
FUNCTION, 2021, 2(6): zqab051

https://doi.org/10.1093/function/zqab051
Advance Access Publication Date: 9 October 2021
Original Research

RESEARCH ARTICLE

Nitric Oxide Signals Through IRAG to Inhibit TRPM4
Channels and Dilate Cerebral Arteries
Sher Ali1,†, Alfredo Sanchez Solano1,†, Albert L. Gonzales2, Pratish Thakore1,
Vivek Krishnan1, Evan Yamasaki1, Scott Earley 1,*
1Department of Pharmacology, Center for Molecular and Cellular Signaling in the Cardiovascular System,
Reno School of Medicine, University of Nevada, Reno, NV 89557-0318, USA and 2Department of Physiology and
Cell Biology, Center for Molecular and Cellular Signaling in the Cardiovascular System, University of Nevada,
Reno School of Medicine, University of Nevada, Reno, NV 89557-0318, USA
∗Address correspondence to S.E. (e-mail: searley@med.unr.edu)
†These authors contributed equally to this work.

Abstract

Nitric oxide (NO) relaxes vascular smooth muscle cells (SMCs) and dilates blood vessels by increasing intracellular levels of
cyclic guanosine monophosphate (cGMP), which stimulates the activity of cGMP-dependent protein kinase (PKG). However,
the vasodilator mechanisms downstream of PKG remain incompletely understood. Here, we found that transient receptor
potential melastatin 4 (TRPM4) cation channels, which are activated by Ca2+ released from the sarcoplasmic reticulum (SR)
through inositol triphosphate receptors (IP3Rs) under native conditions, are essential for SMC membrane depolarization and
vasoconstriction. We hypothesized that signaling via the NO/cGMP/PKG pathway causes vasodilation by inhibiting TRPM4.
We found that TRPM4 currents activated by stretching the plasma membrane or directly activating IP3Rs were suppressed
by exogenous NO or a membrane-permeable cGMP analog, the latter of which also impaired IP3R-mediated release of Ca2+

from the SR. The effects of NO on TRPM4 activity were blocked by inhibition of soluble guanylyl cyclase or PKG. Notably,
upon phosphorylation by PKG, IRAG (IP3R-associated PKG substrate) inhibited IP3R-mediated Ca2+ release, and knockdown
of IRAG expression diminished NO-mediated inhibition of TRPM4 activity and vasodilation. Using superresolution
microscopy, we found that IRAG, PKG, and IP3Rs form a nanoscale signaling complex on the SR of SMCs. We conclude that
NO/cGMP/PKG signaling through IRAG inhibits IP3R-dependent activation of TRPM4 channels in SMCs to dilate arteries.

Significance Statement
Nitric oxide is a gaseous vasodilator produced by endothelial cells that is essential for cardiovascular function. Although
NO-mediated signaling pathways have been intensively studied, the mechanisms by which they relax SMCs to dilate blood
vessels remain incompletely understood. In this study, we show that NO causes vasodilation by inhibiting the activity of
Ca2+-dependent TRPM4 cation channels. Probing further, we found that NO does not act directly on TRPM4 but instead
initiates a signaling cascade that inhibits its activation by blocking the release of Ca2+ from the SR. Thus, our findings reveal
the essential molecular pathways of NO-induced vasodilation—a fundamental unresolved concept in cardiovascular
physiology.
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Introduction

Inward cation currents conducted by the melastatin (M) tran-
sient receptor potential (TRP) channel, TRPM4, depolarize the
plasma membrane of vascular smooth muscle cells (SMCs) to
constrict cerebral arteries 1,2. This process is essential for cere-
bral blood flow autoregulation during increases in intralumi-
nal pressure 2,3. TRPM4 channels in SMCs are activated by
Ca2+ released from the sarcoplasmic reticulum (SR) through
inositol trisphosphate receptors (IP3Rs) 4 following mechanical-
or agonist-induced activation of type1 angiotensin II receptors
(AT1Rs) 5,6 and other Gq-protein coupled receptors (GqPCRs) 7.
Although the signaling cascades that open TRPM4 channels to
cause vasoconstriction have been described, nothing is currently
known about potential endogenous mechanisms that inhibit
TRPM4 activity to elicit vasodilation.

In their landmark study, Furchgott and Zawadski demon-
strated that nitric oxide (NO) released from the endothelium
in response to the muscarinic receptor agonist acetylcholine
relaxed precontracted arteries 8. Nitric oxide is a highly solu-
ble gas generated within endothelial cells during the conver-
sion of L-arginine to L-citrulline by the Ca2+-regulated enzyme,
endothelial nitric oxide synthase (eNOS). Nitric oxide diffuses
to overlying SMCs and stimulates soluble guanylyl cyclase
(sGC), an enzyme that catalyzes the conversion of guanosine-
5’-triphosphate (GTP) to the second messenger, cyclic guano-
sine monophosphate (cGMP). Elevated levels of intracellular
cGMP stimulate the activity of a family of cGMP-dependent pro-
tein kinases (PKGs) 9, which then phosphorylate target pro-
teins, including IP3R-associated cGMP-kinase substrate (IRAG)
10. IRAG, encoded by Mrvi1, is a 125-kDa protein secured to
the SR/endoplasmic reticulum (ER) membrane by a C-terminal
anchoring domain 10,11. IRAG forms a stable complex with IP3Rs
in SMCs 12 that, when phosphorylated at Ser696 by the PKG1β

isoform, suppresses the release of Ca2+ from the SR/ER 10,13.
Hence, IRAG is an NO/cGMP/PKG-dependent negative regula-
tor of IP3R-mediated Ca2+ release. IRAG has been linked to NO-
mediated vasodilation 12,14, but the mechanisms responsible for
SMC relaxation are not currently known.

In this study, we investigated the effects of the endothelium-
dependent vasodilator NO on TRPM4 channels in native SMCs
and cerebral resistance arteries, testing the hypothesis that
NO dilates arteries by stimulating phosphorylation of IRAG to
inhibit IP3R-driven TRPM4 channel activity. Our findings show
that administration of NO or a membrane-permeable cGMP
analog inhibits the activity of TRPM4 channels in native SMCs
from cerebral arteries, a response that is dependent on PKG.

