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ol 51928 Phosphorylation of Ca,1.2
Channel Controls Vascular Reactivity and
Blood Pressure
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BACKGROUND: Increased vascular Ca, 1.2 channel function causes enhanced arterial tone during hypertension. This is medi-
ated by elevations in angiotensin Il/protein kinase C signaling. Yet, the mechanisms underlying these changes are unclear. We
hypothesize that a1, phosphorylation at serine 1928 (S1928) is a key event mediating increased Ca, 1.2 channel function and
vascular reactivity during angiotensin Il signaling and hypertension.

METHODS AND RESULTS: The hypothesis was examined in freshly isolated mesenteric arteries and arterial myocytes from control
and angiotensin ll-infused mice. Specific techniques include superresolution imaging, proximity ligation assay, patch-clamp
electrophysiology, Ca® imaging, pressure myography, laser speckle imaging, and blood pressure telemetry. Hierarchical
“nested” and appropriate parametric or nonparametric t test and ANOVAs were used to assess statistical differences. We
found that angiotensin Il redistributed the Ca, 1.2 pore-forming a1, subunit into larger clusters. This was correlated with
elevated Ca, 1.2 channel activity and cooperativity, global intracellular Ca?* and contraction of arterial myocytes, enhanced
myogenic tone, and altered blood flow in wild-type mice. These angiotensin ll-induced changes were prevented/ameliorated
in cells/arteries from §1928 mutated to alanine knockin mice, which contain a negative modulation of the a1, $S1928 phospho-
rylation site. In angiotensin ll-induced hypertension, increased al., clustering, Ca, 1.2 activity and cooperativity, myogenic tone,
and blood pressure in wild-type cells/tissue/mice were averted/reduced in S1928 mutated to alanine samples.

CONCLUSIONS: Results suggest an essential role for a1, S1928 phosphorylation in regulating channel distribution, activity and
gating modality, and vascular function during angiotensin Il signaling and hypertension. Phosphorylation of this single vascular
als amino acid could be a risk factor for hypertension that may be targeted for therapeutic intervention.
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Flores-Tamez et al

CLINICAL PERSPECTIVE

What Is New?

* Phosphorylation of al. at serine 1928 (51928)
controls Ca,1.2 channels spatiotemporal re-
modeling during activation of angiotensin ||
signaling and hypertension.

* Phosphorylation of al; at S1928 underlies in-
creased arterial myocyte intracellular calcium,
vascular reactivity, and blood pressure during
angiotensin Il signaling and hypertension.

What Are the Clinical Implications?

* Phosphorylation of al; at S1928 may be a rheo-
stat of vascular function in health and disease.

* Increased phosphorylation of al; at S1928 may
be a risk factor underlying vascular complica-
tions during hypertension.

e Results may help develop therapeutics with
single amino acid accuracy to reduce ols
S1928 phosphorylation, which may ameliorate
hypertension-related vascular complications.

Nonstandard Abbreviations and Acronyms

[Ca?], intracellular Ca?* concentration

Ang Il angiotensin |l

BPH blood pressure high

nPo number of channels X open
probability

PKA protein kinase A

PKC protein kinase C

PLA proximity ligation assay

pS1928 S$1928 phosphorylation

$1928 serine1928

WT wild-type

contraction coupling and gene expression in many

cells,! including arterial myocytes.? Ca?* influx
through single or clustered Ca,1.2 exerts a major reg-
ulatory influence on vascular reactivity, blood flow, and
blood pressure (BP) in health and diseases such as hy-
pertension.®= Indeed, increased vascular Ca, 1.2 activ-
ity is a major driver of arterial remodeling and elevated
myogenic tone during hypertension.®5-8 Hypertension
is also characterized by enhanced angiotensin Il (Ang
Il) signaling,®~"" which acting via the angiotensin type
1 receptor/G,/ PKCa (protein kinase Ca) axis stimu-
lates vascular Ca, 1.2 activity.>¢"12-14 VYet, the precise
Ca,1.2 activating mechanism, the impact on vascular
reactivity, and the link to hypertension are unknown.

L—type Ca,1.2 channels are essential for excitation-
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Addressing these issues is important as it provides
new insights into how vascular Ca,1.2 and arterial
function are regulated in hypertension and may identify
new therapeutic targets.

Ca, 1.2 channels are heterotrimeric proteins made of
a pore-forming ol (Figure S1A) and accessory 8 and
a8 subunits.? The als subunit is the target of many
signaling pathways, such as PKA (protein kinase A)
and PKC."? The regulation of native Ca, 1.2 channels by
PKA has been attributed to various mechanisms de-
pending on the tissue. Accordingly, PKA regulation of
the cardiac Ca,1.2 is mediated by the small GTPase
Rad.'®'6 |n stark contrast, direct phosphorylation of the
al subunit at serine 1928 (S1928; Figure S1A) is re-
quired for the regulation of Ca,1.2 in neurons and arte-
rial myocytes."-2! Conversely, PKC regulation of Ca, 1.2
channels has been thought to be mediated by phos-
phorylation of the pore-forming a1..222% Biochemical
data in heterologous expression systems identified al,
$1928 as a potential PKC phosphorylation site.?#2° This
observation led us to hypothesize that phosphoryla-
tion of the al, subunit at S1928 is essential to regulate
Ca, 1.2 channel function in arterial myocytes in response
to Ang Il signaling and hypertension. We also proposed
that S1928 phosphorylation (pS1928) is necessary for
the modulation of myogenic tone, blood flow, and blood
pressure. Considering that the alc sequence shows
>05% identity between rodent and human sequences
(Figure S1B)?® and that the S1928 residue is 100% iden-
tical between species (Figure S1C),?® as well as recent
studies showing a key role for pS1928 in regulating
Ca,1.2 channel activity and vascular function to a sim-
ilar extent in both rodents and humans during diabe-
tes,?22728 we submit that pS1928 may also be involved
in mediating alterations in Ca,1.2 activity and vascular
function in human hypertension.

To test our hypotheses, we employed a multiscale
approach involving superresolution microscopy, prox-
imity ligation assay (PLA), patch-clamp electrophysiol-
ogy, Ca? imaging, pressure myography, laser speckle
imaging, BP telemetry, and different animal models of
hypertension such as Ang ll-induced hypertensive mice
and genetically induced BP high (BPH) mice. We took
advantage of a knockin mouse with S1928 mutated
to alanine to prevent pS1928 (ie, S1928A mouse?®).
Results implicate pS1928 as a key factor mediating
Ca, 1.2 nanostructural and functional changes leading
to vascular complications during enhanced Ang Il sig-
naling and hypertension.

METHODS

Data Availability Statement

All data are included in the article, and detailed meth-
odology, (Table S1), (Figures S1 through S12), full
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unedited blots, and source Matlab codes are included
in Data S1.

