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®

Spatiotemporal Control of Vascular Ca, 1.2 by a
S1928 Phosphorylation

Miguel Martin-Aragén Baudel®®; Victor A. Flores-Tamez(; Junyoung Hong; Gopyreddy R. Reddy; Pauline Maillard;
Abby E. Burns; Kwun Nok Mimi Man‘; Kent C. Sasse; Sean M. Ward; William A. Catterall; Donald M. Bers(;
Johannes W. Hell; Madeline Nieves-Cintron®*; Manuel F. Navedo*

ORIGINAL RESEARCH

C

BACKGROUND: L-type Ca, 1.2 channels undergo cooperative gating to regulate cell function, although mechanisms are unclear.
This study tests the hypothesis that phosphorylation of the Ca, 1.2 pore-forming subunit a1, at S1928 mediates vascular
Ca,1.2 cooperativity during diabetic hyperglycemia.

METHODS: A multiscale approach including patch-clamp electrophysiology, super-resolution nanoscopy, proximity ligation
assay, calcium imaging, pressure myography, and Laser Speckle imaging was implemented to examine Ca, 1.2 cooperativity,
a1, clustering, myogenic tone, and blood flow in human and mouse arterial myocytes/vessels.

RESULTS: Ca 1.2 activity and cooperative gating increase in arterial myocytes from patients with type 2 diabetes and type 1
diabetic mice, and in wild-type mouse arterial myocytes after elevating extracellular glucose. These changes were prevented
in wild-type cells pre-exposed to a PKA inhibitor or cells from knock-in S1928A but not S1700A mice. In addition, a1,
clustering at the surface membrane of wild-type, but not wild-type cells pre-exposed to PKA or P2Y . inhibitors and
S1928A arterial myocytes, was elevated upon hyperglycemia and diabetes. Ca, 1.2 spatial and gating remodeling correlated
with enhanced arterial myocyte Ca?* influx and contractility and in vivo reduction in arterial diameter and blood flow upon
hyperglycemia and diabetes in wild-type but not ST928A cells/mice.

CONCLUSIONS: These results suggest that PKA-dependent S1928 phosphorylation promotes the spatial reorganization of
vascular a1, into “superclusters” upon hyperglycemia and diabetes. This triggers Ca, 1.2 activity and cooperativity, directly
impacting vascular reactivity. The results may lay the foundation for developing therapeutics to correct Ca, 1.2 and arterial
function during diabetic hyperglycemia.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: cooperative gating ® clustering ® diabetes ® hyperglycemia ® vascular dysfunction
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proliferation, gene expression, and muscle contrac

tion."? A fundamental property of Ca,1.2 channels is
their intrinsic ability to functionally couple (eg, cooperative
gating).>® Ca, 1.2 cooperativity results in the amplification
of Ca?* influx*® This Ca,1.2 gating mode regulates the
function of cancer cells, cardiomyocytes, neurons, and arte-
rial myocytes.**'" In arterial myocytes, Ca, 1.2 cooperative

L—type Ca,1.2 channels play key roles in excitability,

gating accounts for #60% of the total Ca?* influx.'? This
is critical because Ca?" influx via Ca,1.2 couples the
changes in membrane potential to arterial myocyte con-
traction,’®' thus influencing arterial diameter, blood flow,
and blood pressure.'* However, how Ca,1.2 cooperative
gating is regulated is poorly understood. Addressing this
knowledge gap is important because of the impact this
Ca, 1.2 gating modality has on cellular function.*®
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Ca, 1.2 Clustering and Cooperativity

Novelty and Significance

What Is Known?

* L-type Ca,1.2 channels control cell excitability, prolif-
eration, gene expression, and muscle contraction.

* Ca,1.2 channels undergo cooperative gating that ampli-
fies Ca?* influx into cells, including arterial myocytes.

* Diabetic hyperglycemia augments vascular Ca,1.2
activity leading to enhanced arterial myocyte
contractility.

What New Information Does this Article

Contribute?

¢ During diabetic hyperglycemia there is a spatial reor-
ganization of the Ca, 1.2 pore-forming a1 subunit into
“superclusters” in association with increased frequency
and strength of Ca, 1.2 cooperative gating in human
and rodent arterial myocytes.

* Phosphorylation of a1, at S1928, but not S1700, is
essential for a1, “superclustering” and Ca, 1.2 coop-
erative gating in arterial myocytes during diabetic
hyperglycemia.

+ 51928-dependent a1, “superclustering” and Ca,1.2
cooperative gating in diabetic hyperglycemia mediate
enhanced arterial myocyte Ca?* and contractility.

Ca,1.2 channels are essential modulators of arterial
myocyte contractility and, therefore, myogenic tone,
blood flow, and blood pressure in health and disease.
Ca,1.2 regulation has been extensively studied, but
recent evidence suggests that this modulation is more
complicated than initially thought, with major tissue-
specific differences. Results here highlight a previously
unappreciated mechanism by which phosphorylation
of a single amino acid — S1928 — in the a1 subunit
influences the spatial and temporal remodeling of vas-
cular Ca,1.2 channels to modulate vascular reactiv-
ity and blood flow in diabetic hyperglycemia. Similar
observations in nondiabetic and diabetic human and
rodent tissue provide additional translational relevance.
Data also suggest that S1928 phosphorylation is a
critical initial step underlying Ca, 1.2 cooperative gat-
ing by facilitating the superclustering of a1, subunits,
which may be a general mechanism altering Ca,1.2
activity and vascular function in different pathologi-
cal conditions. Results may also lay the foundation for
conceptualizing the development of therapeutics that
corrects Ca,1.2 dysfunction rather than blocking its
activity, which may decrease unwanted side effects.

