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Abstract

Introduction: Studies in Cx40-GCaMP2 mice, which express 

calcium biosensor GCaMP2 in the endothelium under con-

nexin 40 promoter, have identified the unique properties of 

endothelial calcium signals. However, Cx40-GCaMP2 mouse 

is associated with a narrow dynamic range and lack of signal 

in the venous endothelium. Recent studies have proposed 

many GCaMPs (GCaMP5/6/7/8) with improved properties al-

though their performance in endothelium-specific calcium 

studies is not known. Methods: We characterized a newly 

developed mouse line that constitutively expresses GCaMP8 

in the endothelium under the VE-cadherin (Cdh5-GCaMP8) 

promoter. Calcium signals through endothelial IP3 receptors 

and TRP vanilloid 4 (TRPV4) ion channels were recorded in 

mesenteric arteries (MAs) and veins from Cdh5-GCaMP8 and 

Cx40-GCaMP2 mice. Results: Cdh5-GCaMP8 mice showed 

lower baseline fluorescence intensity, higher dynamic range, 

and higher amplitudes of individual calcium signals than 

Cx40-GCaMP2 mice. Importantly, Cdh5-GCaMP8 mice en-

abled the first recordings of discrete calcium signals in the 

intact venous endothelium and revealed striking differences 

in IP3 receptor and TRPV4 channel calcium signals between 

MAs and mesenteric veins. Conclusion: Our findings suggest 

that Cdh5-GCaMP8 mice represent significant improve-

ments in dynamic range, sensitivity for low-intensity signals, 

and the ability to record calcium signals in venous endothe-

lium. © 2021 S. Karger AG, Basel

Introduction

An increase in cytosolic Ca2+ is an essential regulator 
of cellular functions in mammalian cells. The majority of 
physiological Ca2+ activity in mammalian cells occurs as 
fast, spatially restricted signals [1]. Genetically encoded 
Ca2+ indicators (GECIs) have proved immensely helpful 
in real-time recordings of individual Ca2+ signals [2–6]. 
Among the many GECIs developed so far, GCaMPs re-
main the preferred variants for detecting Ca2+ signals in 
mammalian cells under physiological conditions [2–6]. 
GCaMPs are composed of a circularly permutated GFP 
(cpGFP) flanked by the M13 fragment of myosin light-
chain kinase (M13), a target sequence of calmodulin 
(CaM), on the N-terminus and by CaM on the C-termi-
nus [7]. The binding of Ca2+ to CaM triggers a conforma-
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tional change in cpEGFP, causing an increase in fluores-
cence intensity [7]. GCaMPs also offer advantages over 
Ca2+-indicator dyes, including decreased cytotoxicity, 
cell type-specific expression, higher resistance to photo-
bleaching [8], and a vastly increased experimental dura-
tion, as GCaMPs, unlike Ca2+-indicator dyes, cannot be 
pumped out of the cells.

Depending on the cell type under consideration, a va-
riety of Ca2+-permeable ion channels underlie discrete 
Ca2+ signals. Therefore, the unique spatial and kinetic 
properties of Ca2+ signals provide crucial insights into the 
ion channel behavior. GCaMPs have enabled the studies 
of spatial and kinetic properties of individual Ca2+ signals 
in mammalian tissues [3–5, 9]. Over the past decade, the 
use of mice constitutively expressing GCaMP2 in endo-
thelial cells (ECs) under connexin 40 promoter (Cx40-
GCaMP2 mice) has resulted in the discoveries of different 
Ca2+ signals that control arterial function [2, 3]. These 
signals include inositol 1,4,5-trisphosphate receptor 
(IP3R)-mediated Ca2+ release from the endoplasmic re-
ticulum (Ca2+ pulsars) [2, 3, 10], the influx of extracellular 
Ca2+ through transient receptor potential (TRP) channels 
on EC membranes (Ca2+ sparklets) [2, 9, 11], and IP3R-
mediated propagating Ca2+ waves [4, 5]. Despite the ad-
vancements made using Cx40-GCaMP2 mice, lower dy-
namic range and brightness, and a high baseline fluores-
cence limit their utility. Moreover, Cx40-GCaMP2 mice 
cannot be used to image endothelial Ca2+ signals in veins.

Since the development of what is now termed GCaMP1 
[7], several alterations to the structure have been under-
taken to improve brightness, dynamic range, temperature 
stability, dimerization prevention, baseline fluorescence, 
and overall functionality of GCaMPs [5, 12–16]. GCaMP2 
has been the most commonly used Ca2+ biosensor in arte-
rial endothelium [2, 3, 9, 10, 17, 18]. Although other stud-
ies have used GCaMP5 and GCaMP7 to record endothe-
lial Ca2+ signals in zebrafish models [19, 20], these biosen-
sors have not been used for studies on the intact endothe-
lium. GCaMP8 is the latest in the series of GCaMP bio-
sensors and offers advantages over other GCaMPs with 
improved dynamic range (Fmax/Fmin = 38) [12] and ki-
netic properties. However, the performance of GCaMP8 
in studies of Ca2+ in the intact endothelium is not known. 
Moreover, the properties of individual Ca2+ signals in the 
intact endothelium from mice constitutively expressing 
GCaMP8 in ECs remain unknown.