Mouse Study Approval

Given the well-known sex-dependent differences in
Ang ll-induced hypertension,®® male wild-type (WT)
C57BL/6J and $1928A%° mice and male BP normal
(BPN) and BPH mice were used to properly power
experiments to resolve statistical differences between
data sets. To assess potential sex differences, a set of
properly powered experiments were done using female
mice/samples, although this was not a primary goal
of the study. All studies conform with the US National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and were carried out in strict ac-
cordance with the protocols and guidelines approved
by the Institutional Animal Care and Use Committee of
the University of California, Davis.

In Vivo Ang Il Infusion

Chronic Ang |l infusion was performed using min-
ipumps subcutaneously implanted in WT and S1928A
mice.®’

Dissection of Mesenteric Arteries and
Isolation of Arterial Myocytes

Mice were euthanized by a lethal intraperitoneal injec-
tion of sodium pentobarbital. Mesenteric arteries were
isolated, and arterial myocytes were dissociated using
enzymatic/mechanical dissociation.®’

Electrophysiology

Whole-cell and cell-attached electrophysiology was
performed in isolated mesenteric arterial myocytes
using an Axopatch 200B ampilifier. Data were analyzed
using pClamp.?®

Computational Modeling

Simulations were performed using an established
mathematical model of membrane electrophysiology
and Ca?* cycling.3233

Imaging of Cell Ca2* and Contraction

Ca?* imaging in mesenteric cells was performed using
a spinning disk confocal microscope. The fluores-
cence signal was also used to calculate contractility.?®

Superresolution and PLA

a,¢ protein distribution and clustering were determined
using a direct stochastic optical reconstruction micros-
copy superresolution microscope. PLA was used to
define close association of a, subunits.?*?8
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Laser Speckle

Blood flow in anesthetized animals was measured
using laser speckle imaging. Edge detection was used
to calculate arterial diameter from the images.?"2®

Pressure Myography

Myogenic/vascular tone was calculated in pressurized
mesenteric arterigs.?02"28

Blood Pressure and Echocardiography

BP was measured in freely moving mice using DSI te-
lemetry.3* Echocardiography was performed in anes-
thetized mice using a Vevo 2100 system.

Statistical Analysis

Data were analyzed using GraphPad Prism v10 or
R Studio software and expressed as mean+SEM.
The Shapiro-Wilk normality test was used to assess
whether a data set deviated significantly from a normal
(eg, Gaussian) distribution. The comparisons between
groups were performed using hierarchical “nested”
analyses to account for the number of mice and repli-
cates,®® with appropriate t test, 1-way ANOVA, 2-way
ANOVA, and 3-way ANOVA with Bonferroni post hoc
test. Parametric or nonparametric t tests and ANOVAs
were applied when nested analyses were not imple-
mented. Unless otherwise indicated, P<0.05 was con-
sidered statistically significant.

RESULTS

All experiments were performed using freshly isolated
mouse mesenteric arteries and arterial myocytes (ie,
immediate use after isolation/dissociation). The ra-
tionale for this is that mesenteric arteries and arterial
myocytes play a key role in regulating BP, and their
use immediately after isolation/dissociation may better
reflect the native environment.

Ang Il Increases Vascular Ca, 1.2 Function
Via pS1928

Acute Ang Il exposure has been shown to increase
Ca,1.2 channel activity in arterial myocytes.>"36:87
Using whole-cell patch clamp with barium as the
charge carrier and a single voltage step from —70 to
+10mV (maximal current),'820.27.28.38 g confirmed
that Ang Il exposure increased Ca, 1.2 current density
(whole-cell barium current) in WT arterial myocytes
(Figure 1A). In stark contrast, Ang Il failed to aug-
ment whole-cell barium current in arterial myocytes
from a genetically modified mouse in which the al;
serine 1928 position was mutated to alanine to pre-
vent its phosphorylation (S1928A mouse®?; Figure 1A).
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Figure 1. pS1928 controls Ca,1.2 biophysical properties upon Ang Il exposure.

A, Representative nifedipine-sensitive Ba* currents (/g,) elicited by a single voltage step from ~70mV to +10mV recorded from WT and
SA arterial myocytes under control conditions and after exposure to 100nmol/L Ang Il. The right-side panel shows summary scatter
plots (WT: n=9 cells from 4 mice; SA ct: n=6 cells from 3 mice). Significance was assessed with nested 2-way ANOVA with Bonferroni
post hoc test (P=0.0473). B, Exemplary single-channel traces obtained in cell-attached mode using a single voltage step from —-80 mV
to —30mV recorded from WT and S1928A arterial myocytes under control conditions and after exposure to 100nmol/L Ang Il. Ca®
was used as the charge carrier to visualize Ca?*-dependent Ca, 1.2 cooperative events. Sections of the traces in the boxes are
magnified below for a detailed appreciation of openings and cooperative events. The baseline level is highlighted by a (c) and unitary
levels by (0,). Summary data of (C) channel activity (nPo), (D) channel availability, (E) coupling frequency, and (F) coupling strength (x)
(WT ct: n=13 cells from 7 mice; WT Ang Il: n=15 cells from 6 mice; SA ct: n=15 cells from 5 mice; SA Ang Il: n=13 cells from 5 mice).
Significance was assessed with nested 2-way ANOVA with Bonferroni post hoc test (P=1.9x10-° for 1C; P=0.0615 for D—significant
change at P<0.1 and unpaired t test between WT ct and WT Ang Il with P=0.0199 (t in graph); P=0.0016 for E; P=0.0132 for F). Data
are mean+SEM. P values for relevant comparisons within each panel and supplemental material. Ang Il indicates angiotensin Il; ct,
control conditions; nPO, number of channels X open probability; pS1928, serine 1928 phosphorylation; SA, serine 1928 mutated to
alanine; and WT, wild type.
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Accordingly, the Ang ll-induced change in whole-cell
barium current was 3.3+0.6 pA/pF in WT cells versus
0.3+0.2 pA/pF in S1928A cells (P=0.0028 with unpaired
t test; Shapiro-Wilk normality test P =0.6173). Note
that a1, and PKCa (Figure S2), as well as BKa, BK@1,
and K, 2.1 protein abundance in arterial lysates®® and
basal voltage dependency of activation and inactiva-
tion of Ca, 1.2 channels, are similar in WT and S1928A
male arterial myocytes,?® suggesting that changes in
the expression of key proteins and Ca, 1.2 biophysical
properties do not account for the Ang Il effects. These
results indicate that pS1928 is necessary for Ang IlI-
induced potentiation of vascular whole-cell barium
current in male arterial myocytes.