Nonstandard Abbreviations and Acronyms
AC adenylyl cyclase

CaM calmodulin

cAMP cyclic adenosine monophosphate

I, whole-cell barium current

nPo number of channels X open probability
PLA proximity ligation assay

PKA protein kinase A

PKC protein kinase C

S$1700 serine 1700

$1928 serine 1928

pS1928  S1928 phosphorylation

STZ streptozotocin

TIRF total internal reflection fluorescence
Vi membrane potential

WT wild type

Ca,1.2 channels are multimeric protein complexes
composed of pore-forming a1, subunit and auxiliary
B and a,0 subunits."? Prior studies suggested that the
a1 long carboxy-terminal is necessary for Ca, 1.2 coop-
erativity.3®” The model posits that physical interactions
between the carboxy-terminal of 2 or more adjacent a1
subunits facilitate Ca 1.2 cooperative gating.* Emerging

Circulation Research. 2022;131:1018-1033. DOI: 10.1161/CIRCRESAHA.122.321479

evidence suggests that Ca,1.2 cooperativity can be
stimulated by protein kinases.**'® These results lead
to the hypotheses that a1, subunits may form clusters
that facilitate functional a1 interactions and that phos-
phorylation of a1, could be a key initial step inducing
and promoting a1 clustering and Ca, 1.2 cooperative
gating. Our study is designed to test these possibilities.

Ca, 1.2 channel regulation has been the subject of
extensive investigation. Different mechanisms have
been proposed. For example, disinhibition of the al.
subunit by phosphorylation-dependent removal of
the small GTPase Rad from the cardiac Ca,1.2 chan-
nel complex is necessary for B adrenergic regulation
of channel activity."® Other studies have implicated
direct a1, phosphorylation at conserved phosphory-
lation sites, including phosphorylation at serine 1928
(51928; Figure S1), by protein kinases in Ca,1.2
regulation in cardiac cells, neurons, and arterial myo-
cytes.'”"23 Intriguingly, recent reports showed that
increased vascular Ca, 1.2 channel activity in response
to elevated extracellular glucose (eg, hyperglycemia;
HG) and diabetes is dependent on augmentation of
S1928 phosphorylation (pS1928).'%1824-2" HG/diabe-
tes-induced pS1928 was mediated by engagement of
a signaling complex scaffolded by AKAPbS and involv-
ing the G -coupled P2Y, (human)/P2Y . -like (murine)
receptor, adenylyl cyclase 5 (ACb), and protein kinase
A (PKA).'"182528 |n this complex, the G -coupled P2Y,
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receptors are activated by extracellular nucleotides
(eg, ATP) upon HG."® This leads to ACH stimulation to
produce a highly localized cAMP signal,?” which acti-
vates a pool of PKA in close association to the al,
subunit, increasing pS1928." Although initial studies
suggested that HG and diabetes could increase vascu-
lar Ca,1.2 cooperativity,” whether pS1928 mediates
this gating mode is unknown. Examining this possibil-
ity is important because it could identify pS1928 as
a critical event mediating Ca, 1.2 cooperativity through
the redistribution of a1 into larger clusters, which may
underlie alterations in vascular function during patho-
logical conditions such as diabetic hyperglycemia.

Here, we examine pS1928 as a key initial step in
controlling the spatial organization of al. subunits
to facilitate vascular Ca,1.2 cooperative gating dur-
ing diabetic hyperglycemia. We present evidence in
human and mouse arterial myocytes indicating that
HG and diabetes promote the formation of larger a1,
clusters and increase the frequency and strength of
vascular Ca,1.2 cooperativity. Disruption of pS1928
in arterial myocytes from S1928A mice prevented the
increase in a1, clustering and Ca, 1.2 cooperative gat-
ing in response to HG and diabetes. The changes in
vascular Ca, 1.2 channel spatial and gating mode upon
HG and diabetes were correlated with increased arte-
rial myocyte Ca?* influx and contractility, resulting in
a reduction in arterial diameter and blood flow in WT
but not ST928A mice. Thus, we propose a1, pS1928
as a rheostat of vascular Ca, 1.2 function and vascular
reactivity and a “risk factor” for vascular complications
during diabetic hyperglycemia.

METHODS
Data Availability

All data are included in the article and Supplemental Material
file. MN-C and MFN had full access to all the data in the study
and takes responsibility for its integrity and data analysis.

Detailed methodological information and a Resources Table
can be found in the Supplemental Material file. Hierarchical
“nested” analyses with appropriate statistical tests were
performed.®°

RESULTS

Increased Ca 1.2 Clustering and Cooperativity
in Cells of People With Diabetes

We examine Ca,, 1.2 properties in arterial myocytes from
male and female patients with and without type 2 diabe-
tes (Table S1).1%18262731 For this, we used cell-attached
electrophysiology to record Ca, 1.2 channels undergo-
ing single or cooperative openings.** Ca,1.2 currents
were evoked by 2-second voltage steps from —70 mV
to —30 mV with Ca?* as the charge carrier. Under these
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conditions, unitary Ca,1.2 openings have amplitudes of
~0.5 pA (Figures 1A, 1B).3%% Initial analysis confirmed
elevated Ca,1.2 channel activity (eg, nPo) in myocytes
of people with diabetes (Figures 1A-1C, Table S2).""
Open-time analysis was performed independently in
unitary and cooperative events because Ca,1.2 coop-
erativity may already show higher activity,>'? masking
the diabetic effects. Data showed a slight yet significant
increase in the unitary Ca, 1.2 open-time in myocytes of
people with diabetes (Figure 1D, Table S2). The open-
time for cooperative events was not different between
groups but was comparable to the unitary open-time
in cells of people with diabetes (Figure S1, Table S3).
Closed-time analysis showed 2 components, which
were shorter in cells of people with diabetes (Figure 1E,
Table S2). Thus, an increased opening time and reduced
stability of the closed-state may contribute to the ele-
vated nPo in arterial myocytes of people with diabetes.

We also found increased channel availability (ie, likeli-
hood of at least 1 event per sweep; Figure 1F, Table S2)
and frequency of cooperative events (number of traces
showing Ca, 1.2 openings produced by 2 or more chan-
nels; Figure 1G, Table S2) in myocytes of people with
diabetes. Ca,1.2 cooperativity was further quantified
with a coupled Markov chain model to determine cou-
pling strength (ie, x).% This analysis found that Ca, 1.2 k
was elevated in cells of people with diabetes (Figure 1H,
Table S2). These results suggest increased Ca, 1.2 chan-
nel activity and cooperativity in arterial myocytes of peo-
ple with diabetes.