NO/cGMP/PKG does not act directly on TRPM4, but instead
inhibits TRPM4 activation by Ca2+ released from the SR through
IP3Rs. Using superresolution microscopy, we also show that
IP3Rs, IRAG, and PKG form a nanoscale complex on the SR of
SMCs from cerebral arteries. We report that NO-mediated inhi-
bition of TRPM4 and dilation of cerebral arteries is dependent
on the expression of IRAG. We conclude that NO causes vasodi-
lation by stimulating PKG-mediated phosphorylation of IRAG,
thereby inhibiting the release of Ca2+ from the SR through IP3Rs
and diminishing Ca2+-dependent TRPM4 channel activity.

Results

NO Inhibits TRPM4 Through cGMP and PKG

TRPM4 currents in cerebral artery SMCs were recorded by patch-
clamp electrophysiology using the perforated-patch configura-
tion, which allows control of membrane potential but min-
imizes disruption of intracellular Ca2+ dynamics. After seal
formation and perforation, transient inward cation currents
(TICCs) conducted by TRPM4 channels were recorded in cells
voltage-clamped at −70 mV. As previously shown 5,6, TICCs were
increased upon stretching of the plasma membrane by applica-
tion of negative pressure via the patch pipette and were inhib-
ited by the TRPM4 blocker, 9-phenanthrol (Figure 1A and B). Ion
substitution was used to verify that TICCs are indeed cation
currents. In a prior study, TICC activity was eliminated upon
replacement of Na+ with the non-permeable cation N-methyl-
D-glucamine (NMDG) 15, indicating that extracellular Na+ is nec-
essary for these currents. Further control studies show that the
substitution of NaCl in the bath solution with Na-gluconate had
no effect on TICCs activity (Figure S1), providing additional evi-
dence that the current is carried by Na+ and not Cl– ions. To
test a possible role for NO in stretch-induced, TRPM4-mediated
TICCs, we applied different concentrations of the exogenous
NO donor and S-nitroso-N-acetylpenicillamine (SNAP), chosen
because of its high stability and potential for long-term NO
release 16,17, and measured TICC activity. SNAP, applied to the
bath after activation of TICCs with negative pressure, induced
a concentration-dependent reduction in TICC activity with an
IC50 (50% inhibitory concentration) of 3.5 μM (Figure 1C and D),
indicating that NO inhibits TRPM4 channels.

In the canonical signaling cascade, NO stimulates sGC to gen-
erate cGMP, which in turn increases the activity of PKGs (Figure
1E). To determine if the NO/cGMP/PKG signaling pathway is
responsible for the inhibition of TRPM4, we treated cells with the
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Figure 1. NO inhibits TRPM4 channel activity by activating the NO/cGMP/PKG signaling cascade. (A) Representative trace from a perforated patch-clamp experiment
demonstrating that TICC activity, induced by applying negative pressure (−20 mmHg) through the patch pipette to stretch the plasma membrane, is blocked by
the selective TRPM4 inhibitor 9-phenanthrol (30 μM). (B) Summary data demonstrating that TICC activity is inhibited by 9-phenanthrol (∗P < .05; n = 6 cells from
four animals). (C) Representative trace from a perforated patch-clamp experiment showing the effects of SNAP (100 μM) on TICCs induced by application of negative

pressure (−20 mmHg) through the patch pipette. (D) Concentration–response curve for the inhibition of TICCs by SNAP (n = 5 cells from two animals per concentration).
(E) Diagram depicting the NO/cGMP/PKG signaling cascade and pharmacological interventions. (F) Representative trace from a perforated patch-clamp experiment
demonstrating that TICC activity induced by negative pressure (−20 mmHg) is significantly reduced by dibutyryl-cGMP (0.5 μM). (G) Summary data showing the
significant reduction in TICC activity in response to dibutyryl-cGMP (∗P < .05; n = 7 cells from four animals). (H) Representative trace showing that SNAP (30 μM) does

not block TICC activity in the presence of the selective sGC inhibitor NS2028 (1 μM). (I) Summary data showing that NS2028 blocks the inhibitory effects of SNAP (n
= 7 cells from five animals). (J) Representative trace showing that SNAP (30 μM) does not block TICC activity in the presence of the selective PKG inhibitor KT5823 (1
μM). (K) Summary data showing that KT5823 blocks the inhibitory effects of SNAP (n = 6 cells from four animals).



4 FUNCTION 2021, Vol. 2, no. 6

membrane-permeable cGMP analog, dibutyryl-cGMP, and mea-
sured TICC activity by patch-clamping cells in the perforated-
patch configuration. TICCs induced by applying negative pres-
sure were inhibited by dibutyryl-cGMP, indicating that cGMP
inhibits TRPM4 channel activity in SMCs (Figure 1F and G). In
addition, SNAP had no effect on negative-pressure-induced TICC
activity in the presence of the selective sGC blocker NS2028,
implying that the inhibitory effects of NO require the generation
of cGMP by sGC (Figure 1H and I). We further found that the selec-
tive PKG inhibitor KT5823 also abolished the TRPM4-inhibitory
effects of SNAP, suggesting an essential role for PKG in this pro-
cess (Figure 1J and K). These data collectively indicate that NO
acts through increases in intracellular cGMP levels and subse-
quent stimulation of PKG activity to inhibit TRPM4 currents in
SMCs.

We also used patch-clamp electrophysiology to investigate
the effects of NO on large-conductance Ca2+-activated K+ (BK)
activity in cerebral artery SMCs. Under physiological condi-
tions, BK channels in SMCs are activated by transient subcel-
lular Ca2+ rich domains generated by the release of Ca2+ ions
into the cytosol from the SR through clusters of type 2 ryan-
odine receptors (RyR2s) 18–20. These Ca2+ signals, known as Ca2+

sparks, activate clusters of BK channels to generate large, out-
ward K+ currents called spontaneous outward transient cur-
rents (STOCs). We recorded STOCs from cerebral artery SMCs
using the perforated-patch-clamp configuration, and found that
SNAP had no effect on amplitude and frequency (Figure S2).
These findings suggest that BK channel activity, Ca2+ sparks,
functional coupling of BK channels and RyR2s, and total SR Ca2+

store load were not acutely affected by NO.