Activation of Ang Il signaling has been shown to
promote cooperative gating of vascular Ca, 1.2 chan-
nels.>8" To examine if pS1928 is important for this gat-
ing mode, cell-attached electrophysiology with Ca?*
as the charge carrier was done in freshly isolated WT
and S1928A male arterial myocytes. Ang Il significantly
increased Ca,1.2 channel nPo (ie, n is the number
of channels and Po is the channel open probability;
Figure 1B and 1C) and availability (ie, likelihood of at
least one event per sweep; Figure 1B and 1D) in WT
cells (nested t test between WT controls and WT Ang ll).
In addition, the frequency of Ca, 1.2 cooperative events
(ie, number of traces showing openings with 2 or more
channels; see insets in Figure 1B) and the coupling
strength (ie, x, which was quantified using a Markov
chain model®39) were higher in WT cells after Ang |l
(Figure 1E and 1F). Conversely, Ang Il failed to increase
Ca, 1.2 channel nPo, availability, coupling frequency, or
coupling strength in S1928A cells (Figure 1B through
1F). Results in control and Ang ll-treated S1928A male
cells were comparable to WT male controls. Overall,
these results suggest that pS1928 is necessary for
Ang Il to increase Ca, 1.2 channel activity and cooper-
ative gating behavior.

Similar single-channel experiments performed in
WT female arterial myocytes revealed no differences
in nPo and coupling frequency but significant differ-
ences in availability and coupling strength compared
with WT male cells (Figure S3A through S3E). Ang Il in-
creased coupling frequency, and trends toward higher
values were found in nPo and availability properties
but not coupling strength in female arterial myocytes
(Figure S3A and S3F through S3I). These results sug-
gest sex-dependent differences in basal conditions
and mechanisms by which Ang Il modulates vascular
Ca, 1.2 channel activity and cooperative gating.

pS1928 Mediates Ang llI-Induced Vascular
al. Clustering

The Angll-induced elevations in Ca, 1.2 cooperative gat-
ing prompted us to examine if this was due to increased
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als clustering in the sarcolemma of arterial myocytes.
For this, we performed superresolution imaging of at,
in freshly dissociated male mesenteric arterial myo-
cytes (Figure 2A).2%28 We used pair-correlation analysis
to characterize the physical properties of al, clusters
and objectively quantify spatial scales of density fluctu-
ations (Figure 2B).“%4! This analysis is not influenced by
the multiple appearances of a single fluorescent mol-
ecule detected multiple times across all frames before
being irreversibly photobleached.*®#' Data revealed a
significant increase in cluster size (Figure 2C) and the
estimated number of molecules per cluster (Neustrs;
Figure 2E) but not cluster density (Figure 2D) in WT
arterial myocytes after Ang Il. Changes in al. cluster
size and NeUsters were a direct consequence of pS1928,
as cluster size (Figure 2C), cluster density (Figure 2D),
and Neusers (Figure 2E) were similar in S1928A cells in
control and Ang Il conditions and comparable to WT
control cells. Note that PKA inhibition does not prevent
the increase in Ang ll-induced ol clustering properties
(Figure S4A through S4E). Thus, PKA is not involved in
the pathway triggering the ol clustering in response
to Ang Il

Intriguingly, superresolution experiments in female
mesenteric arterial myocytes found anincrease in basal
ol cluster size and density, but not Ne“ste's compared
with male mesenteric myocytes (Figure S55A and S5C
through S5E). Moreover, Ang Il did not elicit significant
changes in al; cluster size, cluster density, and Nelusters
in female WT and S1928A myocytes (Figure S4A, S4B,
S4F through S4H). These results reveal sex-dependent
differences in ol clustering mechanisms at the basal
and Ang ll-stimulated levels.

The superresolution results in male arterial myo-
cytes were confirmed using a modified PLA approach
with an a1, monoclonal antibody labeled with the PLUS
or MINUS probe that has been extensively validated to
test al, oligomerization/clustering (Figure 2F).28:31 PLA
showed that Ang Il increased the number of a1, PLA
puncta per cell area in WT male arterial myocytes but
not WT cells pretreated with a broad PKC inhibitor or
S1928A cells (Figure 2G through 2I). PKC inhibition in
WT cells did not change the al; PLA puncta per cell
area compared with WT control and PLA puncta were
never observed if 1 of the primary antibody probes was
omitted (Figure 2G and 2I). These results suggest Ang
lI/PKC-dependent pS1928 increases ol clustering in
male arterial myocytes.

Ang Il Increases Arterial Myocyte Ca?*
and Contractility Via pS1928

Ca,1.2 cooperative gating amplifies Ca?* influx into
cells, accounting for ~50% of the total Ca®* influx in
arterial myocytes.**? This is important because Ang
Il promotes this Ca,1.2 gating modality, influencing
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arterial myocyte Ca®* and contractility. Thus, the role
of pS1928 in modulating arterial myocyte excitability in
response to Ang Il signaling was initially investigated
using an in silico model. We did this to prevent over-
simplification and consider the complex cascade of
ionic conductances that may be altered and influence
cell electrophysiology and Ca?* properties during Ang
Il signaling activation.®33 The model was fitted with
experimental data showing Ang ll-induced alterations
in the activity of Ca, 1.2 channels, several K* channels,
and transient receptor potential channels.3"43-46 We

J Am Heart Assoc. 2024;13:e035375. DOI: 10.1161/JAHA.124.035375

also modeled the effect of preventing pS1928 (as in
S1928A cells) upon Ang Il to assess the role of pS1928
on arterial myocyte membrane potential and [Ca?"]..
The model predicted that Ang Il could promote arterial
myocyte membrane depolarization in WT and S1928A
cells, but pS1928 was still necessary for elevating [Ca?*];
in arterial myocytes (Figure 3A). To test this prediction,
we first measured the membrane potential of WT and
S1928A freshly isolated arterial myocytes upon Ang I
using the perforated whole-cell patch-clamp.?83' Basal
membrane potential was similar in WT (-56+2mV) and
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Figure 2. Ang llincreased a1, clustering requires pS1928.

A, Exemplary superresolution total internal reflection fluorescence images of WT and SA arterial myocytes labeled for a1 with 2 magnified
areas under control conditions and after exposure to 100nmol/L Ang Il (scale bars=5um—5um—200nm). B, Plot of the calculated pair-
correlation function (g(r)) of a1, clusters in WT and SA arterial myocytes under control conditions and after 100nmol/L Ang Il exposure.
Scatter plots of (C) al, cluster radius (nm), (D) a1 cluster density (number of clusters/um?) and (E) estimated o1, proteins per cluster
(Neluster) in WT and SA arterial myocytes under control conditions and after 100nmol/Ls Ang Il exposure (WT ct: n=27 cells from 7 mice;
WT Ang Il: n=34 cells from 7 mice; SA ct: n=38 cells from 5 mice; SA Ang Il: n=50 cells from 7 mice). Significance was assessed with
nested 2-way ANOVA with Bonferroni post hoc test (P=0.0268 for C; P=0.0676 for interaction and P=0.0108 for D; P=0.0342 for E). F,
Cartoon of the modified PLA approach. Representative maximal projection images of PLA puncta for a1;-al; interactions in WT (G) and
SA (H) male arterial myocytes under control conditions, after Ang Il treatment or Ang Il+cal C. The fifth image is a representative negative
control image for PLA in which only 1 anti-a1,-tagged antibody was added to WT ct arterial myocytes. Dotted lines outline the cells.
Scale bars=10um. I, Scatter plot of PLA al1,-al. puncta per cell area (um?) in WT ct, WT Ang Il, WT+cal C, WT Ang ll+cal C, SA ct, and
SA Ang Il arterial myocytes (WT ct: n=23 cells from 5 mice; WT Ang Il: n=31 cells from 5 mice; WT+cal C: n=40 cells from 6 mice; WT
Ang ll+cal C: n=31 cells from 5 mice; SA ct: n=46 cells from 5 mice; SA Ang IIl: n=46 cells from 5 mice). WT arterial myocytes treated with
only 1 of the PLA probes were used as negative control (neg ct; n=4 cells from 2 mice). Significance was assessed with nested 1-way
ANOVA (1W) for WT comparisons or nested 2-way ANOVA (2W) for WT/SA comparisons with Bonferroni post hoc test (P=4.1x10-° for
WT comparisons; P=1.3x10~° for WT/SA comparisons). Data are mean+SEM. P values for relevant comparisons within each panel and
supplemental material. Ang |l indicates angiotensin Il; cal C, calphostin C; ct, control conditions; PLA, proximity ligation assay; pS1928,

