Tokyo, Japan; inverted microscope IX81, Olympus, Tokyo, Japan). Images were 

obtained using a 100x (NA 1.45) oil-immersion lens (Olympus) and an electron multiplying 

charge-coupled device (EMCCD) camera (iXon 897, Andor Technology) using µManager 

software (version 1.4, Vale Lab, UCSF, San Francisco, CA, USA).

Intact cerebral arteries were labeled with LysoTracker Deep Red (50 nM; ThermoFisher) 

diluted in DMEM (ThermoFisher) for 1 hour at 37°C with 6% CO2. Arteries were mounted 

between two glass pipettes (outer diameter, 40-50 μm) in a pressure myograph chamber 

(Living Systems Instrumentation, Burlington, VT, USA) and secured by nylon thread. 

Intraluminal pressure was controlled using a servo-controlled peristaltic pump (Living 

Systems Instrumentation). Arteries were bathed in warmed (37°C), oxygenated (21% O2, 

6% CO2, 73% N2) PSS (119 mM NaCl, 4.7 mM KCl, 21 mM NaHCO3, 1.17 mM MgSO4, 

1.8 mM CaCl2, 1.18 mM KH2PO4, 5 mM glucose, 0.03 mM EDTA) at an intraluminal 

pressure of 5 mmHg. Following a 15-minute equilibration period, intraluminal pressure was 

increased to 110 mmHg and vessels were stretched to their approximate in vivo length, after 

which pressure was reduced back to 5 mmHg for an additional 15 minute equilibration 

period. Intraluminal pressure was then increased to 20 mmHg to and arteries images were 

recorded using an inverted spinning-disk confocal microscope with a 100x (NA 1.45) oil-

immersion lens (Olympus).

LysoTracker imaging experiments were analyzed using NIH ImageJ software with the 

TrackMate analysis plug-in (53). Briefly, Laplacian of Gaussian Detector was utilized to 

identify LysoTracker-stained particles and a Linear Motion Linear Assignment Problem 

Tracker was employed to measure particle displacement and speed.

Super-resolution microscopy

A GSDIM imaging system (Leica, Wetzlar, Germany) built around an inverted microscope 

(DMI6000B; Leica) was used to generate super-resolution localization maps. Images were 

obtained using a 160x HCX Plan-Apochromat (NA 1.47) oil-immersion lens and an 

EMCCD camera (iXon3 897; Andor Technology). Cells were fixed with 2% 

paraformaldehyde-PBS (phosphate-buffered saline), permeabilized and blocked with 0.1% 

Triton X/50% SEA Block-PBS, and incubated with primary antibodies against TRPML1 

(sc-398868, 1:50, Santa Cruz Biotechnology) and Lamp-1 (ab25245, 1:100, Abcam) or 

TRPML1 and RyR2 (ARR-002, 1:100; Alomone Labs, Israel). Alexa Fluor (568)- or Alexa 

Thakore et al. Page 12

Sci Signal. Author manuscript; available in PMC 2020 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fluor (647)-conjugated secondary antibodies were used for detection. During imaging, cells 

were kept in a thiol-based imaging solution consisting of 50 mM Tris-10 mM NaCl buffer 

(pH 8), 10% glucose, 10 mM mercaptoethylamine (MEA), 0.48 mg/ml glucose oxidase and 

50 µg/ml catalase. Fluorophores were excited with 500 mW 532- and 642-nm lasers. Cluster 

size was analyzed using the open-source CellProfiler (v. 3.0.0) software package (54). 

Object-based analysis was used to establish colocalization of TRPML1 channels with 

Lamp-1 or RyR2 in super-resolution localization maps. For this analysis, we used NIH 

ImageJ software with the JACoP colocalization analysis plug-in, which applies a connexity 

analysis for image segmentation (55, 56).