NO Does Not Act Directly on TRPM4 Channels

To determine if the NO/cGMP/PKG pathway directly affects
TRPM4 channels, we used patch-clamp electrophysiology. In the
first experimental series, the Ca2+ ionophore ionomycin was
added to SMCs to raise intracellular [Ca2+] and directly activate
TRPM4 channels. As expected, TICC activity, measured in the
perforated-patch configuration, was substantially increased by
ionomycin (Figure 2A and B). Direct elevation of NO levels by co-
application of SNAP had no effect on the stimulatory effects of
ionomycin (Figure 2C and D), suggesting that NO/cGMP/PKG sig-
naling does not directly block TRPM4 or diminish the sensitivity
of the channel to Ca2+.

As an alternative approach, we patch-clamped SMCs using
the conventional whole-cell configuration, which, unlike the
perforated-patch configuration, allows free diffusion between
the pipette solution and the intracellular compartment. In these
experiments, 200 μM free Ca2+ was included in the pipette
solution to activate TRPM4 currents, and tetraethylammonium
(TEA; 10 mM) was included in the bath solution to block
large-conductance Ca2+-activated K+ (BK) channel currents. The
cation gradient established by intracellular and extracellular
solutions was essentially symmetrical. Under these conditions,
voltage ramps (−100 to +100 mV from a holding potential of
−60 mV) activated outwardly rectifying cation currents that
reversed at ∼0 mV. Currents developed approximately 20–30 s
after breaking into the cell and reached stable maximal ampli-
tude after 100 s (Figure 2E). These currents were completely
inhibited by the TRPM4 blocker 9-phenanthrol (30 μM), identify-
ing them as TRPM4 currents (Figure 2F and G). Whole-cell TRPM4
currents were unaffected by SNAP (Figure 2H–J), indicating that
NO does not act directly on TRPM4 channels to diminish TICC
activity.

NO/cGMP/PKG Signaling Blocks TRPM4 Activity By
Impairing IP3R-Mediated Release of SR Ca2+

TRPM4 channels in SMCs are activated by Ca2+ released from
the SR through IP3Rs 4,5. The contribution of NO/cGMP/PKG
signaling to IP3R-mediated Ca2+ release was investigated by
imaging IP3R-mediated Ca2+ signals using spinning-disk con-
focal microscopy. Native SMCs were loaded with the Ca2+-
sensitive fluorophore Fluo-4-AM, and Ca2+ imaging was per-
formed during addition of the Gq-protein–coupled thrombox-
ane A2 agonist, U46619 in the absence of extracellular Ca2+.
U46619 (100 nM) stimulated an increase in the global intracel-
lular [Ca2+] in vehicle-treated SMCs (Figure 3A and C, Movie
S1). In control experiments, this increase in Ca2+ was blocked
by the IP3R-specific blocker, Xestospongin C (3 μM; Figure S3).
Notably, the U46619-induced Ca2+ response was nearly abol-
ished by pretreatment with dibutyryl-cGMP (Figure 3B and C,
Movie S2). In control experiments designed to assess SR Ca2+

load, we applied a bolus of caffeine (10 mM) to SMCs treated
with vehicle or dibutyryl-cGMP to induce the release of Ca2+

from the SR through ryanodine receptors (Figure 3A and B). The
peak amplitude of caffeine-evoked global increases in cytoso-
lic [Ca2+] did not differ between vehicle- and dibutyryl-cGMP–
treated groups (Figure 3D), indicating that inhibition of U46619-
induced Ca2+ release by dibutyryl-cGMP treatment was not due
to a reduction in total SR [Ca2+]. These data indicate that cGMP
diminishes IP3R activity in SMCs.

We also investigated the effects of NO on IP3R-mediated acti-
vation of TRPM4 channels using patch-clamp electrophysiology.
In agreement with a previous study 4, we found that directly
stimulating IP3Rs by applying Bt3IP3-AM, a stable, membrane-
permeable analog of IP3, increased TICC activity (Figure 3E and
F). Subsequent administration of SNAP reversed the stimula-
tory effects of Bt3IP3 (Figure 3E and F), indicating that NO blocks
TRPM4 currents by inhibiting the activity of IP3Rs. To further
explore this mechanism, we evoked TICC activity by applying
negative pressure (−20 mmHg) to the patch pipette and then
tested whether adding dibutyryl-cGMP blunted this response
(Figure 3G and H). In the presence of dibutyryl-cGMP, Bt3IP3 did
not increase TICC activity (Figure 3G and H). Collectively, the
findings of these Ca2+ imaging and patch-clamp electrophysiol-
ogy experiments indicate that increased cGMP levels inhibit the
activity of IP3Rs, thereby diminishing TRPM4 channel activity.

IRAG, PKG, and IP3Rs Form a Nanoscale Signaling
Complex on the SR

Upon stimulation by increases in intracellular cGMP, PKGs phos-
phorylate specific substrate proteins, regulating diverse func-
tions. One of these targets is IRAG, which suppresses the activity
of IP3Rs following phosphorylation by PKG1β. Previous studies
using coimmunoprecipitation assays have reported that IRAG
forms a macrocomplex with IP3Rs and PKG1β 10. To visualize this
structure on the SR of isolated SMCs in situ, we utilized GSDIM
(ground state depletion followed by individual molecule return)
superresolution microscopy. We previously used DNA-origami–
based nanorulers to show that our GSDIM system has a lateral
resolution of 20–40 nm 21–23. Freshly isolated SMCs from cerebral
pial arteries were co-immunolabeled for IP3R and the SR marker
protein calnexin, IP3R and IRAG, or IP3R and PKG1. The result-
ing superresolution colocalization maps showed that all of these
proteins were present as defined clusters (Figure 4A–C). Using
an object-based analysis (OBA) approach 24,25, as described in
our previous publications 21,23,26,27, we generated new maps of
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Figure 2. The NO/cGMP/PKG pathway does not directly inhibit TRPM4. (A) Representative trace from a perforated patch-clamp experiment demonstrating that TICC
activity is activated by the Ca2+ ionophore ionomycin (1 μM). (B) Summary data showing the increase in TICC activity in response to ionomycin (∗P < .05; n = 8 cells
from four animals). (C) Representative trace from a perforated patch-clamp experiment demonstrating that ionomycin (1 μM) reactivates SNAP (30 μM)-inhibited TICC
activity. (D) Summary data showing reversal of the inhibitory effects of SNAP by ionomycin (∗P < .05; n = 8 cells from four animals). (E) Time course of a representative