serine 1928 phosphorylation; SA, serine 1928 mutated to alanine; and WT, wild type.

S1928A (-57+2mV) cells (Figure 3B and 3C). Ang I
depolarized membrane potential to about the same
magnitude in both cell types (-35+3mV in WT and
—32+3mV in S1928A, Figure 3B and 3C). These results
are consistent with the in silico prediction and suggest
that Ang Il effects on membrane potential in arterial
myocytes are not reliant on pS1928.

To test the prediction that pS1928 is necessary for
Ang ll-induced elevations in [Ca?'], male arterial my-
ocytes loaded with the Ca?* indicator fluo 4-AM were
used. This fluorescent signal was also used to track
cell length and assess contractility (see Methods for
details).?® Data showed that Ang Il increased peak
[Ca?], with a concomitant contraction in WT arterial
myocytes (Figure 3D through F). WT cells pretreated
with the Ca, 1.2 channel blocker nifedipine or the broad
PKC inhibitor calphostin C did not show the Ang Il-
induced elevation in [Ca®];and cell contraction, indicat-
ing that Ca, 1.2 channel activity and PKC are required
for the Ang Il effects. Moreover, Ang |l failed to elevate
[Ca?*], and induce contraction in S1928A cells. These
results are consistent with the in silico model prediction
and suggest that pS1928 is necessary for the Ang II-
induced, PKC-dependent elevation of [Ca?]. leading to
contraction of male arterial myocytes.

pS1928 Regulates Arterial Diameter and
Blood Flow

We measured vascular tone ex vivo in response to
Ang Il in WT and S1928A mesenteric arteries to cor-
roborate pS1928 physiological relevance. Mesenteric
arteries from WT and S1928A male mice were freshly
dissected and pressurized to 80 mmHg. Basal myo-
genic tone (ie, pressure-induced constriction) was
lower in S1928A mesenteric arteries compared with
WT (Figure 4A and 4B). When exposed to Ang II, both
WT and S1928A arteries constricted to about the same
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magnitude (Figure 4A and 4C). However, in the con-
tinuous presence of Ang I, WT arteries reached a new
steady-state plateau level with higher vascular tone (e,
agonist-induced constriction) compared with S1928A
arteries (Figure 4A and 4D). Similar Ang Il-induced re-
sponses were observed in pressurized cerebral pial
arteries (Figure S6A through S6D), suggesting con-
served mechanisms in different vascular beds. These
data indicate that Ang ll-induced elevation in steady-
state tone in male arteries requires pS1928.

To confirm the in vivo physiological significance of
pS1928 upon Ang |l signaling activation, arterial di-
ameter and blood flow were measured in response to
different Ang Il concentrations in exposed mesenteric
arteries of anesthetized WT and S1928A male mice
using laser speckle imaging.?"?838 A solution contain-
ing vasodilatory drugs was used to promote maximal
dilation to normalize arterial diameter and blood flow
measurements. Under control conditions, basal tone
was higher and corresponding blood flow was lower
in mesenteric arteries of WT male mice compared with
S1928A (Figure 4E, 4G, and 4H), consistent with the
ex vivo basal tone data. Ang Il induced a concentration-
dependent decrease in arterial diameter and concom-
itant reduction in blood flow (ie, flux) in mesenteric
arteries from WT and S1928A mice (Figure 4E and 4F).
Peak constriction and corresponding flux were relatively
similar at most points examined immediately after Ang
Il (Figure 4F, 41, and 4J; Figure S6E and S6F). However,
5 minutes after Ang Il, arteries from the S1928A mice
showed larger diameter and flux compared with arter-
ies from WT male mice (Figure 4E, 4F and 4l through
4L). The Ca,1.2 channel blocker nifedipine prevented
the Ang Il effects on arterial diameter and flux (Figure 4l
through L and Figure S6E and S6F). Altogether, these
results suggest a key role for pS1928 and L-type Ca®*
channels in the in vivo regulation of male arterial diame-
ter (and vascular tone) and blood flow upon Ang |l
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Figure 3. pS1928 mediates altered arterial myocyte excitation-contraction coupling upon Ang Il.

A, Simulated Ang Il-mediated effects on arterial myocyte V,, and [Ca?'],. To simulate the gradual effects of Ang Il over time,
full modification of Ang ll-dependent model parameters is reached after 180seconds (s) from the initial administration. The
mathematical model was parameterized using a 100% increase in Ca?* currents, 60% reduction in K* currents and 75%
increase in TRP currents upon Ang Il exposure in WT cells, and 60% reduction in K* currents and 75% increase in TRP
currents with no change in Ca? currents upon Ang Il exposure in SA cells. The changes in Ca?, K*, and TRP currents are
consistent with prior data and results here.>"43-46 B, Representative traces of perforated whole-cell recordings from WT
and SA mesenteric arterial myocytes in current-clamp mode with a gap-free protocol and (C) summary data of V,, under
control conditions and after exposure to 100 nmol/L Ang Il and 60 mmol/L KCI (WT n=9 cells from 3 mice; SA n=9 cells from 3
mice). HK*=60mmol/L K*. Significance was assessed with nested 2-way ANOVA with Bonferroni post hoc test (P=0.3882 in
interaction and P=7.9x10~"% in treatment). D, Exemplary normalized pseudocolored confocal images at different time points
and resulting fluorescence (E) and cell length (F) traces of WT and S1928A mesenteric arterial myocytes loaded with the
fluorescent Ca?* indicator fluo-4 AM. Summary data of (E) peak [Ca?*]; and (F) cell length of WT and SA arterial myocytes after
exposure to 100nmol/L Ang Il. In some experiments, WT cells were pre-treated with 100 nmol/L nif or 100 nmol/L calphostin
C (cal C) before application of 100nmol/L Ang Il (WT Ang Il: n=4 mice; WT Ang ll+nif: n=5 mice; WT Ang ll+cal C: n=5 mice;
SA Ang IIl: n=5 mice). Significance was assessed with 1-way ANOVA with Bonferroni post hoc for comparisons between WT
conditions (P=1.4x10~" for 3E and P=7.5x10-8 for 3F). For comparisons between WT and SA conditions, unpaired t test was
used. Data are mean+SEM. P values for relevant comparisons within each panel and supplemental material. Ang Il indicates
angiotensin II; [Ca2*], intracellular Ca®* concentration; nif, nifedipine; pS1928, serine 1928 phosphorylation; SA, serine 1928
mutated to alanine; TRP, transient receptor potential; V,,, membrane potential; and WT, wild type.