In this study, we characterized a newly developed 
mouse line that constitutively expresses GCaMP8 in the 
endothelium under control of the VE-cadherin (Cdh5-
GCaMP8) promotor and compared the signature proper-

ties of individual Ca2+ signals in the intact endothelium 
from Cx40-GCaMP2 and Cdh5-GCaMP8 mice. Pdgfb-
GCaMP5 mice, which express a commonly used GECI, 
GCaMP5, in ECs, were used as an additional control 
group for comparing the properties of endothelial Ca2+ 
signals. Cdh5-GCaMP8 mice showed lower baseline fluo-
rescence intensity and a higher dynamic range than Cx40-
GCaMP2 mice. The average amplitudes of IP3R Ca2+ sig-
nals were higher with Cdh5-GCaMP8 mice, improving 
their detectability. Cdh5-GCaMP8 mice also showed a 
higher amplitude for unitary Ca2+ influx events through 
TRP vanilloid 4 (TRPV4) channels, termed TRPV4 Ca2+ 
sparklets. Importantly, Cdh5-GCaMP8 mice enabled the 
first recordings of distinct Ca2+ signals in the intact ve-
nous endothelium and revealed striking differences in 
IP3R and TRPV4 Ca2+ signals between veins and arteries. 
In contrast with Cx40-GCaMP2 mice, Cdh5-GCaMP8 
mice also allowed the visualization of capillaries.

Materials and Methods

Animal Models
The University of Virginia Animal Care and Use Committee 

and Cornell Institutional Animal Care and Use Committee ap-
proved all protocols. All procedures adhered to the standards pub-
lished in the Guide for the Care and Use of Laboratory Animals. 
Male Cx40-GCaMP2 [4, 5], Cdh5-GCaMP8 mice, and Pdgfb-
GCaMP5 mice were used in the present study.

Generation of Cdh5-GCaMP8 Mice
Cdh5-GCaMP8 mice were generated by the Cornell University 

Resource for Optogenetic Mouse Signaling (CHROMus) as previ-
ously described [21]. The GCaMP8 expression cassette was insert-
ed at the translational initiation site downstream of the Cdh5 pro-
moter in bacterial artificial chromosome (BAC) clone RP23-453P1 
(BACPAC Resources, Emeryville, CA, USA) by homologous re-
combination in Escherichia coli strain SW105 [4]. The linearized 
DNA was microinjected into B6SJLF/J embryos using standard 
pronuclear injection techniques. Founder mice were identified by 
PCR using primers specific for both 5′ and 3′ junction sequences 
and backcrossed to C57BL6 mice.

Generation of Pdgfb-GCaMP5 Mice
PC::G5-tdT reporter mouse [22] that expresses the GCaMP5 

Ca2+ indicator and IRES-tdTomato in a Cre-dependent fashion 
was crossed with tamoxifen-inducible form of endothelial Pdgfb 
Cre (iCreERT2) [23]. The expression of GCaMP5 and tdTomato 
was induced by 5 i.p. injections of tamoxifen (2 mg/20 mg body 
weight, 1 injection per day), followed by a 2-week washout pe-
riod.

Genotyping
Samples of ear tissue were treated with the HotSHOT lysis buf-

fer (25 mM NaOH and 0.2 mM EDTA) and neutralized with an 
equal volume 40 mM Tris-HCl to extract genomic DNA. PCRs 
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were prepared using 1 unit Bioline MangoTaq DNA Polymerase 
(London, England), 5x Colored Reaction Buffer for MangoTaq 
DNA Polymerase, 1.5 mM MgCl2, 200 µM of each dNTP, 1 µM 5′ 
and 3′ primers, and 100–250 ng of the extracted DNA. The reac-
tion mixture was then run in a Bio-Rad T100 Thermal Cycler (Her-
cules, CA, USA). PCR products were loaded into a 1% agarose gel 
containing 0.2 µg/µL ethidium bromide in TAE Buffer (40 mM Tris 
Base, 20 mM Acetic Acid, and 1 mM EDTA). The gels were run in 
a Genesee Scientific Midi Horizontal Gel Box (San Diego, CA, 
USA) at 90 V using a Bio-Rad PowerPac HC High-Current Power 
Supply. Gels were exposed to 302 nm UV light for visualization. A 
New England BioLabs 100 bp DNA Ladder (Ipswich, MA, USA) 
was used for comparison. For Cx40-GCaMP2, samples were heated 
to 94°C for 1 min, cycled 30 times through 94°C for 20 s, 60°C for 
30 s, and 72°C for 2 min, and then held at 72°C for 10 min. For 
Cdh5-GCaMP8, samples were heated to 94°C for 3 min, cycled 30 
times through 94°C for 30 s, 57°C for 30 s, and 72°C for 1 min, and 
then held at 72°C for 5 min. The genotyping primers used were as 
follows: Cx40-GCaMP2, 5′ CAGAGCATGATGGGACCTTC, 3′ 
GGTTTCCGGGCCCTCACATT and Cdh5-GCaMP8, 5′ 
AAGGGCGAGGAGCTGTTCA, 3′ CGATCTGCTCTTCAGT-
CAGTTGGT. All primers were sourced from Eurofins Genomics 
(Louisville, KY, USA).

Ca2+ Imaging
Third-order mesenteric arteries (MAs; ∼100 µm) were isolated 

in ice-cold Hepes-buffered physiological salt solution (Hepes-PSS; 
10 mM Hepes, 134 mM NaCl, 6 mM KCl, 1 mM MgCl2 hexahydrate, 
2 mM CaCl2 dihydrate, and 7 mM dextrose, pH adjusted to 7.4 with 
NaOH). Ca2+ imaging studies were performed using methods de-
scribed previously [2, 24, 25]. Third-order MAs or mesenteric 
veins (MVs) were cut open and pinned down en face on SYL-
GARD blocks. Images were acquired at 15 frames per second using 
Andor Revolution WD (with Borealis) spinning-disk confocal im-
aging system (Oxford Instruments, Abingdon, UK) comprising an 
upright Nikon microscope with a ×60 water dipping objective (nu-
merical aperture 1.0) and an electron-multiplying charge-coupled 
device camera (iXon 888, Oxford Instruments, Abingdon, UK). 
MAs and MVs were superfused with bicarbonate-buffered PSS 
(199 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgCl2 hexa-
hydrate, 2.5 mM CaCl2 dihydrate, 7 mM dextrose, and 24 mM NaH-
CO3). To maintain a pH of 7.4, PSS was bubbled with 20% O2 and 
5% CO2. GCaMPs were excited at 488 nm with a solid-state laser, 
and emitted fluorescence was captured using a 525/36 nm band-
pass filter. All the experiments were performed at 37°C.