conventional whole-cell patch-clamp recording showing that an outwardly rectifying cation current activated by applying voltage ramps from −100 to +100 mV during
the first 100 s after breaking into the cell is abolished by the selective TRPM4 blocker 9-phenanthrol (30 μM). (F) I–V relationships for experiments shown in (E) in the
presence and absence of 9-phenanthrol. Currents for I–V relationships were obtained 100 s after break-in (arrow). (G) Quantification of whole-cell TRPM4 currents at
+100 mV (n = 6 cells from four animals). (H) Time course of a representative conventional whole-cell patch-clamp recording showing that whole-cell TRPM4 currents

are unaffected by SNAP (100 μM) but are abolished by the selective TRPM4 blocker 9-phenanthrol (30 μM). (I) I–V relationships for experiments shown in (H) in the
presence and absence of SNAP. Currents for I–V relationships were obtained 100 s after break-in (arrow). (J) Quantification of the effects of SNAP on whole-cell TRPM4
currents (n = 5 cells from three animals).
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Figure 3. cGMP impairs IP3R-mediated release of Ca2+ from the SR and activation of TRPM4. (A) Representative confocal images of a time course of Ca2+ signals in a
Fluo-4-AM–loaded SMC treated with vehicle, and a trace showing changes in fractional fluorescence (F/F0) in response to U46619 (100 nM) and caffeine (10 mM) Scale
bar = 10 μm. (B) Representative confocal images of a time course of Ca2+ signals in an SMC treated with dibutyryl-cGMP (1 μM), and a trace showing changes in
fractional fluorescence (F/F0) in response to U46619 (100 nM) and caffeine (10 mM) Scale bar = 10 μm. (C) Summary data showing the change in fractional fluorescence

(�F/F0) in response to U46619 in SMCs treated with vehicle or dibutyryl-cGMP (∗P < .05; vehicle, n = 11 cells from five animals; dibutyryl-cGMP, n = 14 cells from
five animals). (D) Summary data showing no significant difference in the change in fractional fluorescence (�F/F0) in response to caffeine (10 mM) between SMCs
treated with vehicle and those treated with dibutyryl-cGMP (vehicle, n = 7 cells from three animals; dibutyryl-cGMP, n = 9 cells from three animals). (E) Representative
trace from a perforated patch-clamp experiment demonstrating that TICC activity is significantly increased by Bt3IP3-AM (10 μM) and inhibited by SNAP (30 μM). (F)

Summary data showing that the increase in TICC activity in response to Bt3IP3 is diminished by SNAP (∗P < .05; n = 9 cells from five animals). (G) Representative trace
from a perforated patch-clamp experiment demonstrating that TICC activity induced by negative pressure (−20 mmHg), applied through the patch pipette, is inhibited
by dibutyryl-cGMP (0.5 μM) and cannot be rescued by Bt3IP3-AM (10 μM). (H) Summary data showing that inhibition of TICC activity in response to dibutyryl-cGMP is
not restored by Bt3IP3-AM (∗P < .05; n = 7 cells from four animals).
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Figure 4. IRAG, PKG, and IP3Rs form a nanoscale signaling complex on the SR. (A–C) Superresolution localization maps of freshly isolated cerebral artery SMCs immuno-
labeled for IP3R (red) and calnexin (CANX; green) (A), IP3R and IRAG (cyan) (B), and IP3R and PKG1 (white) (C). Colocalized clusters were identified by object-based analysis

(OBA) and mapped (yellow). Scale bar = 3 μm. Panels to the right show enlarged areas of the original superresolution maps indicated by the white boxes. Scale bar =
500 nm. (D–F) Frequency distribution of sizes of individual IP3R (D), IRAG (E), and PKG1 (F) protein clusters (n = 74 774 IP3R clusters; n = 34 782 IRAG clusters; and n

= 46 570 PKG1 clusters). (G and H) Summary data showing the % colocalization of actual versus randomized superresolution colocalization maps and the frequency
distribution of sizes of colocalized IP3R-IRAG clusters (G) and colocalized IP3R-PKG1 clusters (H). ∗P < .05; n = 21 cells from three animals for IP3R-IRAG colocalization

(n = 2763 IP3R-IRAG colocalized clusters); n = 17 cells from thre animals for IP3R-PKG1 colocalization (n = 2106 IP3R-PKG1 colocalized clusters).
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IP3R clusters that overlapped at the resolution limit of our micro-
scope system with the centroid of each calnexin cluster, and
calnexin clusters that overlapped with the centroid of each IP3R
cluster. These two maps were then merged to reveal calnexin-
IP3R protein clusters that were colocalized at or below the res-
olution of our GSDIM (Figure 4A). The same analysis was used
to reveal colocalized IP3R-IRAG protein clusters (Figure 4B) and
colocalized IP3R-PKG1 protein clusters (Figure 4C). Particle analy-
sis revealed that the sizes of individual IP3R (1401 ± 5 nm2), IRAG
(1679 ± 8), and PKG1 (1255 ± 5 nm2; Figure 4D–F) protein clus-
ters were exponentially distributed, as were IP3R-IRAG and IP3R-
PKG1 protein complexes (Figure 4G and H). An analysis compar-
ing the original superresolution localization maps of IP3R-IRAG
and IP3R-PKG1 protein clusters with a simulated random distri-
bution of these elements showed that the amount of colocal-
ization between proteins was significantly higher in the original
distribution than in the random simulation (Figure 4G and H).
These data suggest that IP3R, IRAG, and PKG1 colocalize on the
SR of SMCs to form a nanoscale signaling complex.

NO/cGMP/PKG Signals Through IRAG to Reduce TRPM4
Activity

Next, we used a knockdown approach to determine if the
inhibitory effect of NO/cGMP/PKG signaling on TRPM4 activity is
dependent on IRAG (Figure 5A). To this end, we knocked down
IRAG expression in SMCs by treating isolated cerebral arter-
ies with silencing morpholinos targeting Mrvi1. IRAG protein
was readily immunodetected by Wes capillary electrophoresis
in cerebral arteries transfected with non-silencing control mor-
pholinos (Figure 5B), but its expression levels, normalized to
total protein load, were significantly lower in arteries treated
with IRAG-targeting morpholinos (Figure 5C), demonstrating the
efficacy of the knockdown procedure.