J Am Heart Assoc. 2024;13:e035375. DOI: 10.1161/JAHA.124.035375 8



Flores-Tamez et al S1928 Phosphorylation Controls Vascular Function

A 0 Ca?/nif B c D
309 0.0411 Xx 2\0, 504 0.8447
100 nM Ang 1l = — 8 s Cl)—l
1.0 plateau 2t 00 XL 5 o 40
° [0
8 5 A 5 8 E 30
=R p S =20
£ E S 10 S5
5 = wT 8 =% 10
0.7 <*peak = S1928A 0 s5 o
= ©
E 5 min
E basa  Angll— +5min 0 Ca*/inhibitors [lS 0.0178 H Ewr
_ ”@y ﬂ K A high 30 o'O_I 100 []S1928A
0 \ A o < —
7\ =) = 2 X
) \ y Nl < o 20 ) e} o 9;75
5 S o | T 2 50
o o Pl T
S 3
b - 0 0
intestine ow

response after 5 min

F Ang Il (from -10 to -5M)
-10M
x
=]
TJ1 0 E
s g
= 0
©
£
Es plateau
2©° (5 min)
0.5 peak—»
K
-10M gy
l -8M 8 1.0
1.0 -™M [0} X
2 509 =
3 g 3 3
E‘ x 2 £ - o — %
T 3 £ o84 WT ) € 0.84—WT
E= = wr s 2 —SA —SA *
S % — nif £ — nif :
——- S1928A O 0.7 T T T 1 0.7 T T T 1
054 — = -10 -9 -8 -7 6 -5 -10-9 -8 -7 6 -5
min log [Ang 11] (M) log [Ang 1] (M)

Figure 4. pS1928 sustains arterial constriction upon Ang Il.

A, Representative normalized diameter traces of WT and SA male mesenteric arteries pressurized to 60mmHg and treated with
100nmol/L Ang Il and 0 Ca?*+ 1umol/L nifedipine. The peak and plateau tones are highlighted by arrows. Scatter plots of (B) basal
tone, (C) Ang ll-induced peak diameter reduction, and (D) plateau tone (n=6 mice per group). Significance was assessed with
unpaired t test for all plots. (E) Representative pseudocolored blood flow (ie, flux) images of WT and SA male mesenteric arteries
through a laparotomy before and after exposure to Ang Il and 0 Ca?* plus a vasodilatory mix (described in the Methods section). (F)
Exemplary normalized arterial diameter (upper panel) and normalized blood flux (lower panel) before and after exposure to increasing
concentrations of Ang Il (from log—10mol/L to log-5 mol/L) and subsequent application of 0 Ca®" plus a vasodilatory mix. G and H,
Summary plots of basal tone and basal flux, respectively (n=6 mice per group). Significance was assessed with unpaired t test. |
and J, Exemplary 3-dimensional graphs highlighting the peak and 5-minute normalized arterial diameter and blood flux responses,
respectively, to the range of Ang Il concentrations in mesenteric arteries from WT and SA male mice. In some experiments, mesenteric
arteries from WT mice were pretreated with 1 umol/L nifedipine before the application of the range of Ang Il concentrations to examine
the role of nifedipine-sensitive channels in Ang ll-induced alterations in arterial diameter and blood flux in vivo. K and L, Amalgamated
data of normalized diameter and blood flux, respectively, in mesenteric arteries from WT, WT+nifedipine, and SA male mice after
5minutes in response to a range of Ang Il concentrations (WT: n=8 mice; WT+nifedipine: n=8 mice; SA: n=7 mice). Significance
was assessed with multiple unpaired t test (relevant comparisons between WT and SA data in Figure 4K: P=0.0197 at -9 M Ang II;
P=0.0571 at -8 M Ang II; P=0.0004 at -7 M Ang Ill; P=0.0085 at -6 M Ang Il; P=0.1250 at -5 M Ang I, and between WT and SA data in
Figure 4L: P=0.9999 at -9 M Ang II; P=0.0817 at -8 M Ang Il; P=0.0139 at -7 M Ang Il; P=0.0018 at -6 M Ang Il; P=0.0088 at -5 M Ang
I). Data are mean+SEM. P values for relevant comparisons within each panel and supplemental material. Ang Il indicates angiotensin
II; nif, nifedipine; pS1928, serine 1928 phosphorylation; SA, serine 1928 mutated to alanine; and WT, wild type.
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Laser speckle experiments in mesenteric arteries
from WT female mice revealed lower basal tone and
Ang ll-induced changes in diameter and flux compared
with male mice (Figure S7A through S7D), consistent
with reported sex differences in these properties.3°
Moreover, while Ang Il induced a concentration-
dependent decrease in arterial diameter and concom-
itant reduction in blood flow (ie, flux) in mesenteric
arteries from WT and S1928A female mice, preventing
pS1928 did not lessen the Ang Il response (Figure S7TE
through S7L). These results suggest sex-dependent
differences in mechanisms by which Ang Il modulates
vascular function in vivo.

pS1928 Enhances Vascular Ca,1.2 Activity
and Cooperativity in Hypertension

Considering that chronic activation of Ang Il signaling
contributes to enhanced Ca,1.2 channel activity and
the development of hypertension,®5~"" we examined if
pS1928 underlies the alterations in channel properties.
Unitary data showed that channel nPo and availability
were increased in WT hypertensive arterial myocytes
compared with WT sham cells (Figure 5A and 5B and
Figure S8). The frequency and strength (k) of coopera-
tive Ca,1.2 events showed a robust trend toward higher
values in WT hypertensive myocytes compared with WT
sham cells (Figure 5C and 5D). The changes in Ca,1.2
channel properties in WT hypertensive cells were not
observed in S1928A hypertension compared with
S1928A sham cells (Figure 5A through 6D; Figure S8).
Moreover, channel nPo and availability, as well as cou-
pling frequency and strength, were significantly higher
in WT hypertension compared with S1928A hyper-
tensive myocytes. These results suggest that pS1928
triggers increased vascular Ca, 1.2 channel function in
male arterial myocytes during hypertension.

