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(sarcoplasmic/endoplasmic reticulum Ca2+ ATPase), TIRFM (total internal reflection 

fluorescence microscopy), TRP (transient receptor potential), V (vanilloid)

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 11, 2012 as DOI: 10.1124/mol.112.078584

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #78584 

3 

ABSTRACT 

Critical functions of the vascular endothelium are regulated by changes in 

intracellular [Ca2+].  Endothelial dysfunction is tightly associated with cardiovascular 

disease, and improved understanding of Ca2+ entry pathways in these cells will have a 

significant impact on human health.  However, much remains unknown about Ca2+ 

influx channels in endothelial cells because they are difficult to study using conventional 

patch clamp electrophysiology.  Here we describe a novel, highly efficient method for 

recording and analyzing Ca2+-permeable channel activity in primary human endothelial 

cells using a unique combination of Total Internal Reflection Fluorescence Microscopy 

(TIRFM), custom software-based detection, and selective pharmacology.  Our findings 

indicate that activity of the vanilloid (V) transient receptor potential (TRP) channel 

TRPV4 can be rapidly recorded and characterized at the single-channel level using this 

method, providing novel insight into channel function.  Using this method, we show that 

although TRPV4 protein is evenly distributed throughout the plasma membrane, most 

channels are silent even during maximal stimulation with the potent TRPV4 agonist 

GSK1016790A.  Furthermore, our findings indicate that GSK1016790A acts by 

recruiting previously inactive channels, rather than through increasing elevation of basal 

activity.   
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INTRODUCTION 

Mechanisms controlling endothelial cell Ca2+ entry, removal, as well as dynamic 

release from and reuptake to intracellular stores play a central role in the regulation of 

vascular tone.  For example, a rise in endothelial cell intracellular [Ca2+] generates nitric 

oxide (NO) by increasing the activity of endothelial nitric oxide synthase (eNOS) and 

elevates the activity of phospholipase A2 (PLA2), an enzyme that liberates arachidonic 

acid (AA) from the plasma membrane to provide substrate for the production of potent 

vasoactive factors (Vanhoutte, 2004).  In addition, Ca2+-activated K+ (KCa) channels are 

directly stimulated by a rise in intracellular [Ca2+], leading to hyperpolarization of the 

membranes of both endothelial cells and electrically coupled vascular smooth muscle 

cells to elicit vasodilation (Kohler and Hoyer, 2007; Taylor et al., 2003; Whorton et al., 

1984).  As endothelial dysfunction is strongly correlated with common cardiovascular 

diseases, such as hypertension, stroke, and atherosclerosis, new technologies that 

advance our understanding of Ca2+ movement in these cells will have considerable 

clinical impact.  Ca2+ influx via members of the transient receptor potential (TRP) 

superfamily of cation channels can cause endothelium-dependent vasodilation 

(Birnbaumer et al., 1996; Earley et al., 2009; Freichel et al., 2001; Kohler et al., 2006; 

Marrelli et al., 2007; Vriens et al., 2005), but, because ion channel activity is difficult to 

study in native endothelial cells, significant questions regarding the molecular identities 

and regulation of these channels remain unresolved. 

Patch clamp electrophysiology is routinely used to study ion channel activity.  

This methodology yields invaluable insight into channel biophysics and pharmacology 

but also presents significant limitations.  In the on-cell and inside-out patch clamp 
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configurations, channel activity can only be recorded from the small portion of the cell 

membrane present under the patch pipette.  Furthermore, the on-cell configuration does 

not allow membrane voltage clamp.  The traditional whole-cell configuration disrupts 

intracellular signaling pathways when the cell membrane is ruptured and cells are 

dialyzed with the patch pipette solution.  In addition to these inherent limitations, further 

impediments are presented by the morphology of native endothelial cells.  Obtaining 

and maintaining GΩ seals with these small, extremely flat cells is exceedingly difficult, 

and progress tends to be deliberate.  Therefore, a goal of the current study was to 

develop a robust, efficient method that allows ion channel activity in endothelial cells to 

be studied under near-physiological conditions.  Parker and colleagues described a 

method that can be adopted for this purpose using Total Internal Reflection 

Fluorescence Microscopy (TIRFM) to record the unitary activity of Ca2+-permeable ion 

channels expressed in Xenopus oocytes (Demuro and Parker, 2005).  In TIRFM, a low 

energy evanescent field of illumination is created when incident light is angled such that 

all of the light is reflected away from the sample (Demuro and Parker, 2005).  The 

wavelength of the evanescent field is equal to that of the incident light but only 

penetrates the cell surface to a depth of ~100 nm to illuminate fluorophores at or near 

the cell surface (Demuro and Parker, 2005).  When cells are loaded with fluorescent 

Ca2+ indicator dyes, such as Fluo 4-AM, Ca2+ microdomains at the cell surface can be 

imaged (Demuro and Parker, 2005).  This technique has significant throughput 

advantages over conventional patch clamp methods because it allows for simultaneous 

recording of all events that occur on the bottom surface of the cell (Demuro and Parker, 

2006; Parker and Smith, 2010).  In addition, the optical method is less invasive 
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compared to conventional voltage clamp methods and leaves the intracellular 

environment undisturbed.   