Ca2+ sparks

SMCs were placed in a recording chamber (Warner Instruments, Hamden, CT, USA) and 

allowed to adhere to glass coverslips for 20 minutes at room temperature. SMCs were then 

loaded with Fluo-4 AM (10 µM) (Molecular Probes, Eugene, OR, USA) in the dark for 30 

minutes in Ca2+-free PSS, washed with Ca2+-containing PSS, and incubated at room 

temperature for 15 minutes in the dark. Images were acquired using a spinning-disk confocal 

microscope (Andor) with a 100x oil-immersion objective (NA 1.45) at a frame rate of 30–60 

frames per second (fps). Custom software provided by Drs. Mark T. Nelson and Adrian D. 

Bonev (University of Vermont) was used to analyze the properties of Ca2+ sparks.

Patch-clamp electrophysiology

All currents were recorded using an AxoPatch 200B amplifier equipped with an Axon CV 

203BU headstage (Molecular Devices). Currents were filtered at 1 kHz, digitized at 40 kHz, 

and stored for subsequent analysis. Clampex and Clampfit (version 10.2; Molecular 

Devices) were used for data acquisition and analysis, respectively. All recordings were 

performed at room temperature (22°C).

Native SMCs were transferred to a recording chamber (Warner Instruments) and allowed to 

adhere to glass coverslips for 20 minutes at room temperature. Recording electrodes (3–5 

MΩ) were pulled and polished. For perforated-patch whole-cell recordings, amphotericin B 

(40 µM) was included in the pipette solution to allow electrical access. Perforation was 

deemed acceptable if series resistance was less than 40 MΩ. STOCs were recorded in a 

bathing solution containing 134 mM NaCl, 6 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM 

HEPES, and 10 mM glucose at pH 7.4 (NaOH). The pipette solution contained 110 mM K-

aspartate, 1 mM MgCl2, 30 mM KCl, 10 mM NaCl, 10 mM HEPES, and 5 µM EGTA at pH 

7.2 (NaOH). STOCs were recorded from SMCs voltage-clamped at a range of membrane 

potentials (−60 to −20 mV). The impact of the TRPML1 activator MK6-83 (1 µM), TRPV4 

agonist GSK1016790A (100 nM), and vacuolar H+-ATPase inhibitor bafilomycin A1 (Baf-

A1; 10 nM, cells pre-treated for 30 minutes) on STOCs was assessed by adding drug to the 

superfusing bath and recording STOCs at −30 mV. In separate experiments, STOCs were 

also assessed in proliferative SMCs.

Whole-cell K+ currents were recorded using a step protocol (−100 to +100 mV in 20-mV 

steps for 500 ms) from a holding potential of −80 mV. Whole-cell BK currents were isolated 

using the selective BK channel blocker paxilline (1 μM). Current-voltage (I-V) plots were 
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generated using values obtained from the last 50 ms of each step. The bathing solution 

contained 134 mM NaCl, 6 mM KCl, 10 mM HEPES, 10 mM glucose, 2 mM CaCl2, and 1 

mM MgCl2 at pH 7.4 (NaOH). The pipette solution contained 140 mM KCl, 1.9 mM 

MgCl2, 75 µM Ca2+, 10 mM HEPES, 0.1 mM EGTA, and 2 mM Na2ATP at pH 7.2 (KOH).

Pressure myography

The contractility of cerebral and third-order mesenteric resistance arteries from WT and 

Mcoln1−/− mice was studied ex vivo in intact, cannulated and pressurized vessels. Arteries 

were mounted between two glass pipettes (outer diameter, 40–50 μm) in a pressure 

myograph chamber (Living Systems Instrumentation) and secured by nylon thread. 

Intraluminal pressure was controlled using a servo-controlled peristaltic pump (Living 

Systems Instrumentation). Pressurized vessels were visualized with an inverted microscope 

(Accu-Scope Inc., Commack, NY, USA) coupled to a USB camera (The Imaging Source 

LLC, Charlotte, NC, USA). Data were acquired using IonWizard software (version 6.4.1.73; 

IonOptix LLC, Westwood, MA, USA). Arteries were bathed in warmed (37°C), oxygenated 

(21% O2, 6% CO2, 73% N2) PSS (119 mM NaCl, 4.7 mM KCl, 21 mM NaHCO3, 1.17 mM 

MgSO4, 1.8 mM CaCl2, 1.18 mM KH2PO4, 5 mM glucose, 0.03 mM EDTA) at an 

intraluminal pressure of 5 mmHg. Following a 15-minute equilibration period, intraluminal 

pressure was increased to 110 mmHg and vessels were stretched to their approximate in vivo 

length, after which pressure was reduced back to 5 mmHg for an additional 15 minutes. The 

viability of each preparation was verified by measuring constriction in response to bath 

application of high extracellular [K+] PSS, made isotonic by adjusting the [NaCl] (60 mM 

KCl, 63.7 mM NaCl). Arteries that showed less than 10% constriction in response to 

elevated [K+] were excluded from further investigation.