S1928 Phosphorylation Controls Vascular Function

pS1928 Mediates Increased Vascular o1,
Clustering in Hypertension

We next examined if al, clustering was increased
in freshly isolated male arterial myocytes during hy-
pertension and if this process required pS1928.
Superresolution imaging with pair-correlation analysis
(Figure 5E and 5F) found an increase in ol cluster
size (Figure 5G), no significant differences in cluster
density (Figure 5H), and trends toward higher Nelusters
(Figure 5l) in WT hypertensive arterial myocytes com-
pared with WT sham and S1928A HTN cells. These
changes were not observed in S1928A hypertensive
cells compared with S1928A sham, which had similar
ol cluster properties as WT sham (Figure 5E through
51). The modified PLA assay confirmed the increase
in ol clustering in WT hypertension compared with
WT sham, and S1928A sham and hypertensive cells
(Figure 5J; Figure S9). No PLA signal was detected
when one of the primary antibody-probe complexes
was omitted from the preparation (Figure 5J; Figure S9).
Intriguingly, no change in total a1, protein abundance
was detected by Western blot in WT and S1928A hy-
pertensive lysates compared with sham conditions
(Figure S10). These results were unexpected as prior
studies have shown increased total al, protein abun-
dance in arterial lysates during hypertension.® Results
may point to offsetting changes, possibly associated
with the hypertension model.® Regardless, these re-
sults indicate that a1 clustering properties in male ar-
terial myocytes are elevated during hypertension, and
this spatial remodeling is mediated by pS1928.

To examine if similar increases in o1, clustering were
observed in different models of hypertension, super-
resolution experiments were performed using male ar-
terial myocytes from the BPH compared to BPN mice.
Hypertension in BPH mice is thought to be mediated

Figure 5. Increased Ca,1.2 activity and a1, clustering during hypertension.

A, Scatter plots of (A) channel activity (nPo), (B) channel availability, (C) coupling frequency and (D) coupling strength (x) in sham and
hypertension WT and SA arterial myocytes (WT sham: n=15 cells from 5 mice; WT hypertension: n=16 cells from 7 mice; SA sham:
n=11 cells from 4 mice; SA hypertension: n15 cells from 5 mice). Significance was assessed with nested 2-way ANOVA with Bonferroni
post hoc test (P=0.0054 for A; P=0.0068 for B; P=0.1721 for interaction and P=0.0099 for treatment for C; P=0.4589 for interaction and
P=0.0001 for treatment for D). E, Representative super- TIRF images of sham and hypertension WT and SA arterial myocytes labeled for
als with 2 magnified areas (scale bars=5um—200nm). F, Plot of the calculated pair-correlation function (g(r)) of a1 clusters in sham and
hypertension WT and SA arterial myocytes. Scatter plots of (G) a1, cluster radius (nm), (H) a1, cluster density (number of cluster/um?) and
(I) estimated a1, proteins per cluster (N°st") in sham and hypertension WT and SA arterial myocytes (WT sham: n=16 cells from 5 mice;
WT hypertension: n=37 cells from 6 mice; SA sham: n=25 cells from 6 mice; SA hypertension: n=26 cells from 6 mice). Significance was
assessed with nested 2-way ANOVA with Bonferroni post hoc test (P=0.0216 for G; P=0.9509 for H; P=0.6589 for interaction and 0.0056
for genotype for I). J, Scatter plot of PLA al,-al, puncta per cell area (um?) in sham and hypertension WT and SA arterial myocytes (WT
sham: n=29 cells from 6 mice; WT hypertension: n=50 cells from 7 mice; SA sham: n=28 cells from 5 mice; SA hypertension: n=27 cells
from 5 mice). WT sham arterial myocytes treated with only 1 of the PLA probes were used as negative control (neg ct; n=4 cells from 2
mice). Significance was assessed with nested 2way ANOVA with Bonferroni post hoc test (P=0.0252). K, Representative superresolution
TIRF images of BPN and BPH arterial myocytes labeled for a1, with 2 magnified areas (scale bars=5um—200nm). Scatter plots of (L)
ol cluster radius (nm), (M) ol cluster density (number of cluster/um?), and (I) estimated o, proteins per cluster (N°“s**) in BPN and BPH
arterial myocytes (BPN: n=47 cells from 5 mice; BPH: n=47 cells from 6 mice). Significance was assessed with nested t test. Data are
mean+SEM. P values for relevant comparisons within each panel and supplemental material. BPH indicates blood pressure highp; BPN,
blood pressure normal; ct, control conditions; HTN, hypertension; nPO, number of channels X open probability; PLA, proximity ligation
assay; SA, serine 1928 mutated to alanine; TIRF, total internal reflection fluorescence; and WT, wild type.
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by sympathetic overactivity,¥” which acting through
the a-adrenergic receptors/PKC axis, may modulate
als clustering. Data show that ol clustering is in-
creased in BPH arterial myocytes compared with BPN
cells (Figure 5K through 5M). The ol superclustering
in BPH arterial myocytes correlated with increased
Ca,1.2 nPo and cooperativity previously reported in
these cells.*® Moreover, in pressurized arteries, nor-
adrenaline caused an initial peak constriction of similar
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magnitude in WT and S1928A vessels (Figure S11). Yet,
in the continuous presence of noradrenaline, WT arter-
ies reached a steady-state level (eg, plateau level) with
higher vascular tone compared with S1928A arteries
(Figure S11). These results are consistent with the Ang
[l observations here and prior studies indicating that
noradrenaline increases L-type Ca® channel activity
leading to enhanced vascular tone*® and suggest that
noradrenaline-induced elevation in steady-state tone in
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Figure 6. pS1928 regulates Ca,1.2 function, vascular reactivity, and blood pressure during hypertension.

Representative diameter recordings over a pressure range (from 10 to 100mmHg) and plot summary data of percentage myogenic
tone obtained using mesenteric arteries from WT (A) and SA (B) sham and hypertension mice (WT sham: n=12 arteries from 5 mice;
WT hypertension: n=9 arteries from 5 mice; SA sham: n=8 arteries from 5 mice; S1928A hypertension: n=7 arteries from 5 mice).
Significance was assessed with nested t-test. Plots of systemic (C) and diastolic (D) blood pressure at day 0 (blue circles) and day 7
(red circles) from sham and hypertensive WT and SA mice using radio telemetry (n=5 mice per group). Significance was assessed with
3-way ANOVA with Bonferroni post hoc test (P=0.0017 for C; P=0.0299 for D). E, Scatter plot of AMAP from day O to day 7 in sham
and hypertensive WT and SA mice (n=5 mice per group). Significance was assessed with 2-way ANOVA with Bonferroni post hoc test
(P=1.4x10"%). Data are mean+SEM. P values for relevant comparisons within each panel and supplemental material. AMAP, change in
mean arterial pressure; HTN, hypertension; pS1928, serine 1928 phosphorylation; SA, serine 1928 mutated to alanine; WT, wild type.

mesenteric arteries requires al; S1928 phosphoryla-
tion. Results further indicate that enhanced ol clus-
tering may be a general feature in hypertensive arterial
myocytes to increase Ca,, 1.2 activity and cooperativity,
and vascular tone.

pS1928 Underlies Increased Myogenic

Tone and Blood Pressure in Hypertension
To establish the physiological relevance of pS1928 dur-
ing hypertension, we measured myogenic tone in pres-
surized male mesenteric arteries. We found that WT
hypertensive arteries developed higher myogenic tone
at physiologically relevant intravascular pressures (ie,
>60mmHg) than WT sham arteries (Figure 6A). The
hypertension-induced elevations in myogenic tone were
not observed when comparing tone levels in S1928A
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sham and hypertensive arteries (Figure 6B). These re-
sults suggest that elevations in myogenic tone in male
mesenteric arteries during hypertension require pS1928.