Enhanced Ca,1.2 cooperativity in arterial myocytes
of people with diabetes implies that o1 subunits must
come into close physical apposition (eg, larger clusters).
To test this premise, super-resolution direct stochastic
optical reconstruction microscopy nanoscopy in the
total internal reflection fluorescence (TIRF) mode was
performed in arterial myocytes with an a1 antibody.?>%
This approach detects a1, clusters at/near the plasma
membrane of arterial myocytes with a =156-20 nm
lateral resolution.'"'82627 The direct stochastic optical
reconstruction microscopy-rendered maps revealed
al, clusters of various sizes in arterial myocytes of
people with and without diabetes (Figure 11). We also
found increased mean a1 cluster size in cells of peo-
ple with diabetes (Figures 1J, Table S2). No statistically
significant difference was observed in a1 cluster den-
sity between cells of people with and without diabetes
(Figure 1K, Table S2). A nearest-neighbor interpola-
tion analysis revealed that the mean number of al,
clusters within a 250-nm radius of each cluster was
augmented in cells of people with diabetes (3.6-5.2
clusters; Figure 1L, Table S2). These results suggest
a spatial reorganization of plasma membrane a1 sub-
units into larger clusters that may facilitate increased
Ca, 1.2 channel activity and cooperativity in human arte-
rial myocytes during diabetes.

Circulation Research. 2022;131:1018-1033. DOI: 10.1161/CIRCRESAHA.122.321479
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Figure 1. Increased Ca, 1.2 cooperativity and a1, clustering in cells of diabetic patients.

A, Representative cell-attached recordings of arterial myocytes of people with diabetes mellitus (DM)] and without (ND) diabetes during a 2 s
depolarizing step from —80 mV to —30 mV. B, Magnified areas from boxed areas in A, highlighting the closed (c) and unitary Ca, 1.2 opening
levels (0 ). Summary data of (C) number of channels X open probability (nPo), unitary events (D) open-time and (E) closed-time histograms, (F)
availability, (G) coupling frequency and (H) coupling strength (ND n=17 cells from 6 human samples; DM n=13 cells from 6 human samples). (I)
Representative super-resolution total internal reflection fluorescence (TIRF) images of arterial myocytes labeled for a1 subunits with 2 magnified
areas showing cluster size and distribution in arterial myocytes from ND and DM samples (scale bars=10 pm—1 ym—0.2 um). Amalgamated
data for (J) cluster size and (K) cluster density. (L) Representative nearest-neighbor interpolation maps color-coded as a function of the number
of neighbors within a 250 nm radius and summary data fitted with Gaussian curves (ND n=29 cells from 6 human samples; DM n=29 cells

from 5 human samples). Data are mean£SEM. Significance was assessed with nested ttests for most conditions. Open/closed-time histograms

were fitted with 1 or 2 Gaussian components, and centroids for open-time histograms (D) were compared using an extra sum-of-squares F test
(P=1.1x107"8). Pvalues within each panel and Table S2.
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pS1928 Controls Ca,1.2 Cooperativity and o1
Clustering Upon HG

Elevated blood glucose levels (ie, hyperglycemia; HG)
is a major metabolic abnormality in diabetes. Prior stud-
ies suggested that HG increases Ca,1.2 current density
in human and mouse arterial myocytes, which is medi-
ated by a1, pS1928."'® Consistent with this, whole-cell
electrophysiology using Ba?* as charge carrier confirmed
increased nifedipine-sensitive Ca,1.2 current density
(I5,) in mouse WT arterial myocytes when the extracellu-
lar glucose concentration was elevated from 10 mmol/L
(control condition) to 20 mmol/L (HG) D-glucose (Fig-
ure S3A, Table S4). These D-glucose concentrations are
similar to nonfasting glucose concentrations measured
in nondiabetic and diabetic mice and have been exten-
sively used to study glucose-mediated changes in murine
arterial myocytes.'"1826272987-39 Glycose effects are not
due to osmolarity changes, as 20 mmol/L L-glucose
or 20 mmol/L mannitol did not potentiate I_in arterial
myocytes.!"18242627 When the same experiments were
repeated in arterial myocytes from a knockin mouse in
which serine 1928 was mutated to alanine to prevent
its phosphorylation (eg, S1928A mouse©), 20 mmol/L
D-glucose did not elevate IBa (Figure S3A, Table S4). This
lack of |, response to HG in S1928A cells was not due
to changes in total protein abundance of the a1, subunit
(Figure S3B, Table S4) or Ca,1.2 voltage dependency
of activation or inactivation (measured as in Navedo et
al study*') between WT and S1928A cells (Figure 2A,
Table Sb). 20 mmol/L D-glucose significantly leftward-
shifted the Ca, 1.2 voltage dependency of activation (=6
mV) but not inactivation in WT cells (Figure 2B, Table
Sb). No statistically significant difference in Ca,1.2 volt-
age dependency of activation or inactivation to HG was
detected in S1928A cells (Figure 2B, Table Sb). These
results confirm a key role for pS1928 in modulating I,
upon HG.