For the current study, we adapted the TIRFM technique to record Ca2+ influx 

channel activity in primary human microvascular endothelial cells.  In addition, we 

developed novel software (LC_Pro, an ImageJ plugin) for unbiased, automated 

detection and analysis of endothelial cell Ca2+ signals.  Findings presented here 

demonstrate that the combination of TIRFM and Ca2+ signal autodetection with LC_Pro 

software is ideal for recording the activity of Ca2+-permeable ion channels in endothelial 

cells.  We report novel insight into regulation of TRPV4 channels by the small molecule 

agonist GSK1016790A gained from this method.  These findings demonstrate that this 

methodology represents a significant improvement over the techniques currently used 

to study ion channel activity in primary cells. 
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MATERIALS AND METHODS 

Cell Culture 

Primary human microvascular endothelial cells from neonate dermis (Cell 

Systems CSC-2M1), passages 3-4, were used in these experiments.  Cells were 

cultured in CSC Complete Medium (Cell Systems) supplemented with 10 mL Culture 

Boost (Cell Systems 4CB-500) and 1 mL Bac-Off® (Cell Systems).  Cells were 

incubated at 37°C, 6% CO2, media was changed every 2-3 days, and cells were 

subcultured when confluent using 0.05% trypsin-EDTA (Invitrogen).  Initial resurrection 

of cells from stocks frozen in liquid nitrogen required coating the culture flask with 

Attachment Factor (Cell Systems) before addition of media and cells.  Prior to 

experiments cells were trypsinized and plated (9 x 103 cells/mL) on 35 mm Mattek 

dishes (14 mm microwell, Fisher Scientific).  Cells were incubated overnight at 37°C, 

6% CO2. 

 

Total Internal Reflection Fluorescence Microscopy 

TIRFM recordings (3 ms exposure time) were acquired using a through-the-lens 

TIRF system built around an inverted Olympus IX-70 microscope equipped with an 

Olympus PlanApo x60 oil-immersion lens (numeral aperature = 1.45) and an Andor 

iXON CCD camera.  Cells were loaded with Fluo 4-AM (4 µM) for 20 minutes at 37°C, 

6% CO2 in the dark.  Cells were washed with and imaged in a physiologic HEPES-

buffered solution (in mM): 2.5 CaCl2, 146 NaCl, 4.7 KCl, 0.6 MgSO4, 0.15 NaHPO4, 0.1 

ascorbic acid, 8 glucose, 10 HEPES (pH 7.4).  All experiments were performed at room 
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temperature (22-25°C).  Each recording was 1000 frames and ~20-40 seconds in 

length. 

 

LC_Pro Data Analysis 

All data used in analyses were derived directly from the original TIRFM 

recordings.  Recordings were processed using a custom algorithm implemented as a 

plugin (LC_Pro) for ImageJ software specifically designed to: 1) detect statistically 

significant fluorescent signals within background noise, 2) automatically define circular 

regions of interest (ROIs, 15 pixel diameter) centered at active sites containing 

statistically significant fluorescent signals, and 3) calculate mean fluorescence 

intensities within ROIs to determine specific event parameters.  8-bit gray scale TIFF 

image sequences are input into LC_Pro/ImageJ, initially specifying the ROI size (15 

pixels) and the frame rate of the input video, and event statistics are generated as the 

final output, according to the program flow chart outlined in Francis et al., 2012 (Francis 

et al., 2012).  Briefly, Image Processing was performed through a series of steps: 

normalization of 8-bit gray scale image stacks to 0.01% saturated pixels, generation of a 

background frame from a minimum intensity projection of the image sequence, 

subtraction of the background frame from the original image sequence, and subtraction 

of a mean intensity projection of the sequence from the background-subtracted image 

sequence.  The resulting image sequence is then divided by the time-dependent 

standard deviation of the background-subtracted image sequence.  The ImageJ Particle 

Analyzer java class was then used to assign best fit ellipses at the center of each event.  

During Event Processing, the mean intensity within each ROI (ellipse) was calculated 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 11, 2012 as DOI: 10.1124/mol.112.078584

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #78584 

9 

using a modified version of the multimeasure plugin for ImageJ.  Events are defined as 

fluorescent signals that meet several criteria: 1) a spatial restriction of ≥ 12.56 pixels per 

frame, 2) a temporal restriction of ≥ 2 frames, and 3) signal that falls within P < 0.01 for 

Gaussian variation.  The statistical rigor underlying these stringent criteria for event 

classification allow for substantially high signal-to-noise discrimination of fluorescent 

signals.  ROI Processing follows, where location (x,y), spatial spread, amplitude, 

duration, attack time, and decay time were then calculated for each event.  LC_Pro was 

customized for our study by the addition of a step in the program flow prior to the 

calculation of event duration (during ROI Processing) in which the left and right side 

differences between peak and baseline fluorescence (F) were calculated and expressed 

as ΔF.  Duration is expressed as the time interval at 50% max peak fluorescence.  

Spatial spread is calculated as the area of the maximum best fit ellipse at 95% of the 

peak fluorescence of an event.  The LC_Pro plugin for ImageJ can be downloaded from 

the ImageJ website: http://imagej.nih.gov/ij/plugins/lc-pro/index.html. 