Myogenic reactivity was assessed by lowering the intraluminal pressure to 5 mmHg for 15 

minutes and then slowly raising it stepwise in 25-mmHg increments to 125 mmHg. Active 

diameter was obtained by allowing vessels to equilibrate for at least 5 minutes at each 

pressure, or until a steady-state diameter was reached. Following completion of the pressure-

response study, intraluminal pressure was lowered to 5 mmHg and arteries were superfused 

with Ca2+-free PSS supplemented with EGTA (2 mM) and the voltage-dependent Ca2+ 

channel blocker diltiazem (10 μM) to inhibit SMC contraction, after which passive diameter 

was obtained by repeating the stepwise increase in intraluminal pressure. Myogenic tone at 

each pressure step was calculated as myogenic tone (%) = [1 − (active lumen diameter/

passive lumen diameter)] × 100.

Contraction in response to the thromboxane A2 receptor agonist U46619 and α1-adrenergic 

receptor agonist phenylephrine was assessed in cerebral and mesenteric arteries, 

respectively, pressurized at 20 mmHg to prevent myogenic tone development. Cumulative 

concentration response curves were produced through the addition of U46619 (0.01–1000 

nM) or phenylephrine (0.001–100 µM) to the superfusing bath solution. Vessels were 

allowed to equilibrate for at least 5 minutes, or until a steady-state diameter was reached, 

before addition of the next concentration. Following the completion of the response curve, 

vessels were bathed in Ca2+-free PSS solution to obtain the passive diameter. Data were 

Thakore et al. Page 14

Sci Signal. Author manuscript; available in PMC 2020 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



calculated as vasoconstriction (%) = [(lumen diameter at constriction − lumen diameter at 

baseline)/passive lumen diameter] × 100.

Relaxation in response to the nitric oxide donor sodium nitroprusside (SNP) was assessed in 

cerebral arteries. Vessels were pressurized to 60 mmHg to allow spontaneous development 

of myogenic tone. Cumulative concentration response curves were produced through the 

addition of SNP (0.001–100 µM) to the superfusing bath solution, and vasorelaxation was 

allowed to develop. Following completion of the response curve, vessels were bathed in 

Ca2+-free PSS solution to obtain the passive diameter. Data were calculated as vasodilation 

(%) = [(lumen diameter at dilation − lumen diameter at baseline]/developed myogenic tone] 

× 100.

In vivo radio telemetry.

WT and Mcoln1−/− mice were initially anesthetized using 4–5% isoflurane carried in 100% 

O2 flushed at 1 L/min, after which anesthesia was maintained by adjusting isoflurane to 1.5–

2%; preoperative analgesia was provided by subcutaneous injection of 50 µg/kg 

buprenorphine (ZooPharm, Windsor, CO, USA). The neck was shaved and then sterilized 

with iodine. Under aseptic conditions, an incision (~1 cm) was made to separate the oblique 

and tracheal muscles and expose the left common carotid artery. The catheter of a radio 

telemetry transmitter (PA-C10; Data Science International, Harvard Bioscience, Inc., 

Minneapolis, MN, USA) was surgically implanted in the right carotid artery and secured 

using non-absorbable silk suture threads. The body of the transmitter was embedded in a 

subcutaneous skin pocket under the right arm. After a 14-day recovery period, baseline BP 

readings, heart rate and activity were recorded in conscious mice for 48 hours using 

Ponemah 6.4 (Data Science International). Parameters were measured for 20 seconds every 

5 minutes.