To test if pS1928 is necessary for HG-induced
vascular Ca, 1.2 cooperativity, cell-attached electro-
physiology (Ca?* as charge carrier) was performed
in WT and S1928A arterial myocytes exposed to 10
mmol/L and 20 mmol/L D-glucose. Data showed that
20 mmol/L D-glucose significantly increased Ca,1.2
nPo in WT cells (Figures 2C—2E, Table Sb). This effect
was prevented in WT cells pre-treated with the PKA
inhibitor rpcAMP  (Figures S3C and 3D, Table S4)
and S1928A myocytes (Figures 2C-2E, Table Sb).
Although the Ca,1.2 nPo in ST928A cells seems lower
compared with WT cells, this is not statistically differ-
ent (P=0.1198; Table S5). Open-time analysis showed
a slight yet significant increase in Ca,1.2 unitary and
cooperative open-times in WT but not in S1928A cells
(Figures 2F-2G, Figures S3C-S3D, Tables S4-Sb).
Closed-time analysis showed 2 components in both
WT and S1928A cells, with WT myocytes displaying a
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pronounced decrease in the long component from 54.6
ms to 9.1 ms upon 20 mmol/L D-glucose (Figure 2F,
Table Sb). The S1928A cells also showed a reduction
in the long closed-time component, but not as pro-
nounced as in WT cells (Figures 2F and 2G, Table Sb).
Further analysis found that Ca,1.2 channel availability
was higher in WT myocytes but not WT cells treated
with rpcAMP or S1928A cells exposed to 20 mmol/L
D-glucose (Figure 2H, Figure S3G, Tables S4 and SbH).
Quantification of Ca,1.2 cooperative frequency and
strength revealed a significant augmentation in both
parameters upon 20 mmol/L D-glucose in WT myo-
cytes, and these changes were prevented in WT cells
treated with rpcAMP and S1928A cells (Figures 2! and
2J, Figures S3H and S3I, Tables S4 and Sb). The lack
of response of Ca, 1.2 channels in ST928A myocytes
to HG is not due to impairment in the activation of the
signaling pathway as 20 mmol/L D-glucose elevated
cAMP levels, as measured with FRET biosensors,*?~44
to the same level in WT and S1928A myocytes (Fig-
ure S3J, Table S4). Results suggest that HG stimulates
Ca, 1.2 cooperativity, which requires PKA-dependent
pS1928 in arterial myocytes. Moreover, data suggest
that enhanced Ca,1.2 clustering upon HG is unlikely
to make vascular Ca, 1.2 channels more susceptible to
Ca?*-dependent inactivation but rather induce them to
be in a high nPo mode.5%°

We examined if HG alters the spatial organization
of a1, and if P2Y,,, PKA, and pS1928 mediate such
rearrangement. We implemented a 2-pronged approach
using proximity ligation assay (PLA) and super-resolution
imaging. We used a modified PLA validated by us and
others to examine a1, oligomerization/clustering.®*” A
similar modified PLA has been used to examine oligo-
merization/clustering of epidermal growth factor recep-
tors and a-synuclein.*®*® In our modified PLA, a single
a1, monoclonal antibody is labeled with the PLUS or
MINUS probe. Because the a1, monoclonal antibody
binds to the same epitope, each a1 Plus or a,. Minus
probe binds to only 1 a1, subunit. A PLA signal is pro-
duced only if 2 independent a1, subunits are closer
than 40 nm, allowing the detection of a1, oligomers/
clusters (Figure S4A and Methods section). Experi-
ments found a significant increase in PLA puncta/area
to 20 mmol/L D-glucose in WT myocytes (Figure 3A,
Table S6). This change was not observed in S1928A
myocytes or WT cells pre-treated with the P2V, recep-
tor antagonist NF340 or the PKA inhibitor rpcAMP (Fig-
ure 3A, Figure S4B, Tables S6 and S7). The cell-wide
PKA activator forskolin increased PLA puncta/area in
WT cells to the same extent as 20 mmol/L D-glucose
(Figure S4B, Table S7). No PLA puncta were observed
when one of the primary antibody-probe was omitted
(Figure S4C). These results suggest that HG induces
P2Y.,/PKA-dependent pS1928, leading to an increase
in a.,. oligomerization/clustering.
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Figure 2. pS1928 controls Ca 1.2 cooperative gating upon HG.

A, B, Voltage dependency of activation and steady-state inactivation fitted with a Boltzmann model from wild-type (WT) and S1928A arterial
myocytes under control/ 10 mmol/L D-glucose conditions and 20 mmol/L D-glucose (WT: n=9 cells from 4 mice; S1928A: n=8 cells from 4
mice). C, Representative cell-attached recordings from WT and S1928A arterial myocytes during a 2 s depolarizing step from =80 mV to —30 mV
upon 10 mmol/L and 20 mmol/L D-glucose. D, Magnified areas from boxed regions in C highlighting the closed (c) and unitary Ca, 1.2 opening
levels (0 ). Summary data of (E) nPo, (F, G) unitary events open and closed-time histograms for WT and S1928A, (Continued)
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Super-resolution nanoscopy showed increased
al. cluster size at/near the plasma membrane of WT
myocytes treated with 20 mmol/L D-glucose (Fig-
ures 3B and 3C, Table S6). This HG-induced spatial
re-arrangement was not observed in WT cells pre-
treated with NF340 or rpcAMP or in S1928A cells
(Figures 3B and 3C, Figure S4D, Tables S6 and S7).
a1, cluster density was not statistically different upon
stimulation with 20 mmol/L D-glucose in WT and
S1928A arterial myocytes (Figure 3D, Table S6). How-
ever, nearest-neighbor analysis found that 20 mmol/L
D-glucose induced a significant increase in the num-
ber of neighbors within a 2560-nm radius from each
cluster in WT (5.9-70) but not S1928A (5.6-5.2)
arterial myocytes (Figure 3E, Table S6). a1, clusters
were never observed in cells when the primary anti-
body was omitted (Figure S4C). These data support
the premise that HG incites a spatial rearrangement
of al. into larger clusters in arterial myocytes that
are dependent on P2Y. and PKA activity, leading to
pS1928. Larger a1 clusters can then promote Ca,1.2
cooperativity in arterial myocytes upon HG.