 

RNA Isolation and RT-PCR 

 Total RNA was extracted from endothelial cells (RNeasy Protect Mini Kit) and 

first-strand cDNA was synthesized using an Omniscript Reverse Transcriptase kit (both 

from QIAGEN, Valencia, CA).  PCR was performed using primer sets specific for 

TRPV4 (Qiagen QT00077217), yielding a product of 149 bp.  PCR products were 

resolved on 2% agarose gels.  PCR reactions always included a template-free negative 

control.  The PCR product was sequenced to confirm its identity. 
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Immunocytochemistry 

Immunocytochemistry was used to confirm expression of TRPV4 in primary 

human microvascular endothelial cells.  Cells were fixed with 4% formaldehyde for 10 

minutes, permeabilized with methanol (-80°C), blocked with 2% bovine serum albumin 

(in phosphate buffered saline), and incubated with a primary rabbit monoclonal antibody 

specific to TRPV4 (1:250, Alomone Labs ACC-034) overnight at 4°C.  Cells were 

washed and incubated with a fluorescent secondary antibody (goat anti-rabbit) 

conjugated with a Texas Red fluorophore (1:1000, Santa Cruz Biotechnology sc2780) 

for 2 hours at room temperature in the dark.  Fluorescence images for 

immunocytochemistry were obtained using a FluoView 1000 laser-scanning confocal 

microscope (Olympus) and a ×60, 1.4 numerical aperture oil immersion objective with 

the pinhole diameter set for 1 Airy Unit.  Excitation of Texas Red was by illumination 

with the 543 nm line set at 74% transmission, and emission was collected using a 

variable band-pass filter set to 555–655 nm.  Excitation of DAPI was by illumination with 

the 405 nm line set at 0.1% transmission, and emission was collected using a variable 

band-pass filter set 475-575 nm.  All images were acquired at 1024 × 1024 pixels at 4.0 

μs/pixel and were analyzed in ImageJ version 1.44b. 

 

Statistics 

All data are means ± SE. Values of n refer to the number of cells for each 

experiment.  Statistical tests used for each data set are as follows:  One-way analysis of 

variance (ANOVA) was used to test for differences in whole-cell event frequency 

between treatments with Ca2+ free and CPA; where significant, individual groups were 
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compared using a Student-Newman-Keuls post hoc test (Figure 1b).  Unpaired t-tests 

were used to determine whole-cell frequency differences with addition of 4α-PDD 

(Figure 2e).  Two-way ANOVA was used to test for differences in whole-cell frequency 

differences between treatments in both the ruthenium red and HC-067047 experiments 

as well as the detection method comparison experiments; where significant, individual 

groups were compared using a Student-Newman-Keuls post hoc test (Figure 2f, 2g, 

5a).  Paired t-tests were used to test for differences in the quantity of events and event 

sites before and after treatment with GSK1016790A (Figure 4b).  For comparison of 

non-Gaussian distributed data, a Mann-Whitney rank sum test was used to determine 

significant differences (Table 1). A level of P ≤ 0.05 was accepted as statistically 

significant for all experiments.  Histograms were constructed and fit using OriginPro 

v8.5, and SigmaPlot v11.0 was used to make the figures.  The concentration response 

curve (Figure 2d) was constructed by fitting data to a four parameter logistic equation 

(SigmaPlot v11.0). 
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RESULTS 

Novel Subcellular Ca2+ Influx Events in Primary Human Microvascular Endothelial 

Cells  Localized, transient increases in fluorescence were observed at the surface of 

endothelial cells loaded with Fluo 4-AM and imaged using TIRFM (Movie 1, Figure 1a, 

Supplementary Figure 1). Recordings were analyzed using LC_Pro to automatically 

identify subcellular regions with statistically significant changes in surface fluorescence, 

and the location, amplitude (ΔF = local current peak F – local current minimum F), 

spatial spread, duration, attack time (duration from 50% F to local peak F), and decay 

time (duration from local peak F to 50% F) of each event was determined.  A noise 

threshold filter (ΔF ≤ 0.1) was established based on a common peak observed in event 

amplitude histograms under all recording conditions.  Whole-cell event frequency (Hz) 

was calculated as total events per cell per second.  Under basal conditions, events had 

a mean amplitude (ΔF) of 0.39 ± 0.01, attack time of 0.88 ± 0.06 s, decay time of 0.99 ± 

0.07 s, duration of 2.67 ± 0.13 s, whole-cell event frequency of 0.11 ± 0.02 Hz, and a 

spatial spread of 6.26 ± 2.01 µm2 (n = 125).  These Ca2+ signals are longer in duration 

compared to previously described Ca2+ events, such as Ca2+ sparks (Cheng et al., 

1993), Ca2+ sparklets (2004), and Ca2+ pulsars (Ledoux et al., 2008) (Supplementary 

Table 1).  