Statistical analysis

All data, with the exception of the data describing the findings of nanoruler studies, are 

presented as means ± SEM (nanoruler data are presented as means ± SD). Values of “n” 

refer to the number of events for LysoTracker experiments; cells for super-resolution 

microscopy, Ca2+-imaging and patch-clamp experiments; vessels for myography 

experiments; and animals for RT-qPCR and radio telemetry experiments. Data were 

compared as indicated using paired t tests or two-way analysis of variance using GraphPad 

Prism software (version 8.1.2). A P-value ≤ 0.05 was regarded as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TRPML1 channels, are present in vascular SMCs.
A) RT-qPCR analysis of Mcoln1, Mcoln2, and Mcoln3 mRNA expression levels in 

homogeneous populations of native cerebral artery SMCs. Data are normalized to Actb, 

encoding β-actin (N = 3 animals/group). B) RT-qPCR analysis of Mcoln1, Mcoln2, and 
Mcoln3 mRNA expression levels in cerebral arteries from WT and Mcoln1−/− mice. Data are 

normalized to Actb (N = 3 animals/group; *P ≤ 0.05). C) RT-qPCR analysis of Mcoln1, 
Mcoln2, and Mcoln3 mRNA expression levels in mesenteric arteries from WT and 

Mcoln1−/− mice. Data are normalized to Actb (N= 3 animals/group; *P ≤ 0.05). D) 
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Representative results of Wes protein analysis using cerebral artery lysates from WT and 

Mcoln1−/− mice. Samples from WT animals probed with a primary antibody against 

TRPML1 generated a single band at the expected molecular weight of ~60 kDa that was 

absent in lysates from Mcoln1−/− mice. Lysates were probed for β-actin as a loading control. 

Representative of 3 independent experiments using tissue from N = 3 mice. All data are 

shown as mean ± SEM.
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Figure 2: The majority of LELs in contractile SMCs are immobile.
A) Representative image of a native contractile cerebral artery SMC isolated from a WT 

mouse stained with LysoTracker. Scale bar = 10 μm. B and C) Histogram of the total 

displacement (B) and particle speed (C) of individual LysoTracker-labeled particles within 

native contractile SMCs isolated from WT mice during a 25-minute recording period. A 

total of 298 particles (n = 12 cells) were tracked. D) Representative image of a proliferative 

cerebral artery SMC isolated from a WT mouse stained with LysoTracker. Scale bar = 10 

µm. E and F) Histogram of the total displacement (E) and particle speed (F) of individual 
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LysoTracker-labeled structures within proliferative SMCs isolated from WT mice during a 

25-minute recording period. A total of 1953 particles (n = 15 cells) were tracked. G) 

Representative image of a native contractile cerebral artery SMC isolated from a Mcoln1−/− 

mouse stained with LysoTracker. Scale bar = 10 μm. H and I) Histogram of the total 

displacement (H) and particle speed (I) of individual LysoTracker-labeled particles within 

native contractile SMCs isolated from Mcoln1−/− mice during a 25-minute recording period. 

A total of 73 particles (n = 6 cells) were tracked. J) Representative image of a proliferative 

cerebral artery SMC isolated from a Mcoln1−/− mouse stained with LysoTracker. Scale bar = 

10 µm. K and L) Histogram of the total displacement (K) and particle speed (L) of 

individual LysoTracker-labeled structures within proliferative SMCs isolated from 

Mcoln1−/− mice during a 25-minute recording period. A total of 748 particles (n = 7 cells) 

were tracked. M and N) Comparison of mean particle displacement (M) and speed (N) in 

contractile and proliferative SMCs isolated from WT and Mcoln1−/− mice. A total of 298 

particles (n = 12 cells) from contractile SMCs isolated from WT mice, 1953 particles (n = 

15 cells) from proliferative SMCs isolated from WT mice, 73 particles (n = 6 cells) from 

contractile SMCs isolated from Mcoln1−/− mice, and 748 particles (n = 7 cells) from 

proliferative SMCs isolated from Mcoln1−/− mice were tracked (*P ≤ 0.05 between 

Contractile WT compared to Proliferative WT; #P ≤ 0.05 between Contractile WT compared 

to Contractile Mcoln1−/−; **P ≤ 0.05 between Contractile Mcoln1−/− compared to 

Proliferative Mcoln1−/−; ##P ≤ 0.05 between Proliferative WT compared to Proliferative 