Lastly, we examined the role of pS1928 in BP reg-
ulation in freely moving WT and S1928A male mice
implanted with radiotelemetry devices and osmotic
minipumps eluting either saline (ie, sham) or Ang Il (ie,
hypertension). BP measurements were analyzed at day
0 and day 7 after minipump implantation. Telemetry
data showed that resting (Day 0) systolic pressure
(Figure 6C), diastolic pressure (Figure 6D), and mean
arterial pressure (MAP; Figure S12A) were similar in WT
and S1928A mice. However, a significant increase in sys-
tolic pressure (Figure 6C), diastolic pressure (Figure 6D),
and MAP (Figure S12A) was observed in both WT and
S1928A mice after 7 days with a minipump eluting Ang
Il compared with saline. The increase in MAP in S1928A
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hypertensive mice was not surprising as BP is regulated
by many factors in addition to peripheral vascular resis-
tance, such as alterations in sympathetic activity, baro-
reflex dysfunction, or renal abnormalities. Importantly,
the change in MAP (AMAP) during hypertension was
significantly larger in WT mice compared with S1928A
mice (Figure 6E). These results are remarkable in that
preventing phosphorylation of a single amino acid in o1,
significantly ameliorates Ang ll-induced hypertension.
Note that, in our hands, pulse pressure (an indicator of
arterial stiffness and cardiac contraction; Figures S12B),
heart rate (Figure S12C), and cardiac hemodynamics
(Figure S12D through S12G) were similar in WT and
S1928A sham and hypertensive mice. Overall, these re-
sults suggest that pS1928 contributes to increasing BP
without a major impact on cardiac function in an Ang
ll-induced hypertensive male mouse model.

DISCUSSION

We report 5 key findings (Figure 7). First, the ol sub-
unit of the Ca,1.2 channel in WT male arterial myo-
cytes exposed to Ang Il or from the Ang ll-induced

S1928 Phosphorylation Controls Vascular Function

hypertension, as well as genetically induced hyper-
tensive (eg, BPH) mice reorganizes into larger clusters
(ie, a1 superclusters), and this requires PKC. Second,
the al, superclustering leads to an increase in Ca,1.2
channel current density and the frequency and strength
of Ca,1.2 cooperative events. Third, al, S1928 phos-
phorylation mediates the spatial reorganization of vas-
cular o1, into superclusters, as well as the increase in
Ca,1.2 current density and cooperativity during Ang Il
exposure and hypertension as concluded using cells/
tissue from S1928A mice. Fourth, al, S1928 phospho-
rylation underlies a PKC-dependent increase in male
arterial myocyte [Ca?*], and contractility, leading to en-
hanced myogenic tone in arteries exposed to Ang Il and
from WT male hypertensive mice (also concluded using
cells/tissue from S1928A mice). Fifth, al, S1928 phos-
phorylation contributes to hypertension as determined
by a reduced change in mean arterial pressure when
comparing WT and S1928A mice. These results uncov-
ered a previously unappreciated role for pS1928 in me-
diating a PKC-dependent spatiotemporal regulation of
vascular Ca, 1.2 channels to alter vascular reactivity and
BP during activation of Ang Il signaling and hyperten-
sion. We propose that pS1928 is a rheostat of vascular

e control
e hormotension

¢ Ang Il signaling
¢ hypertension
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Figure 7. Model by which Ang II/PKC signaling promotes a,. pS1928 to modulate the «1./Ca,1.2
channel spatial and temporal properties leading to changes in global [Ca?*],, myogenic tone, blood

flow, and blood pressure during hypertension.

Image created with Biorender.com. Ang Il indicates angiotensin II; [Ca?*],, intracellular Ca®* concentration;
PKC, protein kinase C; pS1928, serine 1928 phosphorylation; and S1928, serine 1928.
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Ca, 1.2 function and vascular reactivity and a risk factor
for hypertension.

Prior work in heterologous expression systems sug-
gested the possibility that Ca,1.2 channels could be
in complex with PKC to promote phosphorylation of
als at S1928 to alter channel function.?*2° Qur find-
ings support this premise, as they revealed a key
role for pS1928 in mediating changes in al./Ca,1.2
spatiotemporal properties in response to Ang Il/PKC
signaling and hypertension. These results are signifi-
cant because they uncover previously unappreciated
mechanisms by which Ang II/PKC signaling may alter
vascular al/Ca,1.2 function and vascular reactivity in
health and hypertension. Given that diabetic hypergly-
cemia has been found to elevate pS1928 levels, 82028 jt
raises the intriguing possibility that this o, amino acid
may serve as a “pathological hub” mediating vascular
dysfunction in various diseases.

The current general model of Ca,1.2 coopera-
tivity suggests the stochastic, Ca®-dependent self-
assembly of als in clusters of various sizes at the
plasma membrane.*®® Our findings have important
implications as they provide evidence that pS1928 is
necessary for the PKC (but not PKA)-dependent spa-
tial reorganization of al; subunits into superclusters
during acute Ang Il and hypertension (Figures 2 and
5; Figure S4). This al; spatial remodeling upon Ang
Il exposure and hypertension was correlated with in-
creased Ca,1.2 function (Figures 1 and 5). Supporting
a central role for PKC and its anchoring near Ca,1.2
in this process, few to no changes in Ca,1.2 proper-
ties were observed in PKCa knockout (PKCa™") or
AKAPS5 knockout (AKAP5) arterial myocytes acutely
exposed to Ang Il or from Ang ll-infused PKCa~~ and
AKAP5~~ mice.®"2° Caveolin may also play a structural
or signaling role in regulating Ca,1.2 function, which
remains to be determined. The results highlight the
key involvement of al, pS1928 in the spatiotemporal
regulation (ie, clustering and cooperativity) of vascular
Ca, 1.2 channels upon activation of Ang II/PKC signal-
ing and hypertension. Moreover, considering that vas-
cular al; $1928 is a substrate for both PKA and PKC
phosphorylation, we propose that this site is a master
regulator of vascular Ca,1.2 channel function. Future
studies should assess how PKA and PKC may differ-
entially regulate a1-/Ca, 1.2, which may involve spatial
segregation of Gg versus G, protein-coupled receptors
with specific subpopulations of the channel.