To determine if events recorded from endothelial cells using TIRFM result from 

Ca2+ influx from the extracellular solution or from Ca2+ release from intracellular stores, 

we disrupted Ca2+ release from the endoplasmic reticulum (ER) with the 

sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pump inhibitor 

cyclopiazonic acid (CPA, 10 µM).  To demonstrate the efficacy of CPA treatment, global 
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Ca2+ levels were recorded during administration.  As expected, global Ca2+ levels 

initially rose upon addition of CPA, and fluorescence returned to basal levels within 15 

minutes (Supplementary Figure 2).  Recordings were obtained from cells pre-treated 

with CPA (15 min) to preclude the possibility of recording store-activated Ca2+ influx 

events. CPA had no effect on basal whole-cell event frequency (0.12 ± 0.04 Hz, n = 40 

for control; 0.15 ± 0.05 Hz, n = 31 for CPA) (Figure 1b).  In contrast, we observed that 

whole-cell event frequency was nearly abolished when Ca2+ was removed (no added 

Ca2+, 3 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA)) 

from the extracellular solution (0.12 ± 0.04 Hz, n = 40 for control; 0.01 ± 0.003 Hz, n = 

39 for Ca2+ free) (Figure 1b).  These findings indicate that the Ca2+ signals recorded 

using TIRFM represent Ca2+ influx from the extracellular solution. 

Histograms for event amplitude, duration, attack time, decay time, and spatial 

spread were constructed (Figure 1c).  Event amplitudes and durations were broadly 

distributed, suggesting that the recorded signals result from the activity of multiple types 

of Ca2+ influx channels that were active under these conditions.  

 

Unitary TRPV4 Channel Activity Recorded using TIRFM  TRPV4 was identified as a 

specific molecular target to further evaluate the utility of TIRFM for recording Ca2+-

permeable channel activity in endothelial cells.  TRPV4 was selected because of its 

biophysical properties, tissue distribution, physiological significance, and available 

selective pharmacology.  TRPV4 channels are slightly selective for Ca2+ ions (PCa2+/PNa+ 

~ 9:1), are present in the endothelium of cerebral, mesenteric, as well as other arterial 

beds, and are involved in endothelium-dependent vasodilation (Brierley et al., 2008; 
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Marrelli et al., 2007; Voets et al., 2002; Yang et al., 2006).  Furthermore, selective 

pharmacology, including a recently described TRPV4 inhibitor (HC-067047) (Everaerts 

et al., 2010) and TRPV4 activators (GSK1016790A and 4α-PDD) (Thorneloe et al., 

2008; Watanabe et al., 2002), is available. 

To establish the presence of TRPV4 in the cells used for this study, reverse 

transcriptase-polymerase chain reaction (RT-PCR) was performed using total RNA 

prepared from primary human microvascular endothelial cells.  A band was detected at 

the expected amplicon length of 149 bp, indicating that TRPV4 mRNA is present (Figure 

2a).  TRPV4 protein was detected by immunolabeling (Figure 2b), whereas very little 

fluorescence was present when the primary antibody was omitted (Figure 2c), indicating 

specificity of labeling.  TRPV4 protein appears to be uniformly distributed throughout the 

cell (Figure 2b). 

The effects of the potent TRPV4 agonist GSK1016790A (0.1 nM to 1 µM) were 

recorded using TIRFM.  GSK1016790A increased whole-cell event frequency in a 

concentration-dependent manner with a near maximal response at [GSK1016790A] ≥ 

100 nM (n = 20-30 cells at each concentration) (Movie 2, Figure 2d).  The EC50 value 

determined from these data (26.9 nM) is within an order of magnitude of the reported 

EC50 value (3 nM) determined using patch clamp electrophysiology for TRPV4 

activation with GSK1016790A in a HEK 293 expression system (Thorneloe et al., 2008).  

GSK1016790A was used at a concentration of 100 nM in all subsequent experiments to 

achieve maximal stimulation.  Cell death, indicated by an irreversible global increase in 

Ca2+, was observed in ~10% of cells exposed to GSK1016790A at this concentration.  

Data from cells that died during recording were excluded from analyses.  
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GSK1016790A-induced increases in whole-cell event frequency were abolished with 

removal of extracellular Ca2+ (0.07 ± 0.03 Hz (n = 10) for control, 0.01 ± 0.01 Hz (n = 

20) for Ca2+ free + vehicle, and 0.002 ± 0.002 Hz (n = 16) for Ca2+ free + GSK1016790A 

(100 nM)), demonstrating that these events result from influx of extracellular Ca2+.  A 

second, structurally-distinct TRPV4 agonist, 4α-PDD (10 µM), also increased whole-cell 

Ca2+ event frequency in primary endothelial cells (0.05 ± 0.02 Hz, n = 13 for control; 

0.36 ± 0.10 Hz, n = 21 for 4α-PDD) (Figure 2e).  11,12-epoxyeicosatrienoic acid (11,12-

EET) is a potent vasodilator, activates TRPV4 channels (Watanabe et al., 2003) and is 

endogenously produced by vascular endothelial cells (Earley et al., 2003).  11,12-EET 

(3 µM) also increased the whole-cell frequency of Ca2+ events relative to vehicle (1% 

DMSO), (0.01 ± 0.01 Hz, n = 18 for vehicle; 0.05 ± 0.02 Hz, n = 19 for 11,12-EET) 

(Supplementary Figure 3).  These findings demonstrate activation of TRPV4-mediated 

Ca2+ influx events in endothelial cells by an endogenously produced vasodilator. 