S1700 phosphorylation Is Not Required for HG-
Induced Ca 1.2 Regulation

The a1, amino acid serine 1700 (S1700; Figure S2) has
been implicated in PKA-dependent regulation of cardiac
Ca, 1.2 channels.?>*° To examine if S1700 phosphoryla-
tion is necessary for Ca, 1.2 regulation by HG, arterial
myocytes from a knockin mouse expressing an a1 sub-
unit with serine 1700 mutated to alanine to prevent its
phosphorylation (eg, S1700A??) were used. Whole-cell
electrophysiology with step depolarization from =70 mV
to +10 mV found that 20 mmol/L D-glucose signifi-
cantly increased nifedipine-sensitive I, (Figure 4A, Table
S8). Single-channel data obtained by step depolarization
from —80 mV to —30 mV with Ca?* as the charge car-
rier revealed that 20 mmol/L D-glucose increased nPo,
availability, and coupling frequency and strength (Fig-
ures 4B—4G, Table S8). Pressure myography in arter-
ies pressurized to 60 mm Hg showed that 20 mmol/L
D-glucose caused arterial constriction and increased
myogenic tone (Figure 4H, Table S8). cAMP signal in
response to HG was similar in S1700A compared with
WT and S1928A cells (Figure S3J, Table S4). These
results are comparable to WT arterial myocytes/arteries
(see Figure 2)'7182627 Data suggest that S1700 phos-
phorylation is not required for increased Ca, 1.2 function
and myogenic tone upon HG.

Ca, 1.2 Clustering and Cooperativity

pS1928 Controls Arterial Myocyte Ca?* and
Contractility Upon HG

We examined the physiological effects of pS1928-medi-
ated increases in a1, clustering and Ca, 1.2 cooperativity
upon HG. In silico data suggested that HG could pro-
mote arterial myocyte membrane depolarization in WT
and ST1928A cells but that pS1928 was still necessary
for HG-induced elevations in intracellular Ca?*®°' To test
these predictions, membrane potential (VM) was mea-
sured in WT and S1928A arterial myocytes in response
to 20 mmol/L D-glucose using the perforated whole-
cell patch-clamp. V,, was similar in WT (=58 £ 2 mV)
and S1928A (=58 £ 3 mV) cells exposed to 10 mmol/L
D-glucose (Figure BA, Table S9). These V,, in isolated
WT and S1928A cells are comparable to V,, previously
reported using microelectrodes in WT arterial myocytes
of pressurized arteries.’®3” Exposure to 20 mmol/L
D-glucose induced V,, depolarization to —46 = 3 mV in
WT and —47 £ 3 mV in S1928A cells (Figure bA, Table
S9), resulting in a comparable magnitude of depolariza-
tion (AV,: =12 mVin WT and —11 mV in S1928A). A 60
mmol/L K* solution caused depolarization in WT (—14
+ 2 mV) and S1928A cells (=16 £ 2 mV) to compa-
rable V,, and the expected Nernst equilibrium potential
(Figure BA, Table S9). These results confirm the in silico
predictions experimentally that HG-induced V,, depolar-
ization is not reliant on pS1928.

To test the prediction that pS1928 is necessary for
HG-induced elevations in intracellular Ca?* concentra-
tion ([Ca®']), arterial myocytes were loaded with the
membrane-permeable fluorescent Ca?* indicator fluo-4
AM. The fluorescent signal emanating from the cells was
also used to track arterial myocyte length and assess
contractility (Supplemental Materials).®?> 20 mmol/L
D-glucose increased peak [Ca®] with concomitant cell
contraction in WT cells (Figure 5B, Table S9). Peak
[Ca?*] and contractility were not statistically different
upon 20 mmol/L L-glucose (Figure 5B, Table S9), sug-
gesting that the 20 mmol/L D-glucose effects are not
due to osmolarity factors.'"'826-28 |n contrast, exposure of
S1928A cells to 20 mmol/L D-glucose did not elevate
peak [Ca?*] or caused contraction (Figure 5B, Table S9).
These results uphold the in silico prediction that pS1928
is necessary for HG-induced increased [Ca9+]i, leading to
arterial myocyte contraction.

To corroborate an in vivo physiological role for pS1928
upon HG, myogenic tone and blood flow were measured
in cerebral arteries via a cranial window in anesthe-
tized mice using Laser Speckle imaging.?6%" The cranial

Figure 2 Continued. (H) availability, (I) coupling frequency and (J) coupling strength (WT n=9 cells from 4 mice; S1928A n=11 cells from 4
mice). Data are meanSEM. Significance was assessed with extra sum-of-squares F test (A: V, -activation P=0.56601, V, -inactivation P=0.0989;

B: WT V, -activation ~=0.0013, V

50

' U 50

-inactivation A=0.1067, S1928A V, -activation A=0.1273, V, - inactivation £=0.2640; F: ~=0.0002 and

G: P=0.0521) and nested two-way ANOVA (E: P=0.0007, H: P=0.0345, I: P=0.0314 and J: P=0.0280) with Bonferroni posthoc test for all
conditions. Open/closed-time histograms were fitted with 1 or 2 Gaussian components, and centroids for open-time histograms were compared
using an extra sum-of-squares F test (F: WT £=0.0002; G: S1928A P=0.0521). Pvalues within each panel and Table S5.
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Figure 3. pS1928 mediates increased a1 clustering upon HG.

A, Representative images of proximity ligation assay (PLA) puncta of a1_-a1_ interactions from WT and S1928A myocytes upon 10 mmol/L and
20 mmol/L D-glucose. Dashed lines represent cells’ footprints and summary puncta/pm? (WT 10 D-glu n=32 cells from 5 mice, 20 D-glu n=37
cells from 5 mice; S1928A 10 D-glu n=22 cells from 3 mice, 20 D-glu n=22 cells from 3 mice). B, Representative super-resolution TIRF images
of arterial myocytes labeled for a1, with 2 magnified areas showing cluster size and distribution in WT and S1928A arterial myocytes (scale
bars=10 ym—1 ym— 0.2 um). Amalgamated data for (C) cluster size and (D) cluster density. (E) Representative nearest-neighbor interpolation
maps color-coded as a function of the number of neighbors within a 250-nm radius and frequency distribution fitted with Gaussian curves (WT 10
D-glu n=27 cells from 3 mice, 20 D-glu n=27 cells from 3 mice; S1928A 10 D-glu n=20 cells from 3 mice, 20 D-glu n=19 cells from 3 mice).
Data are mean+SEM. Significance was assessed with nested 2-way ANOVA with Bonferroni post-hoc test (A: P=0.0281, C: P=8.0x10~"%, D:

P=0.56568) and with extra sum-of-squares F test comparing centroids (E: WT P=5.7x107", S1928A P=0.0703). P values within each panel and
Table S6.

window was permeated with a control artificial cerebro-
spinal fluid solution (see Methods section) containing
10 mmol/L D-glucose to collect stable arterial diameter
and blood flow. A vasodilatory mixture (see Methods sec-
tion) was used to induce maximal dilation and calculate

Circulation Research. 2022;131:1018-1033. DOI: 10.1161/CIRCRESAHA.122.321479

myogenic tone and normalized blood flow. Flooding the
cranial window with 20 mmol/L D-glucose resulted in
a reduction in arterial diameter, which translated into an
increase in myogenic tone and a concomitant decrease
in blood flow in WT but not S1928A mice (Figure 5C,
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Figure 4. S1700 phosphorylation (pS1700) is not required for HG-induced CaV1.2 cooperative gating.

(A) Exemplary whole-cell nifedipine-sensitive |

5. traces to a depolarizing step from —70 mV to +10 mV and amalgamated current density from

WT and S1700A (n=9 cells from 3 mice). (B) Representative cell-attached recordings from WT and S1700A cerebral arterial myocytes during

a 2 s depolarizing step from —80 mV to —30 mV upon 10 mmol/L and 20

mmol/L D-glucose. (C) Magnified areas from boxed regions in B

highlighting the closed (c) and unitary Ca, 1.2 opening levels (o ). Summary data of (D) nPo, (E) availability, (F) coupling frequency and (G)
coupling strength (n=9 cells from 3 mice). H, Representative diameter recording, and summary percentage myogenic tone from S1700A cerebral

arteries upon 10 mmol/L and 20 mmol/L D-glucose (n=6 arteries from 5
t-test. Pvalues within each panel and Table S8.

Table S9). These results suggest that HG-induced
changes in cerebral artery myogenic tone and blood flow
require pS1928.

pS1928 Underlies Increased Ca, 1.2 Clustering
and Cooperativity in Diabetes

Considering the link between hyperglycemia and diabe-
tes,*** we examined if pS1928 is required for Ca,1.2
structural and functional remodeling in arterial myocytes
from a streptozotocin (STZ)-induced type 1 diabetic

1026  December 2, 2022

mice). Data are meantSEM. Significance was assessed with nested

mouse model.®® Age-matched WT and S1928A mice
were injected with citrate buffers (sham) or STZ. Non-
fasting blood glucose levels were elevated, and body
weight was smaller in WT and S1928A STZ mice (Table
S10)2" A 10 mmol/L D-glucose solution was used to
perform experiments in sham and STZ arteries and arte-
rial myocytes from WT and S1928A mice.

The modified PLA assay (Figure S4A and*%47) showed
that PLA puncta density was significantly elevated in WT
but not S1928A, STZ arterial myocytes compared with
WT/S1928A sham cells (Figure 6A, Table S11). No PLA

Circulation Research. 2022;131:1018-1033. DOI: 10.1161/CIRCRESAHA.122.321479
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Figure 5. pS1928 is necessary for increased arterial myocyte Ca?* and contractility upon HG.

A, Representative traces of perforated whole-cell recordings from WT and S1928A cerebral arterial myocytes in current-clamp mode with

a gap-free protocol and summary data of V_upon 10 mmol/L D-glu, 20 mmol/L D-glue and 60 mmol/L KCI (WT n=10 cells from 3 mice;
S1928A n=8 cells from 3 mice). (B) Representative normalized pseudo-colored confocal images at different time points and resulting
fluorescence (black) and cell length (red) traces of WT and S1928A cerebral arterial myocytes loaded with the fluorescent Ca?* indicator
fluo-4 AM. Summary data of peak [Ca**] and cell length of WT and S1928A arterial myocytes upon 20 mmol/L D-glu or 20 mmol/L L-glu
([Ca?*]: WT 20 mmol/L D-glu n=17 cells from 9 mice, 20 mmol/L L-glu n=8 cells from 5 mice; S1928A 20 mmol/L D-glu n=12 cells

from 5 mice; cell length: WT 20 mmol/L D-glu n=14 cells from 6 mice, 20 mmol/L L-glu n=8 cells from 5 mice; S1928A 20 mmol/L D-glu
n=12 cells. From 5 mice). (C) Representative pseudo-colored blood flow images of WT and S1928A cerebral pial arteries through a cranial
window exposed to 10 mmol/L D-glu, 20 mmol/L D-glu or O Ca*" + vasodilatory mix and summary data of myogenic tone and flux (WT n=9
arteries from 6 mice; S1928A n=12 arteries from 6 mice). Data are meant+SEM. Significance was assessed with nested 2-way ANOVA with
Bonferroni post-hoc test (A: P=0.0141, C: P=0.0445) and nested ANOVA with a 3-level factor (B: P=b.6x107" for peak AF/F, and P=4.9-
107° for peak AL/L,). Pvalues within each panel and Table S9.

Circulation Research. 2022;131:1018-1033. DOI: 10.1161/CIRCRESAHA.122.321479 December 2,2022 1027


https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321479

-
=]
=
=
L
)
(78]
o=
—
=
=
=
=
S

Martin-Aragén Baudel et al

signal was observed when the primary antibody was omit-
ted (Figure SHA). Super-resolution imaging uncovered a
significant increase in a1, cluster size (Figures 6B and
6C, Table S11) and the number of neighbors within a
250 nm radius from each cluster (Figure 6D, Table S11)
in WT STZ compared with WT and S1928A sham and
STZ cells. Cluster density was similar in WT and S1928A
sham and STZ cells (Figure SBB, Table S12). No signal
was detected when the primary antibody was omitted
(Figure SBC). These results suggest that diabetes rear-
ranges o1, into larger clusters in arterial myocytes and
that pS1928 mediates this remodeling.