The arteries and veins were treated with cyclopiazonic acid 
(CPA; SERCA inhibitor, 20 μM) or xestospongin C (IP3R inhibi-
tor, 8 μM) for 10 min in some experiments. In a subset of experi-
ments, arteries were treated with GSK1016790A (GSK101, TRPV4 
channel activator, 10 nM) or GSK2193874 (GSK219, TRPV4 chan-
nel inhibitor, 100 nM) for 10 min. Minimum fluorescence inten-
sity (Fmin) was obtained by using Ca2+-free PSS and 5 mM EGTA 
(Ca2+ chelator). Maximum fluorescence intensity (Fmax) was ob-
tained in the presence of ionomycin (10 μM) and 20 mM Ca2+ to 
calculate Fmax.

For visualizing the capillaries, a z-stack was performed on the 
intestinal wall encompassing a total distance of 100 μm along the 
z-axis, and at a slice size of 0.5 μm. A 3-dimensional volume ren-
dering was performed using Imaris version 9.3 (Bitplane AG, Zu-
rich, Switzerland).

Analysis of IP3R Ca2+ Pulsars and TRPV4 Ca2+ Sparklets
A custom-designed program (by Dr. Adrian Bonev, Univer-

sity of Vermont) was used to analyze Ca2+ images. IP3R signals 
were automatically detected using a threshold of 1.25 F/F0 and a 
scanbox of 7 × 7 pixels. To account for a changing baseline (move-
ment of the artery or change of focus), an average image was cre-
ated and a Fmin was obtained every 20 images. For each event site, 
frequency, average amplitude, average rise time (time of rise from 
half-maximal amplitude to the peak), average duration (maxi-
mum width at half-maximal amplitude), and average decay half-
life (time of decay from peak to half-maximal amplitude) were 
determined. The numbers were averaged for each artery. For the 
analysis of endothelial TRPV4 sparklets, regions of interest of 1.7 
µm2 (5 × 5 pixels) were placed at the peak event amplitude to ob-
tain fractional fluorescent traces (F/F0). A Gaussian filter with a 
4-Hz cutoff corner frequency was applied to the representative 
F/F0 traces.

Two different parameters were used to indicate endothelial 
TRPV4 sparklet activity: (1) sparklet sites per cell and (2) sparklet 
activity per site. TRPV4 Ca2+ sparklet activity per site was evalu-
ated as described previously [9, 26]. Area under the curve for all 
the events at a site was determined using trapezoidal numerical 
integration ([F − F0]/F0 over time, in seconds). The average num-
ber of active TRPV4 channels, as defined by NPO (where N is the 
number of channels at a site and PO is the open-state probability 
of the channel), was calculated by 

NPO = (Tlevel 1 + 2Tlevel 2 + 3Tlevel 3 + 4Tlevel 4) / Ttotal,

where T is the dwell time at each quantal level detected at 
TRPV4 sparklet sites and Ttotal is the duration of the recording. 
NPO was determined using Single-Channel Search module of 
Clampfit and quantal amplitudes derived from all-points histo-
grams [11].

All-Points Histogram Construction
Histograms were constructed from the F/F0 traces. An ImageJ 

plug in that utilizes a filter gain of 0.8, and an acquisition noise 
variance of estimate of 0.05 (Christopher Philip Mauer, North-
western University, Chicago, IL, USA) was used to apply Kalman 
filter to the images. Steady peaks containing at least 5 data points 
and a stable baseline containing at least 5 steady points were used 
as the inclusion criteria. Clampfit10.3 was used to construct an all-
points histogram from sparklet traces using the following multiple 
Guassian function:
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where µ represents the mean value, a represents the area, σ2 is 
the variance of the Guassian distribution, and F/F0 represents the 
fractional fluorescence.

Statistics
Data were analyzed using independent or paired 2-tailed t test 

and 1-way ANOVA. Tukey correction was performed for post hoc 
testing if data were significant. A p value of <0.05 was used to de-
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termine statistical significance. Normality was determined using 
Shapiro-Wilk tests. Parametric statistics were performed as all data 
were normally distributed. OriginPro 7.5 (Northampton, MA, 
USA) was used for all statistical analysis. CorelDraw Graphics 
Suite X7 (Ottawa, ON, Canada) was used to prepare all graphical 
data. One artery or vein was considered as n = 1. The individual 
data points for each site in the artery were averaged to obtain the 
data value for 1 artery.