Mcoln1−/−). O) Total LysoTracker-positive particles per cell (n = 12 contractile SMCs from 

WT mice, n = 15 proliferative SMCs from WT mice, n = 6 contractile SMCs from 

Mcoln1−/− mice, and n = 7 proliferative SMCs from Mcoln1−/− mice; *P ≤ 0.05 between 

Contractile WT vs Proliferative WT; **P ≤ 0.05 between Contractile Mcoln1−/− vs 

Proliferative Mcoln1−/−). All data are shown as mean ± SEM.
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Figure 3. Super-resolution imaging demonstrates nanoscale colocalization of TRPML1 and 
RyR2 in native SMCs.
A–C) Representative super-resolution localization maps of native, contractile cerebral artery 

SMCs co-immunolabeled for Lamp-1 and TRPML1 (A), Lamp-1 and RyR2 (B), or 

TRPML1 and RyR2 (C). Scale bars = 3 μm. Representative of n= 8–10 cells isolated from N 

= 3 animals. The second column of images shows a magnified view of the region enclosed in 

the white boxes. Scale bars = 1 μm. Insets show magnified views of the indicated regions of 

interest. Scale bars = 0.1 μm. D and E) Histograms showing the distribution of the surface 

areas of individual protein clusters for TRPML1 (D) and RyR2 (E) (TRPML1, n = 6143 
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clusters; RyR2, n = 35432 clusters). F) TRPML1 and RyR2 protein cluster density (n = 19 

cells from N = 6 animals/group; *P ≤ 0.05) G) Histogram showing the area distribution of 

Lamp-1–positive LELs (n = 216 ovoids). H) Nearest neighbor analysis showing the distance 

between the center of RyR2 protein clusters and the edge of Lamp-1–positive LELs (n = 

1409 RyR2 protein clusters). I) Object-based analysis comparing the fraction of TRPML1 

and RyR2 co-localizing clusters with the fraction of clusters that co-localize in a simulated 

random distribution of RyR2 protein clusters (TRPML1-RyR2, 1.51 ± 0.12 %; Random, 

0.44 ± 0.07 %; n = 10 cells from 3 animals; *P ≤ 0.05). All data are shown as mean ± SEM.
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Figure 4. SMCs from Mcoln1−/− mice lack spontaneous Ca2+ sparks.
A) Representative time course images of a Ca2+ spark site (seconds; scale bar = 10 µm) and 

trace showing changes in fractional fluorescence (F/F0) as a function of time for a region of 

interest (white box) that includes an active Ca2+ spark site recorded from native cerebral 

artery SMC isolated from a WT mouse. B) Representative time course images (seconds; 

scale bar = 10 µm) and trace recorded from native cerebral artery SMC isolated from a 

Mcoln1−/− mouse showing lack of Ca2+ sparks. C) Number of spontaneous Ca2+ spark sites 

per native cerebral artery SMC from WT and Mcoln1−/− mice (n = 13 cells from 4 WT 
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animals, n = 19 cells from 4 Mcoln1−/− animals; *P ≤ 0.05). D) Mean spontaneous Ca2+ 

spark frequency in SMCs from WT and Mcoln1−/− mice (n = 13 cells from 4 WT animals, n 

= 19 cells from 4 Mcoln1−/− animals; *P ≤ 0.05). E) Total SR Ca2+ store load in SMCs from 

WT and Mcoln1−/− mice, assessed by imaging changes in global intracellular [Ca2+] in 

response to administration of caffeine (10 mM) (n = 7 cells from 3 WT mice; n = 8 cells 

from 3 Mcoln1−/− mice).
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Figure 5. SMCs from Mcoln1−/− mice lack spontaneous Ca2+-activated BK channel activity
A) Representative traces of STOCs recorded from voltage-clamped (−40 mV) native 

cerebral artery SMCs isolated from WT and Mcoln1−/− mice. B and C) Summary of mean 

STOC frequency (B) and amplitude (C) over a range of holding potentials (−60 to −20 mV) 