Correlating with the pS1928-dependent al. super-
clustering during diabetes, arterial myocytes from WT
but not ST928A mice in STZ showed larger whole-cell
nifedipine-sensitive |, compared with sham (Figure SBA,

Ca, 1.2 Clustering and Cooperativity

Table S13). Moreover, single-channel recordings of
CaVT.Q channels revealed that nPo, channel availability,
and coupling frequency and strength were all elevated in
WT STZ compared with WT sham arterial myocytes (Fig-
ures 7TA=TE, Figure S6B, Table S14). The unitary open-
time was increased in WT STZ cells (Figure 7F and Table
S14). Although the cooperative open time was not differ-
ent in WT sham and STZ cells (Figure S6C, Table S13),
the increase in the frequency of Ca,1.2 cooperativity in
WT diabetic cells will still result in greater Ca?* influx.'
The closed-time analysis showed that the frequency of
events with the short closed-time component increased
in WT STZ arterial myocytes (Figure 7F, Table S14), thus
suggesting a destabilization of the channel closed-state.
These diabetes-induced alterations in Ca, 1.2 properties
were prevented/ameliorated in S1928A STZ compared

A

WT sham WT STZ

sham STZ sham STZ

S1928A sham

S1928A STZ 05. 0.0380

%%@

0 sham STZ sham STZ
WT S1928A

mean cluster size

sham STZ sham STZ
WT S1928A

WT S1928A

. sham
N STZ
0+ T T T - 0 T T T L 1
0 90 14 0 70 10 0 5 10 15 20 0 5 10 15 20
# neighbors  # neighbors  # neighbors  # neighbors # neighbors # neighbors

Figure 6. pS1928 is required for increased vascular a1_ clustering in diabetes.
(A) Representative images of PLA puncta and summary puncta/um? for a1.-a1.. interactions in sham and streptozotocin (STZ)-treated WT
and S1928A arterial myocytes (WT sham n=40 cells from 6 mice; WT STZ n=34 cells from 6 mice; S1928A sham n=32 cells from 5 mice;

S1928A STZ n=34 cells from 5 mice). Dashed lines represent the cells’ footprints. (B) Representative super-resolution total internal reflection
fluorescence (TIRF) images of arterial myocytes labeled for a1_ with 2 magnified areas showing cluster size and distribution in arterial myocytes
from sham or STZ-treated WT and S1928A mice (scale bars=10 ym—1 um—0.2 pm). (C) Amalgamated data for cluster size. (D) Representative
nearest-neighbor interpolation map color-coded as a function of the number of neighbors within a 2560 nm radius and frequency distribution data
fitted to Gaussian curves (WT sham n=34 cells from 6 mice, WT STZ n=29 cells from 5 mice; S1928A sham n=41 cells from 5 mice, S1928A
STZ n=34 cells from 5 mice). Data are mean£SEM. Significance was assessed with nested 2-way ANOVA with Bonferroni post-hoc test (A:
P=0.0024, C: P=0.0079) and with extra sum-of-squares F test comparing centroids (D: WT P=1.1x10% S1928A F=0.0706). P values within
each panel and Table S11.
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with S1928A sham cells (Figures 7A-7E, Figure S6B
and S6C, Table S13 and S14). These results suggest
that diabetes promotes pS1928-dependent Ca,1.2
channel activity and cooperativity.

The in vivo implication of the spatial and gating remod-
eling of vascular Ca,1.2 channels during diabetes and
the involvement of pS1928 in this process were evalu-
ated using Laser Speckle imaging as above. WT and
S1928A mice were fitted with a cranial window to apply
control or vasodilatory solutions to calculate the blood
flow and myogenic tone in sham and STZ conditions.
Results found an increase in myogenic tone with a
decrease in blood flow in WT STZ mice compared with
WT sham mice (Figures 7H and 7J, Table S14). Myo-
genic tone and blood flow in sham and STZ-treated
S1928A mice were comparable to each other and the
WT sham group (Figures 7H and 7J, Table S14). These
results suggest that pS1928 contributes to HG-induced
alterations in myogenic tone and blood flow in diabetic
mice. Collectively, data indicate a key role for pS1928 in
mediating increased a1 subunit superclustering, Ca, 1.2
cooperativity, and myogenic tone leading to alterations in
blood flow during diabetes.

DISCUSSION

Four key findings are described here. First, arterial
myocytes from people with type 2 diabetes and type
1 diabetic mice, and WT cells exposed to HG showed
reorganization of al_ subunits into larger clusters (e,
“superclusters"). Second, the HG and diabetes-induced
al, superclustering promoted increased frequency
and strength of Ca 1.2 cooperatively. Third, pS1928 is
required for increased a1, superclustering and Ca, 1.2
cooperativity upon HG and diabetes. Fourth, pS1928,
through a1, superclustering and Ca,1.2 cooperativ-
ity, mediated enhanced cellular [Ca19+]i and contractility,
leading to concomitant alterations in myogenic tone and
blood flow during HG and diabetes. These results high-
light a previously unappreciated role for pS1928 in medi-
ating the spatiotemporal remodeling of Ca, 1.2 channels
to regulate vascular reactivity and blood flow during dia-
betic hyperglycemia. Results may lay the foundation for
developing therapeutics with single amino acid accuracy
that corrects Ca,1.2 dysfunction during pathological
conditions. This strategy may reduce the side effects of
current options aimed at blocking channel activity rather
than correcting aberrant channel function.