Results

Endothelium from Cdh5-GCaMP8 Mice Shows Lower 
Baseline Fluorescence and Higher Dynamic Range 
Than the Endothelium from Cx40-GCaMP2 Mice
We used high-speed imaging to record Ca2+ signals in 

MAs from the newly developed Cdh5-GCaMP8 mouse 
and compared the properties of Ca2+ signals with those in 
the extensively used Cx40-GCaMP2 mouse. Mouse geno-
types were confirmed via PCR (shown in Fig. 1a). The 
baseline whole-cell fluorescence intensity in ECs was cal-
culated using EC outlines as regions of interest. The base-

line fluorescence intensity was significantly lower in ECs 
from Cdh5-GCaMP8 mice when compared to the Cx40-
GCaMP2 mice (shown in Fig. 1b). Fmin was obtained in 
the presence of a Ca2+-free PSS containing 0 mM Ca2+ and 
5 mM EGTA (Ca2+ chelator). Fmin was not different be-
tween the arteries from Cdh5-GCaMP8 mice and Cx40-
GCaMP2 mice (shown in Fig. 1c, left). Fmax was calcu-
lated in the presence of ionomycin (10 μM) and 20 mM 
Ca2+. The increase in fluorescence induced by ionomycin 
was homogenous, indicating that GCaMP2 and GCaMP8 
were expressed evenly in the endothelium. Fmax was ∼6 
times higher in the arteries from Cdh5-GCaMP8 mice 
than the arteries from Cx40-GCaMP2 mice (shown in 
Fig. 1c, middle). Fmax/Fmin ratio was also ∼6-fold higher 
in Cdh5-GCaMP8 mice when compared to Cx40-
GCaMP2 mice (shown in Fig.  1c, right). These results 
confirmed that the Cdh5-GCaMP8 mouse offers signifi-
cant advantages with respect to lower baseline fluores-
cence and a higher dynamic range in the intact endothe-
lium.
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Fig. 1. a Left: Cx40-GCaMP2 PCR results on a 1% agarose gel indicating a wild-type sample with no reaction 
product and Cx40-GCaMP2 sample showing a positive reaction product at 1.6 kbp; right: Cdh5-GCaMP8 PCR 
results on a 1% agarose gel showing a wild-type sample with no reaction product and a Cdh5-GCaMP8 sample 
with a positive reaction product at 456 bp. b Baseline fluorescence values in MAs from Cx40-GCaMP2 and Cdh5-
GCaMP8 mice (n = 8, **p < 0.01, t test). c Comparisons of Fmin (left, n = 8), Fmax (middle, n = 9), and dynamic 
range (Fmax/Fmin, right, n = 7) between the arteries from Cx40-GCaMP2 mice and Cdh5-GCaMP8 mice; **p < 
0.01, ***p < 0.001, t test. MAs, mesenteric arteries; Fmin, minimum fluorescence; Fmax, maximum fluorescence.
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Cdh5-GCaMP8 Mice Show Higher Amplitudes, 
Frequency, and Number of Sites for IP3R Ca2+ Signals 
Than Cx40-GCaMP2 Mice
Recordings of IP3R-mediated Ca2+ signals in small 

MAs were performed in the presence of TRPV4 channel 
inhibitor GSK2193874 (GSK219; 100 nM) to eliminate 

Ca2+ influx signals through TRPV4 channels. The re-
maining Ca2+ signals were inhibited by xestospongin C (8 
μM; an IP3R antagonist, shown in Fig. 2a, b) or CPA (20 
µM; a sarcoendoplasmic reticulum Ca2+-ATPase inhibi-
tor, shown in Fig. 2a, c), indicating that most of the Ca2+ 
signal activity in the presence of TRPV4 channel inhibitor 
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Fig. 2. Recordings of IP3R-mediated Ca2+ 
signals (Ca2+ pulsars) in en face MAs from 
Cx40-GCaMP2, Cdh5-GCaMP8, and 
Pdgfb-GCaMP5 mice. The experiments 
were performed in the presence of TRPV4 
channel inhibitor GSK2193874 (GSK219, 
100 nM). a Representative traces of Ca2+ 
signals in Cx40-GCaMP2 mice in the ab-
sence or presence of IP3R inhibitor xesto-
spongin C (8 μM, top 2 traces) and in the 
absence or presence of SERCA inhibitor 
CPA (20 μM, bottom 2 traces) b Represen-
tative F/F0 traces of Ca2+ pulsars in MAs 
from Cdh5-GCaMP8 mice in the absence 
or presence of IP3R inhibitor xestospongin 
C. c Representative F/F0 traces of Ca2+ pul-
sars in MAs from Cdh5-GCaMP8 mice in 
the absence or presence of CPA. d Repre-
sentative F/F0 traces of Ca2+ pulsars in MAs 
from Cdh5-GCaMP8 mice in the absence 
or presence of muscarinic receptor agonist 
CCh (10 μM). e Representative images for 
GCaMP5 and tdTomato fluorescence in 
the endothelium from MAs of Pdgfb-
GCaMP5 mice (left) and representative 
Ca2+ pulsar activity (right). IP3R, inositol 
1,4,5-trisphosphate receptor; MAs, mesen-
teric arteries; TRPV4, transient receptor 
potential vanilloid 4; CPA, cyclopiazonic 
acid.
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represented IP3R-mediated Ca2+ release from the ER in 
MAs. Consistent with previous studies in Cx40-GCaMP2 
mice, muscarinic receptor activator, carbachol (CCh, 10 
μM), increased the activity of IP3R Ca2+ signals in MAs 
from Cdh5-GCaMP8 mice (shown in Fig. 2d). IP3R-me-
diated Ca2+ signals in Cx40-GCaMP2 mice have previ-
ously been labelled Ca2+ pulsars [3]. A Ca2+ pulsar was 
defined as an increase to at least 1.25 in F/F0 (observed 
fluorescence divided by minimum fluorescence over 10 
images) from the baseline of 1 F/F0. The averaged peak 
amplitude of Ca2+ pulsars was higher (F/F0 = 2.10) in 
Cdh5-GCaMP8 mice when compared to that in Cx40-
GCaMP2 mice (F/F0 = 1.61; shown in Table 1; see online 
suppl. Videos 1, 2; for all online suppl. material, see www.
karger.com/doi/10.1159/000514210). MAs from Cdh5-
GCaMP8 mice also showed a higher number of Ca2+ pul-
sar sites per cell when compared to Cx40-GCaMP2 mice 
(shown in Table 1). Moreover, the frequency of Ca2+ pul-
sars per site was higher (0.086 per second) in the arteries 
from Cdh5-GCaMP8 mice than the arteries from Cx40-
GCaMP2 mice (0.034 per second).