The effects of the non-specific TRPV blocker ruthenium red (10 µM) and the 

selective TRPV4 blocker HC-067047 (500 nM) on baseline and GSK1016790A-

stimulated (100 nM) Ca2+ events were examined.  Cells were pre-treated with 

physiologic solution containing blocker (ruthenium red or HC-067047) or vehicle 

(distilled water for ruthenium red or DMSO for HC-067047) for 5 minutes at room 

temperature prior to experimentation.  Neither blocker altered the basal Ca2+ influx 

event frequency (Figure 2f and g).  In the absence of ruthenium red, GSK1016790A 

(100 nM) stimulated an increase in the whole-cell frequency of Ca2+ events recorded 

with TIRFM (0.05 ± 0.01 Hz, n = 29 vs. 0.38 ± 0.10 Hz, n = 17) (Figure 2F).  A similar 

response to GSK1016790A (100 nM) was observed in the absence of HC-067047 
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treatment, (0.09 ± 0.04 Hz, n = 26 vs. 0.59 ± 0.11 Hz, n = 19) (Figure 2g).  In contrast, 

GSK1016790A (100 nM) failed to stimulate an increase in event frequency in the 

presence of ruthenium red (0.11 ± 0.04 Hz, n = 43 vs. 0.15 ± 0.03 Hz, n = 44) or HC-

067047 (0.05 ± 0.02 Hz, n = 28 vs. 0.18 ± 0.09 Hz, n = 23) (Figure 2f and g).  Taken 

together, these findings indicate the presence of endogenous, functional TRPV4 

channels in human microvascular endothelial cells and demonstrate that the activity of 

these channels can be recorded and analyzed using TIRFM and LC_Pro. 

 

TRPV4-Mediated Ca2+ Influx Events are Distinct from Basal Events  Ca2+ influx 

events stimulated by GSK1016790A (100 nM) were further characterized by histogram 

analysis of event amplitude, spatial spread, duration, attack time, and decay time 

(Figure 3b - d).  Interestingly, a fit of event amplitudes displays quantal separation (i.e., 

ΔF = 0.12, 0.18, 0.23, 0.30, etc.), suggesting that these signals represent the activity of 

an integral number of TRPV4 channels with a unitary ΔF value of ~0.06 (n = 59) (Figure 

3b). Single TRPV4 channel activity (ΔF = 0.06) is apparent in some tracings (Figure 3c) 

but could not be resolved from noise in most recordings.  Spatial spread, duration, 

attack, and decay were all narrowly distributed around the respective means (Figure 

3d), consistent with the activation of a single type of ion channel.  The mean amplitude 

of GSK1016790A-induced events was smaller than that of control events and the mean 

duration, attack, and decay times were significantly shorter (Figure 3a, Table 1).  Spatial 

spread did not differ between groups but tended to be smaller for GSK1016790A-

induced Ca2+ influx events (Table 1). 
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TRPV4-mediated increases in whole-cell event frequency following agonist 

stimulation could be due to an elevation of the frequency of Ca2+ influx through basally 

active channels or could result from the recruitment of new event sites. To distinguish 

between these possibilities, endothelial cell Ca2+ events were recorded before and after 

stimulation with GSK1016790A (100 nM).  The total number of events (4.78 ± 1.71 vs. 

12.78 ± 3.33) and the number of event sites (4.22 ± 1.40 vs. 8.89 ± 1.86) per cell was 

increased following treatment with GSK1016790A (100 nM) (n = 9) (Figure 4).  Masks of 

event sites detected by LC_Pro before and after agonist stimulation were constructed, 

color coded, and merged (Figure 4a).  The sites active before (green) vs. after (red) 

agonist administration did not overlap.  Of the 9 cells that were studied in this 

experiment, only two had a single site that was active both before and after 

administration of GSK1016790A.  These findings indicate that basal and 

GSK1016790A-induced Ca2+ influx events are mediated by distinct populations of ion 

channels, and that quiescent TRPV4 channels are recruited by the agonist.  

Interestingly, although TRPV4 channels appear to be uniformly distributed throughout 

the endothelial cell plasma membrane (Figure 2b), we detected only a few sites of 

activity using TIRFM when a near-maximal concentration of GSK1016790A was 

administered (Figure 4a).  These data suggest that much of the channel protein present 

in endothelial cells is either not present on the plasma membrane or is inactive under 

these conditions. 
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DISCUSSION 

The goal of the current study was to develop an efficient method for investigating 

the activity of Ca2+-permeable ion channels in primary endothelial cells.  We find that: 1) 

novel, transient, subcellular Ca2+ influx events can be recorded from primary human 

endothelial cells and characterized using a combination of TIRFM and LC_Pro 

autodetection analysis, 2) the selective TRPV4 agonist GSK1016790A elicits 

concentration-dependent increases in the whole-cell frequency of Ca2+ influx events that 

are attenuated by TRPV4 antagonists and abolished in the absence of extracellular 

Ca2+, 3) the peak amplitude distribution of GSK1016790A-induced Ca2+ influx events 

displays quantal separation, suggesting that single channel activity can be recorded, 4) 

GSK1016790A-induced Ca2+ influx events represent newly-recruited TRPV4 channels, 

rather than increased activity of previously established sites, and 5) much of the TRPV4 

channels present in endothelial cells remain silent during maximal agonist stimulation.  