An emerging and important concept is that Ca, 1.2
channels can be distinctively regulated in different cell
types. Intriguingly, a recent study found that acute
Ang Il exposure of freshly isolated cardiomyocytes re-
sulted in reduced surface expression and cluster size
of cardiac al1..%" This was correlated with a decrease
in Ca,1.2 current density and Ca?* transients in car-
diomyocytes. In stark contrast, our study shows that
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acute and chronic Ang Il exposure increased vascular
alg clustering and Ca, 1.2 function, which was associ-
ated with increased arterial myocyte [Ca®], and con-
tractility. In addition, whereas Ang Il regulation of al./
Ca,1.2 was linked to the depletion of the membrane
phospholipid phosphatidylinositol 4,5 bisphosphate
in cardiomyocytes,® pS1928 was required in arterial
myocytes. These contrasting Ang |l effects on cardiac
versus vascular a1,/Ca,1.2 (and underlying functional
impact) provide additional evidence supporting the
tissue-specific regulation of this important ion chan-
nel. Although the mechanisms mediating al./Ca,1.2
tissue-specific regulation are unclear, they could in-
volve the expression of different al, splice variants
or distinct lipid microenvironments in cardiac versus
vascular tissue. Regardless, these fundamental differ-
ences may be exploited to treat hypertension without
affecting cardiac function.

A significant outcome of pS1928-mediated al. su-
perclustering and increased Ca,1.2 function in Ang II/
PKC signaling activation and hypertension is the under-
lying amplification of Ca* influx, which may alter cellular
and tissue responses.>* Accordingly, this study linked
the pS1928-induced ol; superclustering and Ca,1.2
channel function to elevations in arterial myocyte [Ca®],
and contraction in response to acute Ang Il (Figure 3) and
hypertension (Figure 5). Inhibiting PKC in WT cells and
blocking pS1928 (as in S1928A cells) prevented the Ang
ll-induced elevation of arterial myocyte [Ca?*], and con-
traction. The results are significant because they suggest
a direct link between PKC and pS1928 in modulating ar-
terial myocyte [Ca?*]; and contraction during Ang Il sig-
naling. At the tissue level, however, acute Ang Il induced
an initial constriction of similar magnitude in both WT
and S1928A arteries in ex vivo and in vivo preparations
(Figure 4). By contrast, the cellular data in S1928A arterial
myocytes showed no significant changes in cell length
(ie, contraction) to Ang Il exposure. This unexpected re-
sult may reflect the complex interplay between different
cells and signaling pathways that could be engaged by
Ang Il exposure in intact tissue versus isolated arterial
myocytes. Nonetheless, the vascular and myogenic re-
sponse was elevated in WT compared with S1928A tis-
sue (both ex vivo and in vivo) after continued exposure
to Ang Il and during hypertension, which correlated with
concomitant yet contrasting changes in blood flow and
BP (Figures 4 and 6). The results are comparable with
prior work from our group showing that genetic ablation
of PKCa or AKAP5 ameliorates Ang ll-induced eleva-
tion in BP3" thus providing a link between activation of
AKAP5-anchored PKC near vascular Ca, 1.2 and pS1928
in control of BP. The differences in AMAP between WT
and S1928A hypertensive mice were not mediated by
alterations in heart function, as heart rate and cardiac
hemodynamics were similar between these cohorts of
mice (Figure S12D through S12G). Overall, data here

14



Flores-Tamez et al

suggest a key role and strong connection between the
spatiotemporal regulation of vascular a1-/Ca, 1.2 and the
underlying cellular/tissue responses to control blood flow
and BP in hypertension, which is mediated by pS1928.
Given that preventing pS1928 ameliorates hypertension,
this a1, amino acid may be a new therapeutic target that
could help correct Ca,1.2 dysfunction and ameliorate
vascular complications.

Increased Ca, 1.2 function leading to Ca?* influx ampli-
fication in arterial myocytes may also regulate excitation-
transcription coupling.* Thus, increased Ca, 1.2 channel
function upon Ang Il signaling activation during hyper-
tension may engage the prohypertensive transcriptional
cascade involving calcineurin and NFATc3 (nuclear
factor of activated T cells 3).24344 Consistent with this,
calcineurin and NFATc3 activation are enhanced in arte-
rial myocytes from Ang Il-induced hypertensive mice.*®
NFATc3 activation in hypertensive arterial myocytes led
to the selective downregulation of several Kt channel
subunits, including the BKB1 and K,2.1 subunits.*344
The NFATc3 activation and downregulation of Kf channel
subunits in hypertensive arterial myocytes was blocked
by the Ca, 1.2 channel blocker nifedipine, providing a link
between Ca,1.2 function, NFATc3 signaling, and tran-
scriptional regulation.® It is intriguing to speculate that
blocking pS1928 will prevent not only enhanced Ca,1.2
channel function but also activation of the calcineurin/
NFATc3 pathway and underlying transcriptional changes
in K" channel functional expression. Future studies
should examine these possibilities.

Although we confirmed an increase in al; super-
clustering in 2 models of hypertension (Ang ll-induced
hypertension and BPH), all other experimental series
were examined using the Ang Il-induced hypertension
model. Additional experiments in samples from other
hypertension models and patients with hypertension
will be useful to ascertain the general impact of pS1928
in modulating Ca,1.2 activity, vascular function, and
BP. While this study provides strong functional data
highlighting the importance of pS1928, we were not
able to provide direct evidence of changes in the phos-
phorylation state of the site due to the unavailability of
well-validated antibodies, which should be addressed
in future studies. The role of pS1928 in al, traffick-
ing, which may contribute to a1, superclustering,®2%3
will have to be investigated. Our data also highlight
distinct basal and sex-dependent responses to Ang
Il. These results suggest that distinctive mechanisms
may be engaged in the regulation of a1./Ca,1.2 spa-
tiotemporal properties and vascular function in males
versus females, which may contribute to the observed
sex differences in Ang ll-induced hypertension.®°
Accordingly, recent studies suggest that al, super-
clusters in female arterial myocytes are sustained by
a concomitant self-assembly superclustering of K,2.1
channels due to increased phosphorylation of S590
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in K,2.1 channels.®*%° These sex-dependent changes
in K,2.1-dependent al, clustering may be driven by
sex hormones and affected by age, which can then
influence vascular function and BP/flow control.56:57
These observations and results here may inspire fu-
ture studies to comprehensively compare the sex- and
age-dependent role of al; pS1928 and K,2.1 pS590
in modulating al./Ca,1.2, vascular function, and BP
during basal conditions and hypertension.

CONCLUSIONS

In summary, the findings here identify al, S$S1928
as a target for Ang II/PKC signaling in native vascu-
lar tissue. Data also indicate that pS1928 mediates a
spatiotemporal remodeling of vascular a1-/Ca,1.2 to
control arterial myocyte [Ca?*] and contraction, lead-
ing to alterations in vascular reactivity, blood flow, and
BP during hypertension. Results are highly significant,
as they reveal a previously unappreciated mechanism
contributing to pathological changes in a crucial ion
channel central for regulating cardiovascular function,
thus providing a potential new target for developing
novel therapeutics aimed at controlling hypertension.
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