GCaMP5 is another GECI commonly used for record-
ing Ca2+ signals in mammalian cells although the evi-
dence on Ca2+ signals using GCaMP5 in the intact endo-
thelium is scarce. We used a Pdgfb-GCaMP5 mouse that 
expresses Ca2+ biosensor GCaMP5 and tdTomato in ECs 
under the tamoxifen-inducible Pdgfb promoter [22, 23]. 
Endothelial expression of GCaMP5 correlated with the 
expression of reporter tdTomato (shown in Fig. 2e). The 
frequency and amplitude of IP3R Ca2+ signals in MAs 
from Pdgfb-GCaMP5 mice were higher than Cx40-
GCaMP2 mice but lower than Cdh5-GCaMP8 mice 
(shown in Fig. 2e; Table 1).

Rise Time, Duration, and Half-Life of Endothelial 
IP3R Ca2+ Signals Are Not Different among Cx40-
GCaMP2, Cdh5-GCaMP8, and Pdgfb-GCaMP5 Mice
The rise time (time of rise from half-maximal ampli-

tude to the peak), duration (maximum width at half-max-
imal amplitude), and decay half-life (time of decay from 
peak to half-maximal amplitude) of IP3R Ca2+ signals 
were calculated to determine whether the kinetic proper-

Table 1. Quantitation of the properties of IP3R Ca2+ signals in small MAs from Cx40-GCaMP2, Cdh5-GCaMP8, 
and Pdgfb-GCaMP5 mice

IP3R signals Cx40-GCaMP2 Cdh5-GCaMP8 Pdgfb-GCaMP5

Frequency, Hz
+CCh

0.034±0.003
0.061±0.005

0.086±0.002***
0.151±0.006***

0.049±0.006**, †††

0.095±0.005**, †††

Sites per cell
+CCh

0.32±0.04
0.67±0.05

1.85±0.38***
3.2±0.30***

1.0±0.22***, †††

2.1±0.14***, †††

Amplitude, F/F0 1.42±0.008 2.10±0.01*** 1.61±0.049**, †† 

Rise time, ms 247±21 287±19 317±20

Duration, ms 464±16 510±23 518±16

Decay, t1/2, ms 277±15 297±12 337±25

Maximum amplitude, F/F0 2.59 7.59 4.37

Data are represented as mean ± SEM. A 1-way ANOVA with post hoc Tukey test was used to test statistical 
significance among groups (n = 5 arteries). MAs, mesenteric arteries; IP3R, inositol 1,4,5-trisphosphate receptor. 
** p < 0.01. *** p < 0.001 versus Cx40-GCaMP2. †† p < 0.01. ††† p < 0.001 versus Cdh5-GCaMP8.

Fig. 3. Recordings of elementary Ca2+ influx signals through endo-
thelial TRPV4 channels (TRPV4 sparklets) in en face MAs from 
Cx40-GCaMP2, Cdh5-GCaMP8, and Pdgfb-GCaMP5 mice. Left 
panel: representative F/F0 traces of TRPV4 sparklet sites in MAs 
from Cx40-GCaMP2 (top), Cdh5-GCaMP8 (middle), and Pdgfb-
GCaMP5 (bottom) mice. The sparklets were recorded in the pres-
ence of CPA (20 µM) and TRPV4 channel activator GSK1016790A 
(GSK101, 10 nM) in the absence or presence of TRPV4 channel 

inhibitor GSK219 (100 nM). Dotted red lines represent the quantal 
levels (single-channel amplitudes) determined from all-points his-
tograms. Right panel: all-points amplitude histograms in MAs 
from Cx40-GCaMP2 (top), Cdh5-GCaMP8 (middle), and Pdgfb-
GCaMP5 (bottom) mice. The histograms were fit with a multi-
Gaussian curve. The peaks on the multi-Gaussian curve were 
quantal. TRPV4, transient receptor potential vanilloid 4; MAs, 
mesenteric arteries; CPA, cyclopiazonic acid.

(For figure see next page.)
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ties of IP3R Ca2+ signals are different in Cx40-GCaMP2, 
Cdh5-GCaMP8, and Pdgfb-GCaMP5 mice. The rise time, 
duration, and decay half-life of IP3R Ca2+ signals were 
not different among Cx40-GCaMP2, Cdh5-GCaMP8, 
and Pdgfb-GCaMP5 mice (shown in Table 1). These re-
sults suggested that although the amplitude and frequen-
cy of IP3R Ca2+ signals vary among the 3 mice, their ki-
netic properties do not change (shown in Table 1).