Together, these data demonstrate that basal and TRPV4 Ca2+ influx events can be 

distinguished and characterized using our combined TIRFM/LC_Pro approach.  

Moreover, our findings are consistent with the conclusion that GSK1016790A-activated 

Ca2+ influx events represent recruitable TRPV4 channel activity in primary endothelial 

cells.  Importantly, these results establish that using TIRFM with selective pharmacology 

and LC_Pro autodetection to record Ca2+-permeable ion channel activity in the 

endothelial cells improves experimental efficiency as well as sensitivity and provides 

spatial information not provided by conventional patch clamp techniques. 

Changes in intracellular [Ca2+] mediate critical functions of the endothelium, 

including capillary permeability, changes in membrane potential, and production of 
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vasoactive substances.  Because voltage clamp electrophysiology is difficult to 

efficiently apply to native endothelial cells due to their small size and flat morphology, 

much remains unknown about the Ca2+ influx pathways contributing to the regulation of 

these processes.  The current findings demonstrate that TIRFM is a significant 

improvement over conventional patch clamp electrophysiology for studying Ca2+ influx 

channels in primary endothelial cells.  Benefits of TIRFM compared to voltage clamp 

include higher throughput, the ability to record from cells in an unperturbed state, and 

the capability to simultaneously record the location and biophysical properties of 

multiple Ca2+ signals from each cell.  In addition, the TIRFM approach provides spatial 

information that cannot be obtained using traditional patch clamp electrophysiology.  

The principle disadvantage of the TIRFM method is the lack of voltage clamp, but this 

can be compensated for by manipulating the ionic content of the extracellular solution.  

Additionally, the TIRFM technique detects only Ca2+ influx and does not measure 

outward currents or currents resulting from the movement of other ions, such as Na+ or 

K+, that contribute to the total activity of nonselective cation channels.  Despite these 

minor limitations, our findings clearly demonstrate the advantages of TIRFM for 

recording the activity of Ca2+-permeable ion channel activity in endothelial cells.  

Confocal microscopy could also be used to study unitary Ca2+ influx events in 

endothelial cells.  We selected TIRFM over confocal microscopy for the current study in 

order to be consistent with the method used in prior work studying Ca2+ influx channels 

(Demuro and Parker, 2005). 

The findings of this study demonstrate that distinct types of Ca2+ influx events 

can be recorded from primary endothelial cells using a combination of TIRFM and 
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selective pharmacology.  Prior reports suggest that endothelial cells express multiple 

Ca2+ influx channels, including several TRP channels (TRPC1, TRPC3, TRPC4, 

TRPV3, TRPV4, and TRPA1) (Chang et al., 1997; Earley et al., 2009; Earley et al., 

2010; Freichel et al., 2001; Voets et al., 2002), the cyclic nucleotide-gated channel A1 

(CNGA1) (Wu et al., 2000; Yao et al., 1999), and the ATP-sensitive purinergic ligand-

gated receptor channel P2X4 (Yamamoto et al., 2000).  Consistent with these 

observations, Ca2+ influx events recorded from unstimulated primary endothelial cells 

exhibit a broad distribution of event amplitude and duration, suggesting that these 

signals arise from more than one type of channel.  This study provides the first evidence 

of spontaneous Ca2+ channel activity in primary human microvascular endothelial cells.  

The specific TIRFM properties of one channel, TRPV4, were characterized using 

selective pharmacological tools.  Ca2+ signals stimulated by a TRPV4 agonist exhibited 

quantal separation in amplitude, were much shorter in duration (~8.5-fold), and tended 

to be larger in area compared with those recorded from unstimulated cells.  These data 

establish a distinctive biophysical “TIRFM fingerprint” for TRPV4 channels in primary 

endothelial cells.  Similar TRPV4 Ca2+ influx events were recently described in intact 

mouse mesenteric arteries (Sonkusare et al., 2012).  Using a similar approach, other 

channels can be characterized and identified by their unique properties, enabling rapid 

identification of Ca2+-permeable ion channels in endothelial and other types of cells.  

Thus, in addition to being a powerful research tool, the TIRFM/LC_Pro technique can be 

used in a clinical setting to study native endothelial cells under normal and 

pathophysiological conditions.  For example, endothelial cells isolated from patients via 

peripheral artery biopsy (Colombo et al., 2002) could be examined by TIRFM/LC_Pro 
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for changes in endothelial cell Ca2+ channel activity associated with endothelial 

dysfunction and cardiovascular disease.  The technique may be particularly useful for 

evaluating the mechanisms of action for drugs designed to improve endothelial function. 

The selective agonist GSK1016790A has been extensively used to study the 

physiological role of TRPV4 channels (Gradilone et al., 2010; Jin et al., 2011; Mihara et 

al., 2011; Ryskamp et al., 2011; Thorneloe et al., 2008; Xu et al., 2009).  However, little 

is currently known about how GSK1016790A stimulates TRPV4 channel activity.  