The effects of IRAG knockdown on NO-mediated suppression
of TRPM4 activity were evaluated in patch-clamp electrophys-
iology experiments using SMCs isolated from cerebral arteries
treated with control or IRAG-targeting morpholinos. TICC activ-
ity stimulated by application of negative pressure was inhibited
by SNAP in cells from arteries treated with control morpholinos
(Figure 5D and E). However, the inhibitory effects of SNAP were
absent in cells treated with IRAG-targeting morpholinos (Figure
5F and G). These data demonstrate that IRAG is vital for inhibi-
tion of TRPM activity by the NO/cGMP/PKG signaling cascade.

IRAG Knockdown Impairs NO-Mediated Vasodilation

The effects of IRAG knockdown on NO-induced vasodilation
were investigated using ex vivo pressure myography. Constric-
tion of intact cerebral pial arteries in response to a depolariz-
ing concentration (60 mM) of extracellular KCl did not differ
between arteries treated with control or IRAG-targeting mor-
pholinos (Figure 6), suggesting that IRAG knockdown did not
grossly alter voltage-dependent Ca2+ influx or underlying con-
tractile processes. In addition, myogenic tone did not differ
between groups (Figure 6B). Application of SNAP (100 nM–100
μM) to arteries with predeveloped myogenic tone (60 mmHg)
caused a concentration-dependent vasodilation in both groups
(Figure 6C). However, SNAP-induced dilation was significantly
blunted in arteries treated with IRAG-targeting morpholinos
compared with controls. The EC50 for SNAP-induced dilation
was 0.2 μM for control arteries and 1.3 μM for arteries treated

with IRAG-targeting morpholinos (Figure 6D). These data indi-
cate that IRAG is vital for NO-induced dilation of cerebral arter-
ies. We conclude that signaling via the NO/cGMP/PKG path-
way decreases TRPM4 activity through IRAG-mediated inhibi-
tion of SR Ca2+ release through IP3Rs. The subsequent loss of the
depolarizing effects of TRPM4 channels dilates cerebral arteries
(Figure 6E).

Discussion

Despite decades of investigation, the signaling pathways acti-
vated by the endogenous vasodilator NO that relax SMCs
remain incompletely understood. Here, we demonstrate that the
NO/cGMP/PKG cascade decreases the activity of TRPM4 chan-
nels in SMCs. Our findings show that NO does not act directly
on the channel but instead inhibits Ca2+-dependent activation
of TRPM4 by blocking the IP3R-mediated release of Ca2+ from
the SR. Using superresolution imaging to investigate potential
mechanisms, we found that IP3Rs on the SR form a trinary
nanoscale complex with PKG and IRAG in SMCs. Our findings
also showed that knockdown of IRAG diminished the ability of
NO to inhibit TRPM4 activity and dilate cerebral arteries. We,
thus, conclude that the NO/cGMP/PKG cascade signals through
IRAG to eliminate the depolarizing influence of TRPM4 channels
and cause vasodilation.

TRPM4 channels are vital for regulating SMC membrane
potential and contractility, the development of myogenic tone
by cerebral arteries and arterioles, and the autoregulation of
blood flow in the brain 1–3,7. TRPM4 is Ca2+-activated, selective
for monovalent cations, and impermeant to Ca2+ and other diva-
lent cations 28–30. The membrane potential of vascular SMCs
in situ (approximately −40 mV) is hyperpolarized compared
with the Na+ reversal potential (ENa ≈ +52 mV), and the pri-
mary TRPM4 current under these conditions reflects an influx
of Na+ ions that depolarizes the membrane. TRPM4 channels
in vascular SMCs are stimulated by stretch- or agonist-induced
activation of GqPCRs, which act through stimulation of phos-
pholipase Cγ and subsequent hydrolysis of phosphatidylinosi-
tol 4,5-bisphosphate (PIP2) to generate diacylglycerol (DAG) and
inositol triphosphate (IP3) 5,6,15. Diacylglycerol activates pro-
tein kinase Cδ, which increases trafficking of TRPM4 protein to
the plasma membrane 2,31–33, and IP3 stimulates IP3R-mediated
release of SR Ca2+, which activates resident TRPM4 channels
4,5. Our data show that the NO/cGMP/PKG pathway counteracts
stretch-induced TRPM4 activity, thereby attenuating the depo-
larizing effects of the channel and relaxing SMCs. Thus, our
findings indicate that the opposing effects of two omnipresent
stimuli–intraluminal pressure and endothelium-derived NO—
maintain appropriate vascular tone by regulating TRPM4 chan-
nel activity in SMCs.

How does NO inhibit TRPM4 channel activity? The canoni-
cal NO/cGMP/PKG signaling pathway relaxes SMCs by lowering
cytosolic Ca2+ levels. However, the mechanisms that promote
the movement of Ca2+ out of the cytosol remain uncertain. Some
studies suggest that PKG directly phosphorylates BK channels to
increase their open probability, leading to membrane hyperpo-
larization and diminished Ca2+ influx 34,35. Other reports indi-
cate that PKG phosphorylates phospholamban to increase the
activity of the SR Ca2+-ATPase and enhance sequestration of
Ca2+ by the SR 36. However, data showing that the NO donor
SNAP does not affect Ca2+ spark-activated BK channel activity
suggests that neither of these mechanisms fully accounts for
the rapid and potent vasodilator properties of NO. Our findings
indicate that the NO/cGMP/PKG pathway, acting through IRAG,
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Figure 5. NO/cGMP/PKG signals through IRAG to reduce TRPM4 activity. (A) Diagram showing Ca2+ release via IP3Rs mediated by PKG1β-activated IRAG, which in turn
regulates TRPM4 channels. (B) Blot representation of a Wes protein capillary electrophoresis experiment showing IRAG protein expression in cerebral arteries treated

with standard control or IRAG-targeted morpholinos. (C) Summary data showing densitometry analyses of IRAG protein expression in cerebral arteries (∗P < .05; n = 5
arteries from five animals). (D) Representative traces from perforated patch-clamp experiments demonstrating that SNAP (30 μM) significantly reduced TICC activity
induced by negative pressure (−20 mmHg), applied via a patch pipette, in an SMC treated with standard control morpholinos (top), but had no effect following IRAG

knockdown (bottom). (E) Summary data showing a reduction in TICC activity in response to SNAP (∗P < .05; n = 7 cells from five animals). (F) Summary data showing
no reduction in TICC activity in response to SNAP following knockdown of IRAG (n = 7 cells from five animals).