Endothelial TRPV4 Sparklet Amplitude Is Higher 
in Cdh5-GCaMP8 Mice, but Sparklet Activity and 
Number of Sparklets Sites per Cell Are Not Different
Elementary Ca2+ influx signals through endothelial 

TRPV4 channels (TRPV4 sparklets [9]) were recorded in 
the presence of CPA (20 µM) to eliminate interference 
from intracellular Ca2+ release signals. Experiments were 
performed in the presence of TRPV4 channel activator 
GSK1016790A (GSK101, 10 nM). GSK2193874 (GSK219, 
TRPV4 inhibitor, 100 nM)-sensitive TRPV4 sparklet ac-
tivity was seen in MAs from Cx40-GCaMP2, Cdh5-
GCaMP8, and Pdgfb-GCaMP5 mice (shown in Fig. 3). 
All-points amplitude histograms obtained from the F/F0 
traces were fit with a multi-Gaussian curve, and the peaks 
of the curve were quantal, a characteristic single-channel 
behavior [9, 11, 25, 26]. The quantal level (single-channel 
amplitude) was higher in the Cdh5-GCaMP8 mice (0.36 
ΔF/F0) when compared to the Cx40-GCaMP2 mice (0.18 
ΔF/F0), consistent with higher intensity of GCaMP8 ver-
sus GCaMP2 (shown in Fig. 3). The quantal amplitude of 
TRPV4 sparklets in MAs from Pdgfb-GCaMP5 (0.30 
ΔF/F0) was higher than that in Cx40-GCaMP2 mice but 
lower than the quantal amplitude observed in Cdh5-
GCaMP8 mice (shown in Fig. 3). The number of TRPV4 

sparklet sites per endothelial cell, however, was not differ-
ent among Cdh5-GCaMP8, Cx40-GCaMP2, and Pdgfb-
GCaMP5 mice (shown in Fig. 4). TRPV4 sparklet activity 
at each site was calculated as NPO per site, where N is the 
number of channels and PO is the open-state probability 
of the channel [25, 26]. TRPV4 sparklet activity per site 
was not different between the 3 mice (shown in Fig. 4), 
supporting the idea that although Cdh5-GCaMP8 and 
Pdgfb-GCaMP5 mice offer the benefit of higher ampli-
tudes, the sensitivity of detection of TRPV4 sparklets is 
unaltered among the 3 mice.

Lower IP3R Ca2+ Signal and Higher TRPV4 Sparklet 
Activity in Venous Endothelium Compared to Arterial 
Endothelium
The properties of individual Ca2+ signals in venous en-

dothelium are relatively unknown. Therefore, we record-
ed IP3R Ca2+ release signals and TRPV4 sparklets in the 
intact endothelium from third-order MVs. Previous 
studies suggest that Cdh5 is expressed in the venous en-
dothelium [27]; however, Cx40 is absent [28]. Accord-
ingly, Cx40-GCaMP2 mice showed no baseline fluores-
cence or transient Ca2+ signals in MVs (shown in Fig. 5a). 
In the MVs from Cdh5-GCaMP8 mice, however, robust 
Ca2+ activity was observed under baseline conditions 
(shown in online suppl. Video 3). The activity of IP3R 
Ca2+ signals was recorded in the presence of TRPV4 
channel inhibitor GSK219. Similar to MAs, the majority 
of the baseline Ca2+ signals were inhibited by CPA (shown 
in Fig. 5b), indicating that these signals were Ca2+ release 
events from intracellular stores. For IP3R Ca2+ signals, 
the number of sites per cell and frequency per site were 
lower in MVs than in MAs, indicating a lower activity of 
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Fig. 4. Quantification of endothelial TRPV4 sparklet activity in MAs from Cx40-GCaMP2, Cdh5-GCaMP8, and 
Pdgfb-GCaMP5 mice. Experiments were performed in the presence of CPA (20 μM) and GSK101 (10 nM). Left: 
averaged TRPV4 sparklet sites per endothelial cell in MAs from Cx40-GCaMP2, Cdh5-GCaMP8, and Pdgfb-
GCaMP5 mice (n = 5). Right: averaged TRPV4 sparklet activity per site (NPO per site, where N is the number of 
channels and PO is the open state probability) in Cx40-GCaMP2, Cdh5-GCaMP8, and Pdgfb-GCaMP5 mice  
(n = 5). TRPV4, transient receptor potential vanilloid 4; MAs, mesenteric arteries; CPA, cyclopiazonic acid.
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IP3Rs in MVs (shown in Table 2). The average peak am-
plitude of IP3R Ca2+ signals was also lower in MVs than 
in MAs (shown in Table 2). The signature kinetic proper-
ties of IP3R Ca2+ signals (rise time, duration, and decay 
half-life), however, were not different between MAs and 
MVs (shown in Table 2). In the presence of CPA, endo-
thelium from MVs showed TRPV4 sparklet activity that 
was increased by TRPV4 channel activator GSK101 and 

inhibited by TRPV4 channel inhibitor GSK219 (shown in 
Fig. 5c). Importantly, TRPV4 sparklet activity per endo-
thelial cell and sparklet activity per site were significantly 
higher in MVs when compared to MAs (shown in Ta-
ble 3). In MAs, we previously reported that endothelial 
TRPV4 channels exist as four-channel metastructures. In 
MVs, however, a maximum of 8 open TRPV4 channels 
were observed at a site (shown in Table 3). These results 

Mesenteric vein (MV)