Application of the TIRFM technique revealed new insight into activation of TRPV4 

activity by this agonist in primary endothelial cells.  We show here for the first time that 

Ca2+ influx stimulated by GSK1016790A originates from newly-recruited, rather than 

from previously active, TRPV4 channels.  These findings suggest that under the 

conditions used for this study, TRPV4 channels have a very low open probability.  

Consistent with this conclusion, neither ruthenium red nor the selective TRPV4 blocker 

HC-067047 diminished Ca2+ event frequency under basal conditions, suggesting that 

events recorded under basal conditions are very unlikely to be mediated by TRPV4 or 

any other TRPV channel.  Interestingly, even maximal stimulation of TRPV4 channels 

with GSK1016790A produced only relatively modest increases in the whole cell 

frequency of Ca2+ influx events and event sites.  These findings are consistent with 

those recently reported by Sonkusare et al. (Sonkusare et al., 2012), demonstrating that 

activation of as few as 3 TRPV4 channels per endothelial cell is sufficient to induce 

maximal dilation of mouse mesenteric arteries.  In addition, the current findings also 

show that much of the TRPV4 channel protein present in primary endothelial cells is 

inactive during maximal agonist stimulation.  The role of “silent” TRPV4 channels in 
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endothelial cells is unclear.  It is possible that most of the TRPV4 protein present in 

primary endothelial cells is not expressed on the plasma membrane, and is either non-

functional or contributes to cellular signaling in a manner that does not involve transport 

of ions across the plasma membrane.  Non-conducting roles for other TRP channels 

(TRPM1, TRPM6, TRPM7, TRPM2, TRPP1, and TRPP2), hyperpolarization-activated 

cyclic nucleotide-gated (HCN) channels, as well as several K+ channels (Kv1.3, Kv10.1, 

and Kv11.1) have been reported (Duncan et al., 1998; Grimm et al., 2006; Huang, 2004; 

Pardo, 2004; Perraud et al., 2001; Runnels et al., 2001; Schlingmann et al., 2002; 

Zhong et al., 2004).  These studies demonstrate contributions of non-conducting 

channels to numerous cellular processes including proliferation, mitogen activating 

protein (MAP) kinase signaling, tumor suppression, synaptic facilitation and channel 

expression (Duncan et al., 1998; Grimm et al., 2006; Huang, 2004; Pardo, 2004; 

Perraud et al., 2001; Runnels et al., 2001; Schlingmann et al., 2002; Zhong et al., 

2004).  It is also possible that conducting TRPV4 channels are present on intracellular 

membranes, such as the ER or Golgi bodies.  Additional work is needed to determine 

the specific role of non-conducting TRPV4 channels in endothelial cells. 

In summary, findings presented here demonstrate that TIRFM can be combined 

with selective pharmacological tools to establish characteristic properties of TRPV4 

channels, suggesting that this approach can be used to study the activity of specific 

Ca2+-permeable ion channels.  Using this method, we identified new information 

regarding the activation of TRPV4 by the small molecule agonist GSK1016790A.  

Furthermore, the findings of this study demonstrate that the novel combination of 

TIRFM and custom automatic ROI detection software is a significantly improved method 
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for recording and analyzing the activity of Ca2+-permeable ion channels in primary 

endothelial cells.  The approach described here may be effective for studying changes 

in endothelial cell Ca2+ channel activity during endothelial dysfunction associated with 

cardiovascular disease. 
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FIGURE LEGENDS 

Figure 1. Novel Subcellular Ca2+ Influx Events in Primary Human Microvascular 

Endothelial Cells. 

(a) Pseudocolor time lapse of a typical Ca2+ event recorded under control conditions; 

scale bar = 8 µm. (b) Mean data showing that depleting intracellular Ca2+ stores by 

pretreating with the SERCA pump inhibitor cyclopiazonic acid (CPA, 10 µM) had no 

effect on whole-cell (WC) event frequency, whereas removing extracellular Ca2+ 

diminished event frequency; n = 40 for control, n = 31 for CPA, n = 39 for Ca2+ free; *P ≤ 

0.05 vs. control. (c) Histograms of event amplitude, spatial spread, duration, attack time, 

and decay time.  Event amplitudes and duration are randomly distributed, suggesting 

that multiple types of Ca2+ channels are active under basal conditions; n = 125 cells. 

 

Figure 2, Unitary TRPV4 Channel Activity Recorded using TIRFM. 

(a) RT-PCR for TRPV4 using total RNA from primary endothelial cells (EC) compared to 

a no DNA template control (NT); representative of 3 experiments.  (b) Compressed z-

stack images of immunolabeled TRPV4 (red) in primary endothelial cells vs. no primary 

antibody control (c).  Nuclei are labeled with DAPI (blue); scale bar = 10 µm.  