inhibits TRPM4 channel activity by blocking the IP3R-mediated
release of Ca2+ from the SR. IRAG is abundant in SMCs and is a
primary target of the PKG1β splice variant 10. Our data show that
IRAG is located on the SR membrane in a nanoscale signaling
complex with IP3Rs and PKG in cerebral artery SMCs, a finding in
agreement previously reported results obtained using immuno-
precipitation 10. These proteins are less than 40 nm apart, sug-
gesting that PKG can rapidly phosphorylate IRAG in response

to increases in cGMP. Similarly, IRAG is in a preformed complex
with IP3Rs and can swiftly inhibit SR Ca2+ release upon phospho-
rylation. Decreasing IP3R-mediated Ca2+ release decreases Ca2+-
dependent TRPM4 channel activity and associated depolariz-
ing effects. Thus, the loss of TRPM4 currents reduces voltage-
dependent Ca2+ influx through CaV1.2 channels, thereby relax-
ing SMCs and dilating arteries. Presumably, IRAG is subsequently
dephosphorylated by an as yet unidentified protein phosphatase
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Figure 6. IRAG knockdown impairs NO-mediated vasodilation. (A) Summary data showing no significant difference in the constriction response to elevated levels
of extracellular KCl (60 mM) between cerebral arteries transfected with control morpholinos and those transfected with IRAG-targeted morpholinos (n = 9 arteries

from three animals). (B) Summary data showing no difference in the myogenic tone of cerebral arteries between those transfected with control morpholinos and
those transfected with IRAG-targeted morpholinos (n = 3 arteries from three animals). (C) Representative traces showing concentration-dependent dilation of cerebral
arteries transfected with control or IRAG-targeted morpholinos in response to SNAP. (D) SNAP concentration-response curve (100 nM–100 μM) for dilation of cerebral
arteries transfected with control or IRAG-targeted morpholinos. The EC50 for control arteries was 0.2 μM and that for IRAG KD was 1.3 μM (n = 6 arteries from four

animals in each group). (E) Proposed mechanism of NO-induced inhibition of TRPM4. NO, nitric oxide; sGC, soluble guanylyl cyclase; GTP, guanosine triphosphate; cGMP,
cyclic guanosine monophosphate; PKG, cGMP-dependent protein kinase; IP3R, inositol 1,4,5-triphosphate receptor; IRAG, IP3R-associated cGMP-kinase substrate; SR,
sarcoplasmic reticulum; and TRPM4, transient receptor potential melastatin 4.
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when cGMP levels drop, resulting in disinhibition of IP3Rs and
reengagement of the TRPM4 pathway.

In conclusion, this study showed that the NO/cGMP/PKG
pathway, acting through IRAG and IP3Rs, inhibits TRPM4 chan-
nels in SMCs to dilate cerebral arteries. These findings provide
further evidence that modulation of TRPM4 activity is vital for
regulating SMC membrane potential and contractility. Moreover,
impaired endothelial cell function and loss of NO synthesis is a
hallmark of hypertension and many other cardiovascular dis-
eases. Our findings show that TRPM4 is an indirect target of the
NO signaling cascade, suggesting that pharmacological manip-
ulation of the channel may be a viable therapeutic strategy for
treatment of vascular dysfunction

Materials and Methods

Chemical and Reagents

All chemicals and other reagents were obtained from Sigma-
Aldrich, Inc. (St. Louis, MO) unless otherwise specified.

Animals

Adult (8–10-weeks-old) male and female C57BL/6J mice (Jackson
Labs, Bar Harbor, ME) were used for all experiments. All ani-
mal procedures used in this study were approved by the Insti-
tutional Animal Care and Use Committee of the University of
Nevada, Reno School of Medicine. Animals were anesthetized
with isoflurane and euthanized by decapitation and exsanguina-
tion.

Isolation of Cerebral Arteries and SMCs

Cerebral arteries were gently removed from the brain and
washed in Ca2+-free physiological saline solution (PSS) consist-
ing of 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM HEPES,
and 10 mM glucose (pH 7.4, adjusted with NaOH), with 0.5%
bovine serum albumin (BSA). Native SMCs for patch-clamp and
superresolution imaging experiments were obtained by initially
digesting isolated arteries in 1 mg/mL papain (Worthington Bio-
chemical Corporation, Lakewood, NJ), 1 mg/mL dithiothreitol
(DTT), and 1 mg/mL BSA in Ca2+-free PSS at 37◦C for 12 min, fol-
lowed by a 14-min incubation with 1 mg/mL type II collagenase
(Worthington Biochemical Corporation). A single-cell suspen-
sion was prepared by washing digested arteries three times with
Ca2+-free PSS and triturating with a fire-polished glass pipette.
All cells used for this study were freshly dissociated on the day
of experimentation.

Electrophysiological Recordings

For all patch-clamp electrophysiology experiments, currents
were recorded at room temperature using an Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA) equipped with an
Axon CV 203BU headstage and Digidata 144A digitizer (Molecu-
lar Devices).

TICCs produced by the influx of Na+ through TRPM4 chan-
nels were recorded in the perforated-patch configuration, in
which amphotericin B (200 μg/mL) is included in the patch
pipette to create pores in the plasma membrane. Cells were
voltage-clamped at −70 mV, and membrane stretch was deliv-
ered by applying negative pressure through the recording elec-
trode using a Clampex-controlled pressure clamp system (HSPC-
1; ALA Scientific Instruments Inc., Farmingdale, NY). TICCs were

recorded in a bath solution consisting of 134 mM NaCl, 6 mM
KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10 mM glu-
cose (pH 7.4, adjusted with NaOH). The patch pipette solution
contained 110 mM K-aspartate, 1 mM MgCl2, 30 mM KCl, 10 mM
NaCl, 10 mM HEPES, and 0.005 mM EGTA (pH 7.2, adjusted with
NaOH). TICC activity was calculated as the sum of the open
channel probability (NPo) of multiple open states of 1.75 pA 4.