MV, baseline CPA + GSK101, 10 nM

+ GSK219, 100 nM
+ CPA, 20 µM

Cx40-GCaMP2 Cdh5-GCaMP8

Cx40-GCaMP2 Cdh5-GCaMP8

20 µM

1
F
/F

0

10 s

a

b

d

c

Fig. 5. a Representative greyscale images 
showing endothelium from third-order 
MVs of Cx40-GCaMP2 (left) and Cdh5-
GCaMP8 (right) mice. b Representative 
F/F0 traces for IP3R-mediated Ca2+ signals 
in endothelium from MVs of Cdh5-
GCaMP8 mice under basal conditions 
(top) and in the presence of CPA (bottom). 
c Representative F/F0 traces for endothelial 
TRPV4 sparklets in MVs from Cdh5-
GCaMP8 mice in the presence of CPA (20 
µM) and TRPV4 channel activator GS-
K1016790A (GSK101, 10 nM, top) and after 
the addition of TRPV4 channel inhibitor 
GSK219 (100 nM, bottom). d Three-di-
mensional volumetric rendering of images 
of intestinal wall of Cx40-GCaMP2 (left) 
and Cdh5-GCaMP8 (right) mice. Images 
were acquired along the z-axis for a dis-
tance of 100 μm from top of the intestinal 
wall (slice size = 0.5 μm). MVs, mesenteric 
veins; IP3R, inositol 1,4,5-trisphosphate 
receptor; CPA, cyclopiazonic acid; TRPV4, 
transient receptor potential vanilloid 4.
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supported the idea that IP3R activity is lower and TRPV4 
channel activity is higher in MVs when compared to 
MAs.

Visualization of Capillaries in Cdh5-GCaMP8 Mice
Using a scan along the z-axis on the intestinal walls, 

capillaries were identified as microvessels with an inter-
nal diameter of <5 μm. A bright GCaMP8 signal was ob-
served in the capillaries from Cdh5-GCaMP8 mice 
(shown in Fig. 5d). The GCaMP2 signal was, however, 
absent in the capillaries from Cx40-GCaMP2 mice 
(shown in Fig. 5d).

Discussion/Conclusion

The use of GECI to record Ca2+ signals in the intact 
endothelium has mostly been limited to Cx40-GCaMP2 
mice. Recent studies have revealed several new GCaMPs, 
although the properties of Ca2+ signals with newer 
GCaMPs have not been tested in the intact endothelium. 
Moreover, the Ca2+ signal profiles in the intact venous 
endothelium are entirely unknown. In this manuscript, 
we present the kinetic profiles of Ca2+ signals in the intact 
endothelium from a newly developed Cdh5-GCaMP8 
mouse. The arteries from Cdh5-GCaMP8 mice showed 
lower baseline fluorescence, higher dynamic range, and 
higher amplitudes of individual Ca2+ signals, while the 
kinetic properties of the signals remained unchanged. 
Importantly, Cdh5-GCaMP8 mice enabled visualization 
of Ca2+ signals in venous endothelium and revealed major 
differences in IP3R and TRPV4 Ca2+ signals between ar-

terial and venous endothelium. While many GCaMPs 
with improved properties over GCaMP2 have been dis-
covered, Cx40-GCaMP2 and Cdh5-GCaMP8 are the only 
mice that constitutively express GECIs in endothelium 
and allow the visualization of Ca2+ signals in the intact 
endothelium without interference from Ca2+ activity in 
surrounding smooth muscle cells.

Previous studies identified 2 main sources of increases 
in intracellular Ca2+ in the endothelium from mesenteric 
arteries: IP3R-mediated Ca2+ release from the endoplas-
mic reticulum and Ca2+ influx through TRPV4 ion chan-
nels on endothelial cell membrane [2, 3, 9, 10]. The re-
cordings of IP3R Ca2+ signals in this study were per-
formed in the presence of TRPV4 channel inhibitor 
GSK219, whereas the recordings of TRPV4 channel Ca2+ 
influx signals (TRPV4 sparklets) were performed in the 
presence of CPA to eliminate intracellular Ca2+ release 
signals. In Cx40-GCaMP2 mice, IP3R Ca2+ signals have 
been termed Ca2+ pulsars [3]. The frequency per site and 
number of pulsar sites per cell were higher in MAs from 
Cdh5-GCaMP8 mice when compared to MAs from 
Cx40-GCaMP2 mice. In this regard, it is important to 
note that signal amplitude was higher and baseline fluo-
rescence was lower in MAs from Cdh5-GCaMP8 mice. 
We postulate that the increase in the number of IP3R 
events in Cdh5-GCaMP8 mice was due to higher inten-
sity of the biosensor. It is conceivable that the higher flu-
orescence intensity in Cdh5-GCaMP8 mice (compared to 
Cx40-GCaMP2 mice) allowed the detection of the low-
intensity events that would fall below the detection 
threshold in Cx40-GCaMP2 mice, thereby increasing the 
number of event sites and the frequency per site. GCaMP8 
is known to show a lower baseline brightness than 
GCaMP2 [12], which is the major contributor to the in-
crease in signal range. Cdh5 is also expressed in distal cells 
[29], whereas Cx40 is principally arterial [30]. It is not 
known whether Cx40 drives stronger or weaker expres-
sion than Cdh5 in arterial cells.

In contrast to IP3R Ca2+ signals, the number of sites 
for TRPV4 sparklets and activity per site was not different 
between Cx40-GCaMP2 and Cdh5-GCaMP8 mice, de-
spite a clear increase in quantal amplitude of TRPV4 
sparklets with Cdh5-GCaMP8 mice. The quantal ampli-
tude of TRPV4 sparklets was ∼2-fold higher in the arter-
ies from Cdh5-GCaMP8 mice when compared to Cx40-
GCaMP2 mice. These findings suggested that the inten-
sity of lowest-level TRPV4 sparklets was above the 
threshold of detection of GCaMP2, and therefore, in-
crease in intensity did not offer additional benefit in terms 
of detecting more TRPV4 sparklet sites or events. As re-

Table 2. Quantitation of the properties of IP3R-mediated baseline 
Ca2+ signals in small mesenteric arteries and small MVs from 
Cdh5-GCaMP8 mice

IP3R signals, baseline,  
Cdh5-GCaMP8

Artery Vein

Frequency, Hz 0.086±0.002 0.024±0.004***
Sites per cell 1.85±0.38 0.40±0.09***
Amplitude, F/F0 2.10±0.01 1.65±0.07***
Rise time, ms 287±12 305±26
Duration, ms 510±3 545±31
Decay, t1/2, ms 297±2 392±25

Data are represented as mean ± SEM. Student’s t test was used 
to compare signals from arteries and veins. A p value of <0.05 was 
used to declare statistical significance (n = 5). MVs, mesenteric 
veins; IP3R, inositol 1,4,5-trisphosphate receptor. *** p < 0.001.
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ported previously using Cx40-GCaMP2 mice [9], a 4 
TRPV4 channel metastructure was also observed in the 
intact endothelium from Cdh5-GCaMP8 mice (Fig. 3).