Representative of 3 experiments.  (d) Concentration response curve showing the effects 

of the selective TRPV4 agonist GSK1016790A on whole-cell (WC) Ca2+ event 

frequency.  (e) Mean data showing that the TRPV4 agonist 4α-PDD (10 µM) also 

increases the whole-cell (WC) frequency of Ca2+ influx events; n = 13 for control, n = 21 

for 4α-PDD; *P ≤ 0.05 vs. control.  Pretreatment with the non-specific TRPV blocker 

ruthenium red (10 µM) (f) or the selective TRPV4 inhibitor HC-067047 (500 nM) (g) 
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decreased the stimulation of Ca2+ event frequency in response to GSK1016790A (100 

nM) but had no effect on baseline event frequency.  For ruthenium red experiments, 

under baseline conditions n = 29 for control and n = 43 for ruthenium red, in the 

presence of GSK1016790A n = 17 for control and n = 44 for ruthenium red.  For HC-

067047 experiments, under baseline conditions n = 26 for control and n = 28 for HC-

067047, in the presence of GSK1016790A- n = 19 for control and n = 23 for HC-

067047; NS = No statistically significant differences detected; *P ≤ 0.05 vs. control. 

 

Figure 3. TRPV4-Mediated Ca2+ Influx Events are Distinct from Basal Events. 

(a) Pseudocolor time lapse of a typical Ca2+ event recoded from a cell treated with 

GSK1016790A (100 nM); scale bar = 8 µm. (b) Histogram analysis of Ca2+ event 

amplitude in cells treated with GSK1016790A indicating quantal separation. These 

event levels can also be observed in a representative plot of fluorescence vs. time (c).  

(d) Histograms of spatial spread, duration, attack, and decay in cells treated with 

GSK1016790A. 

 

Figure 4. GSK1016790A Increases Whole-Cell Event Frequency by Recruiting New 

Ca2+ Event Sites. 

(a) (Top) TIRFM image of a typical primary endothelial cell. Ca2+ influx sites detected by 

LC_Pro for the indicated region are shown before (left) and after (middle) addition of 

GSK1016790A (100 nM).  The merged pseudocolor image (right) shows events before 

addition of GSK1016790A in green and after in red. There is no overlap between the 

event sites.  (b) Mean data showing the number of events (left) and the number of event 
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sites (right) per cell before and after addition of GSK1016790A (4.78 ± 1.71 events/cell 

before vs. 12.78 ± 3.33 events/cell after and 4.22 ± 1.40 sites/cell before vs. 8.89 ± 1.86 

sites/cell after, n = 9 for each group); *P ≤ 0.05 vs. control. 
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Table 1. Comparison of Basal Ca2+ Influx Events vs. GSK1016790A-Induced 

Events. 

Amplitude, duration, attack time, decay time, spatial spread, and whole-cell (WC) 

frequency (mean ± SE) of Ca2+ influx events recorded from primary endothelial cells 

under basal condition (control) or following treatment with the selective TRPV4 agonist 

GSK1016790A (100 nM). *P ≤ 0.05 vs. control (Mann-Whitney rank sum test); n = 125 

for control; n = 59 for GSK1016790A. 
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Supplementary Figure 1

Supplementary Figure 1: Basal Event Amplitudes are Broadly Distributed.
Representative trace of fluorescence (F) over time within an active ROI on an unstimulated.
Event amplitudes display a broad, random distribution, indicating the activity of multiple Ca2+
influx channels under basal conditions.
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Supplementary Figure 2

Supplementary Figure 2: Endothelial Cell CPA Treatment. Mean cell fluorescence (A.U.)
of cells before (Control) and 1 and 15 minutes following addition of CPA (10 µM). (n = 10 for
all groups); *P ≤ 0.05 vs. Control.
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Supplementary Figure 3

Supplementary Figure 3: 11,12-EET Stimulates TRPV4-Mediated Ca2+ Events in
Endothelial Cells. Mean data showing an increase in the whole-cell (WC) frequency of Ca2+

events with addition of 11,12-EET (3 µM) to the bathing solution compared to vehicle addition
(1% DMSO) (n = 18 for vehicle, n = 19 for 11,12-EET); *P ≤ 0.05 vs. Vehicle.
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Supplementary Movie 1: Basal Ca2+ Channel Activity in Primary Endothelial Cells.
Representative TIRFM recording of a primary human microvascular endothelial cell under
basal conditions. Recording was converted to a pseudo-color video to emphasize transient
changes in fluorescence; blue to green/yellow notes an increase in fluorescence, indicating
an increase in [Ca2+]; frame rate = 15 frames/s.

Supplementary Movie 2: GSK1016790A Stimulates an Increase in Endothelial Ca2+

Influx. Representative TIRFM recording of a primary human microvascular endothelial cell in
the presence of the selective TRPV4 agonist GSK1016790A (100 nM), indicating a dramatic
increase in whole-cell frequency of Ca2+ influx events; frame rate = 15 frames/s.
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Supplementary Table 1

Ca2+ Microdomains WC Frequency (Hz) Duration (s)
Sparks 0.24 0.03
Sparklets N/A 0.03, 0.08
Pulsars 0.10 ± 0.02 0.26
Events in ECs 0.11 ± 0.02 2.67 ± 0.13

Supplementary Table 1: Novel Transient Ca2+ Events in Endothelial Cells. Ca2+ events
observed in primary endothelial cells using TIRFM have a much longer duration compared to
previously described calcium microdomains; this suggests that the events recorded using
TIRFM are novel.
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