Whole-cell TRPM4 currents were recorded in a bath solu-
tion consisting of 156 mM NaCl, 1.5 mM CaCl2, 10 mM glu-
cose, 10 mM HEPES, and 10 mM TEACl (pH 7.4, adjusted with
NaOH). The patch pipette solution contained 156 mM CsCl,
8 mM NaCl, 1 mM MgCl2, 10 mM HEPES (pH 7.4, adjusted
with NaOH), and a free Ca2+ concentration of 200 μM, adjusted
using the appropriate amount of CaCl2 and EGTA, as deter-
mined with Max-Chelator software (WEBMAXC standard, avail-
able at https://somapp.ucdmc.ucdavis.edu/pharmacology/bers
/maxchelator/webmaxc/webmaxcS.htm). Whole-cell cation cur-
rents were evoked by applying 400 ms voltage ramps from −100
to +100 mV from a holding potential of −60 mV, ending with
a 300 ms step at +100 mV. Voltage ramps were repeated every
2 s for 300 s. The selective TRPM4 inhibitor 9-phenanthrol (30
μM) was applied after 200 s of recording. Whole-cell TRPM4 cur-
rent amplitude was expressed as the 9-phenanthrol-sensitive
current at +100 mV.

Ca2+ Imaging

A suspension of freshly isolated SMCs was placed in a glass-
bottom 35 mm dish, and cells were allowed to adhere to the
glass coverslip for 20 min at room temperature. Smooth muscle
cells were then loaded with the Ca2+-sensitive fluorophore, Fluo-
4-AM (1 μM; Invitrogen, Waltham, MA), in the dark for 20 min
at room temperature in Ca2+-free PSS. Cells were subsequently
washed three times with Ca2+-containing PSS and incubated at
room temperature for 20 min in the dark to allow sufficient time
for Fluo-4 de-esterification and loading of Ca2+ stores. Immedi-
ately before imaging, cells were washed three times and imaged
in Ca2+-free PSS to eliminate signals resulting from the influx
of Ca2+. U46619 (Enzo Biochem, Farmingdale, NY) and caffeine
(Sigma) were bath applied. Images were acquired at an acquisi-
tion rate of 33 frames per second using an iXon 897 EMCCD cam-
era (Andor, Belfast, UK) coupled to a spinning-disk confocal head
(CSU-X1; Yokogawa, Tokyo, Japan) with a 100x oil-immersion
objective (Olympus, Tokyo, Japan).

Superresolution Microscopy

Ground state depletion followed by individual molecule
return (GSDIM) superresolution microscopy was performed as
described previously 21,23,26,27,37. Briefly, freshly isolated cerebral
artery SMCs were allowed to adhere onto poly-L-lysine–coated
glass coverslips for 30 min. The cells were then fixed for 20 min
with 2% paraformaldehyde, quenched with 0.4 mg/mL NaBH4,
and permeabilized with 0.1% Triton X-100. Thereafter, cells
were blocked with 50% SEABLOCK blocking buffer (Thermo
Fisher Scientific, Waltham, MA) for 2 h and incubated overnight
at 4◦C with primary antibody diluted in phosphate-buffered
saline (PBS) containing 20% SEABLOCK, 1% BSA, and 0.05%
Triton X-100. The following antibodies were obtained from the
indicated vendors and used as described in the text: antical-
nexin (ab22595; Abcam, Cambridge, UK), anti-IP3R (ab252536;
Abcam), anti-IRAG (LS-C205780; LSBio, Seattle, WA), and anti-
PKG1 (3248S; Cell Signaling Technology, Danvers, MA). Cells
were washed three times with 1X PBS after each step. After

https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm
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overnight incubation, unbound primary antibody was removed
by washing four times with 20% SEABLOCK, after which cells
were incubated at room temperature for 2 h in the dark with
Alexa-Fluor 647- or Alexa-Fluor 568-conjugated goat antirabbit
or goat antimouse secondary antibodies, as appropriate. After
washing with 1X PBS, coverslip-plated cells were mounted
onto glass depression slides in a thiol-based photo-switching
imaging buffer consisting of 50 mM Tris/10 mM NaCl (pH 8),
10% glucose, 10 mM mercaptoethylamine, 0.48 mg/mL glucose
oxidase, and 58 μg/mL catalase. Coverslips were sealed to
depression slides with Twinsil dental glue (Picodent, Wipper-
furth, Germany) to exclude oxygen and prevent rapid oxidation
of the imaging buffer. Superresolution images were acquired
in epifluorescence mode using a GSDIM imaging system (Leica,
Wetzlar, Germany) equipped with an oil-immersion 160x HCX
Plan-Apochromat (NA 1.47) objective, an electron-multiplying
charge-coupled device camera (EMCCD; iXon3 897; Andor Tech-
nology, Belfast, UK), and 500-mW, 532-, and 642-nm laser lines.
Localization maps were constructed from images acquired at
100 Hz for 25 000 frames using Leica LAX software. Postacquisi-
tion image analyses of cluster size distribution were performed
using binary masks of images in NIH Image J software.

Object-Based Colocalization Analysis

Object-based analysis was used to establish the co-localization
of IP3R with Calnexin, IRAG or PKG1 proteins in superresolution
localization maps. For this analysis, we used NIH ImageJ soft-
ware with the JACoP co-localization analysis plug-in 24,25. The
JACoP plug-in was used to analyze the two channels represent-
ing fluorophores detected by Alexa-Fluor 568 or Alexa-Fluor 647.
Contiguous objects in both channels were identified by system-
atically inspecting the neighboring 8 pixels (in 2D) of a reference
pixel. All adjacent pixels with intensities above a user defined
threshold limit were considered to be part of the same structure
as the reference pixel and were segmented as individual objects.
The superresolution localization maps were previously thresh-
olded by the detection algorithm incorporated into the LAX soft-
ware used for image acquisition. Therefore, the threshold level
in JACoP was set to 1 (nearly the minimum) for all images. After
thresholding, centroids (defined as the single-pixel geometric
centers of the defined objects) were determined for each object.
Clusters in the other wavelength within 20 nm (resolution limit
of our GSDIM system) of the centroid were considered as “colo-
calized.” The percentage of colocalizing clusters was calculated
by determining the number of colocalizing clusters as a percent-
age of the total number of clusters analyzed. The percentage of
colocalizing clusters in each superresolution map was compared
with simulations of randomly distributed clusters. Particle anal-
ysis of the colocalization maps was performed to quantify clus-
ter size and density.