Ca2+ signals in the intact arterial endothelium have 
been reported by numerous studies [2, 3, 31–35]. As a re-
sult, the signature properties of endothelial Ca2+ signals 
in the intact arterial endothelium are well established. 
However, individual Ca2+ signals and their signature 
properties remain unknown in the intact venous endo-
thelium [36, 37]. GECIs offer many advantages over Ca2+ 
indicators (e.g., fluo-4) including cell type-specific ex-
pression, more stable signal, significantly longer experi-
ments (no efflux via membrane ATPases), and less pho-
tobleaching or phototoxicity. Our results confirm that 
Cx40-GCaMP2 mice cannot be used for recording Ca2+ 
activity in the venous endothelium due to the lack of Cx40 
expression in venous endothelium. The use of Cdh5-
GCaMP8 mice allowed the recordings of individual Ca2+ 
signals in the intact venous endothelium and analysis of 
their signature properties. A detailed Ca2+ image analysis 
revealed 2 important differences in the activity of IP3R 
and TRPV4 Ca2+ signals between the intact endothelium 
from MAs and MVs: (1) the activity of IP3R Ca2+ signals 
is lower in veins than in arteries and (2) the activity of 
TRPV4 Ca2+ sparklets is higher in veins when compared 
to arteries. The mechanisms for the different activities of 
IP3R and TRPV4 Ca2+ signals between arteries and veins 
are not known and will require further investigation. Po-
tential mechanisms include the following: (1) different 
expression levels of TRPV4 channels and IP3Rs in the 
arterial and venous endothelium; (2) distinct regulatory 
mechanisms for TRPV4 channels or IP3Rs in the arterial 
and venous endothelium; and (3) distinct IP3R isoforms 
in the arterial and venous endothelium.

In venous endothelium, the maximum number of 
TRPV4 channels per site was ∼8, suggesting a different 

TRPV4 cluster composition in veins when compared to 
arteries. These differences may indicate a more promi-
nent role for TRPV4 channels than for IP3Rs as a pathway 
for increasing cytosolic Ca2+ in the venous endothelium. 
The differences may also indicate distinct functional roles 
of TRPV4 channels and IP3Rs in the venous endotheli-
um. The physiological roles of IP3R Ca2+ signals and 
TRPV4 sparklets remain unknown in the venous endo-
thelium. While only IP3R and TRPV4 Ca2+ signals were 
recorded in the intact venous endothelium in this study, 
other Ca2+ influx or release pathways may also play im-
portant functional roles. In this regard, TRPA1 and 
TRPV3 channels have been shown to be important Ca2+ 
influx pathways in arterial endothelium from other vas-
cular beds [34, 38]. Moreover, TRPP1 channels were re-
cently proposed as an endothelial Ca2+ influx pathway 
that mediates flow-induced vasodilation [39]. Whether 
TRPA1/TRPV3/TRPP1 channels are functional in ve-
nous endothelium has not been investigated.

Recent studies indicate that TRPV4 channels can acti-
vate Ca2+ release through IP3Rs, thereby amplifying the 
TRPV4 channel-induced Ca2+ response and endotheli-
um-dependent vasodilation. The findings that IP3R ac-
tivity is lower in the venous endothelium may imply a less 
important role for TRPV4 channel-mediated vasodila-
tion in veins compared to the arteries. Current evidence 
suggests that venous endothelium is more permeable 
than the arterial endothelium [40]. In this regard, endo-
thelial TRPV4 channels have been shown to promote vas-
cular permeability [41, 42]. Therefore, it is plausible that 
TRPV4 channels regulate venous endothelial perme-
ability.

Our results provide detailed profiles of individual Ca2+ 
signals in the intact endothelium from newly developed 
Cdh5-GCaMP8 mouse. Our findings also suggest that 
studies in the intact endothelium from Cdh5-GCaMP8 

Table 3. Comparison of the properties of endothelial TRPV4 sparklets in small MAs and MVs from Cdh5-
GCaMP8 mice

TRPV4 sparklets, 10 nM GSK101, and Cdh5-GCaMP8 Artery Vein

Activity per site (NPO) 0.087±0.011 0.254±0.060***
Sites per cell 2.10±0.01 2.5±0.04***
Maximum number of channels per site 4 8

The experiments were performed in the presence of CPA (20 μM) and TRPV4 channel activator GSK101 (10 
nM). Data are represented as mean ± SEM. Student’s t test was used to compare the activity per site and sites per 
cell from small MAs and MVs (n = 5). TRPV4, transient receptor potential vanilloid 4; MAs, mesenteric arteries; 
MVs, mesenteric veins; CPA, cyclopiazonic acid. *** p < 0.001.
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mice benefit from lower background fluorescence and 
higher dynamic range, and GCaMP8 expression in veins 
when compared to Cx40-GCaMP2 mice. Moreover, our 
studies reveal important differences in IP3R and TRPV4 
Ca2+ signal activity between arteries and veins.
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