(n = 9 cells from 3 WT animals, n = 11 cells from 4 Mcoln1−/− animals; *P ≤ 0.05). D) 

Representative traces of STOCs recorded from voltage-clamped (−30 mV) SMCs isolated 

from WT and Mcoln1−/− mice that were treated with the selective TRPML channel activator 

MK6–83 (1 μM). E) Summary of the effects of MK6–83 on STOC frequency (n = 5 cells 
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from 3 animals for both groups; *P ≤ 0.05 compared to WT + Vehicle). F) Representative 

traces of STOCs recorded from voltage-clamped (−30 mV) SMCs isolated from WT and 

Mcoln1−/− mice that were treated with the selective TRPV4 channel activator 

GSK1016790A (100 nM). G) Summary of the effects of GSK1016790A on STOC 

frequency (n = 7 cells from 3 WT mice, n = 8 cells from 3 Mcoln1−/− mice; *P ≤ 0.05 

compared to WT + Vehicle, #P ≤ 0.05 compared to Mcoln1−/− + Vehicle). All data are shown 

as mean ± SEM.
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Figure 6. Resistance arteries from Mcoln1−/− mice are hypercontractile.
A) Representative recordings of pressure-induced constriction of cerebral arteries from WT 

and Mcoln1−/− mice. Traces show luminal diameter as a function of time in response to 

stepwise changes in intraluminal pressure from 5 to 125 mmHg. The diameter of the same 

arteries superfused with Ca2+-containing and Ca2+-free physiological salt solution is shown 

to indicate the active and passive effects, respectively, of intraluminal pressure on vessel 

diameter. B) Summary data showing the myogenic tone of cerebral arteries from WT and 

Mcoln1−/− mice as a function of intraluminal pressure (n = 9–11 arteries from 5–7 animals/
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group; *P ≤ 0.05). C) Representative recordings of the thromboxane A2 receptor agonist 

U46619-induced constriction of cerebral arteries from WT and Mcoln1−/− mice. D) 

Summary data showing the contraction produced by U46619 in cerebral arteries from WT 

and Mcoln1−/− mice (n = 8 arteries from 4–5 animals/group; *P ≤ 0.05). E) Representative 

recordings of pressure-induced constriction of mesenteric resistance arteries from WT and 

Mcoln1−/− mice. F) Summary data showing the myogenic tone of mesenteric arteries from 

WT and Mcoln1−/− mice as a function of intraluminal pressure (n = 7–9 arteries from 4–6 

animals/group; *P ≤ 0.05). G) Representative recordings of α1-adrenergic receptor agonist 

phenylephrine (PE)-induced constriction of mesenteric resistance arteries from WT and 

Mcoln1−/− mice. H) Summary data showing the contraction produced by PE in mesenteric 

arteries from WT and Mcoln1−/− mice (n = 7–8 arteries from 3 animals/group; *P ≤ 0.05). 

All data are shown as mean ± SEM.
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Figure 7. Mcoln1−/− mice are spontaneously hypertensive.
A) Averaged systolic BP measurements over a 48-hour period in conscious radiotelemetered 

WT and Mcoln1−/− mice. Shaded regions depict night cycles. B) Mean systolic BP of WT 

and Mcoln1−/− mice during day and night cycles (n = 7 for WT, n = 5 for Mcoln1−/−; *P ≤ 

0.05 compared to WT day, #P ≤ 0.05 compared to WT night). C) Averaged diastolic BP 

measurements over a 48-hour period in conscious radio telemetered WT and Mcoln1−/− 

mice. D) Mean diastolic BP in WT and Mcoln1−/− mice during day and night cycles (n = 7 

for WT, n = 5 for Mcoln1−/−). E) Averaged MAP measurements over a 48-hour period in 
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conscious radio telemetered WT and Mcoln1−/− mice. F) Mean MAP in WT and Mcoln1−/− 

mice during day and night cycles (n = 7 for WT, n = 5 for Mcoln1−/−; *P ≤ 0.05 compared to 

WT day, #P ≤ 0.05 compared to WT night). 48-hour recordings are shown as mean; bar 

graphs are shown as mean ± SEM.
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