IRAG Knockdown With Morpholino Oligonucleotides

Morpholino oligonucleotides, which provide specific knock-
down of targeted proteins by inhibiting mRNA translation, were
used to reduce IRAG expression in intact cerebral arteries,
as described previously 6,38,39. A morpholino targeting the 5’-
untranslated region through the first 25 bases of the coding
sequence of Mrvi1 was designed and synthesized to block trans-
lation initiation of IRAG (Gene Tools, LLC; Philomath, OR). A non-
silencing morpholino with no known binding targets in mice
was used as a standard control morpholino for all experiments.
The nucleotide sequence of IRAG-targeted morpholinos used in

this study was 5’-AGC TCT TTG GTT TTG CAT CAA CAC C 3’, and
that of standard control morpholinos was 5’-CCT CTT ACC TCA
GTT ACA ATT TAT A 3’.

Morpholinos were prepared for delivery to intact cerebral
arteries by first mixing a solution of morpholinos dissolved in
Opti-MEM (50 μM) with an equal volume of a solution of Lipo-
fectamine 2000 (0.017 mg/mL; Thermo Fisher Scientific) in Opti-
MEM, followed by incubation for 2 h at room temperature. This
solution was then combined with 1 mL of serum-free Dulbecco’s
modified Eagle’s medium (Thermo Fisher Scientific) contain-
ing penicillin-streptomycin (1%), after which isolated cerebral
arteries were immersed in the morpholino-containing solution
and incubated for 36 h at 37◦C in a humidified 5% CO2 envi-
ronment. Successful morpholino-mediated knockdown of IRAG
was verified by measuring protein levels using the Wes cap-
illary electrophoresis immunoassay protein detection system.
IRAG protein levels were quantified and compared between cere-
bral artery tissues transfected with standard control and IRAG-
targeted morpholinos.

Wes Capillary Electrophoresis

Cerebral arteries in ice-cold RIPA buffer (25 mM Tris pH 7.6,
150 mM NaCl, 1% Igepal CA-630, 1% sodium deoxycholate, and
0.1% SDS) containing a protease inhibitor cocktail (Cell Bio-
labs, Inc., San Diego, CA) were homogenized using a mechanical
homogenizer followed by sonication. The resulting homogenate
was then centrifuged at 14 000 rpm for 20 min, and the super-
natant containing proteins was collected. Protein concentration
was quantified with a BCA protein assay kit (Thermo Fisher Sci-
entific) by measuring absorbance using a 96-well plate reader.
Proteins were then resolved by capillary electrophoresis using
the Wes system (ProteinSimple, San Jose, CA) and probed with an
anti-IRAG primary antibody (LS-C205780; LSBio). Protein bands
were analyzed using Compass for SW (ProteinSimple).

Pressure Myography

The effects of IRAG knockdown on SMC contractility and NO-
induced dilation were assessed using cerebral pial arteries
treated with IRAG-targeting or control morpholinos. Current
best practices guidelines for pressure myography experiments
were followed 40. Arteries were mounted between two glass
cannulas (outer diameter, 40–50 μm) in a pressure myograph
chamber (Living Systems Instrumentation, St Albans City, VT)
and secured by a nylon thread. Intraluminal pressure was con-
trolled using a servo-controlled peristaltic pump (Living Sys-
tems Instrumentation), and preparations were visualized with
an inverted microscope (Accu-Scope Inc., Commack, NY) cou-
pled to a USB camera (The Imaging Source LLC, Charlotte, NC).
Changes in luminal diameter were assessed using IonWizard
software (version 7.2.7.138; IonOptix LLC, Westwood, MA). Arter-
ies were bathed in warmed (37◦C), oxygenated (21% O2, 6%
CO2, and 73% N2) and 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, and 0.03 mM EDTA) at an intraluminal pressure of
5 mmHg. Following equilibration for 15 min, intraluminal pres-
sure 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 min. Vessel via-
bility was assessed for each preparation by evaluating vasocon-
strictor responses to high extracellular [K+] PSS, made isotonic
by adjusting the [NaCl] (60 mM KCl, 63.7 mM NaCl). Arteries that
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showed less than 10% constriction in response to elevated [K+]
were excluded from further investigation.

Relaxation to the NO donor SNAP was assessed in arteries
pressurized to 60 mmHg. Once spontaneous myogenic tone had
developed and stabilized, SNAP concentration–response rela-
tionships were determined by cumulative addition of SNAP
(100 nM–100 μM) to the superfusing bath solution; vasorelax-
ation was allowed to develop at each concentration step. At
the end of this process, the passive diameter was obtained by
bathing vessels in Ca2+-free PSS solution, supplemented with
EGTA (2 mM) and the voltage-dependent Ca2+ channel blocker
diltiazem (10 μM; Tocris Bioscience, Minneapolis, MN), included
to inhibit SMC contraction. Data were calculated as vasodilation
(%) = [(lumen diameter at dilation—lumen diameter at base-
line]/developed myogenic tone] × 100.

Statistical Analysis

All summary data are presented as means ± SEM. Statistical
analyses were performed and graphs were constructed using
Prism version 8.3.0 (GraphPad Software, San Diego, CA). The
value of n refers to the number of cells for patch-clamp electro-
physiology, superresolution microscopy and Ca2+-imaging, and
arteries for myography experiments. Statistical analyses were
performed using unpaired Student’s t-test or two-way analysis
of variance (ANOVA). IC50 and EC50 values for SNAP were cal-
culated using non-linear regression analysis of concentration–
response curves. A P-value < .05 was considered statistically sig-
nificant for all analyses.
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