Nearly 30 years ago, Louis J. DeFelice proposed that
L-type Ca?* channels could organize into clusters of various
sizes at the plasma membrane.® He further hypothesized
that phosphorylation of one or more L-type Ca?* channel
subunits could induce “superclusters” and underlie func-
tional alterations.®® Despite these provocative ideas, sup-
porting evidence is only starting to emerge. Accordingly, it
was not until 2010 that Ca, 1.2 channels were conclusively
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shown to undergo cooperative gating and that this gat-
ing modality was boosted by stimuli that activated protein
kinase C (PKC) in arterial myocytes.® Subsequently, it was
found that (3 adrenergic activation in cardiomyocytes pro-
moted a dynamic clustering of a1, subunits®'" Consistent
with DeFelice ideas, results suggested that phosphoryla-
tion events could induce spatial rearrangement of L-type
Ca?* channel subunits, particularly al which could facili-
tate Ca, 1.2 cooperative gating, but direct evidence was still
missing. This study now provides compelling evidence sup-
porting these hypotheses, directly correlating a1 “super-
clusters” mediated by pS1928 during HG and diabetes
with enhanced Ca, 1.2 cooperativity and current density in
human and mouse arterial myocytes.

Supporting the statement above, pS1928 is increased
in WT arterial lysates exposed to HG and lysates from
people with diabetes and diabetic mice."'® The HG and
diabetes-induced increased pS1928 was mediated by
activating a unique signaling complex stimulating the
AKAPS/P2Y . /AC5/PKA axis closely associated with
the a1, subunit.™'8**27 Note that while other kinases
(ie, PKC) may be activated in response to HG and dia-
betes, the effects of these stimuli on vascular Ca,1.2
were mediated by PKA.""? The increase in pS1928 to
diabetic hyperglycemia was correlated with an increase
in a1, clustering in both human and mouse arterial myo-
cytes (Figures 1, 3, and 6). These a1, spatial remodel-
ing coincided with an elevation in Ca, 1.2 activity and the
frequency and strength of cooperative events (Figures 1,
2, and 7). Altered a1, clustering and Ca, 1.2 cooperativ-
ity upon HG and diabetes were not observed in S1928A
arterial myocytes (Figures 2, 3, 6, and 7). Yet, Ca,1.2
cooperativity was increased by HG in S1700A arterial
myocytes (Figure 4). These results confirm an essential
role for a1, pS1928 in the spatiotemporal control of
vascular Ca, 1.2 channels during diabetic hyperglycemia.
Results also raise the intriguing idea that a1, phosphory-
lation by different stimuli or pathological conditions may
lead to the formation of al. “superclusters” in arterial
myocytes and other cells. Consistent with this possibil-
ity, it has been reported that mimicking phosphorylation
in the neuronal a1, subunit by replacing serine for glu-
tamic acid at the 1928 position could promote the clus-
tering of neuronal a1, subunits.®” Moreover, considering
that S1928 has been shown to be phosphorylated by
PKC and that PKC activation increases Ca,1.2 coop-
erativity,3%°8%° it is tempting to speculate that increased
pS1928 may also lead to al. “superclustering” and
enhanced Ca,1.2 channel activity and cooperativity in
response to angiotensin 1I/PKC signaling or hyperten-
sion. Thus, we proposed that phosphorylation-induced
al. “superclustering” may be a general mechanism trig-
gered by different stimuli or pathological conditions that
may underlie alterations in Ca, 1.2 gating to modulate
cellular response in arterial myocytes and perhaps other
cell types.
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Figure 7. Functional changes in Ca 1.2, arterial contractility, and blood flow during diabetes require pS1928.

A, Magnified areas of traces in S6B highlighting the closed (c) and unitary Ca, 1.2 opening levels (o) of representative cell-attached recordings
from sham or STZ WT and S1928A arterial myocytes during a 2 s depolarizing step from —80 mV to —30 mV. Summary data of Ca, 1.2 (B) nPo,
(€) availability, (D) coupling frequency, (E) coupling strength and (F, G) unitary events open and closed-time histograms obtained from WT and
S1928A cells (WT sham n=19 cells from 7 mice; WT STZ n=10 cells from 5 mice; S1928A sham n=6 cells from 5 mice; S1928A STZ n=8 cells
from 5 mice). H, Representative pseudo-colored blood flow images of sham and STZ-treated WT and S1928A cerebral pial arteries through a
cranial window exposed to 10 mmol/L D-glu and O Ca?" + vasodilatory mix. Summary data of (I) myogenic tone and (Continued)
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Steady-state a1 surface expression is maintained by
dynamic endocytosis and (re)insertion of a1 at the plasma
membrane, including fusion and fission of a1 containing
vesicles5%8! The endocytosis and (re)insertion of al. can
be influenced by phosphorylation events®'®" Recent work
found that stimulating 3 adrenergic signaling in ventricu-
lar myocytes promoted the insertion of a pool of Rab4A/
Rab11A positive a1 containing vesicles to control al.
plasma membrane abundance and clustering.!” Moreover,
enhanced neuronal a1, clustering in neurons expressing a
phosphomimetic construct for pS1928 (eg, S1928E) was
associated with unknown mechanisms by which pS1928
boosts a1 lateral diffusion and insertion.”” Thus, it is likely
that diabetic hyperglycemia-induced pS1928 promotes
both lateral diffusion and the insertion of a1, at the plasma
membrane of arterial myocytes contributing to the forma-
tion of a1, “superclusters” Consistent with these possibili-
ties, both PLA and super-resolution data show an increase
in a1 cluster size and the number of neighboring a1, clus-
ters to another cluster at/near the plasma membrane of
WT (and nondiabetic) arterial myocytes in response to dia-
betic hyperglycemia (Figures 1, 3, and 6). Yet, a1 super-
clustering triggered by HG and diabetes was not observed
in S1928A arterial myocytes. Indeed, super-resolution data
suggest that a1, cluster size and density are comparable
in WT control/sham cells compared with S1928A control,
sham, and STZ arterial myocytes. It is tempting to specu-
late that HG/diabetes-induced pS1928 promotes al .
‘superclustering” in arterial myocytes by enhancing a1,
(re)insertion rate at the plasma membrane by stimulating
the recycling of a1, from Rab25 positive recycling endo-
somes,*” promoting the homotypic fusion of a1, containing
vesicles at/near plasma membrane regions,®’ or increasing
the stochastic self-assembly of larger a1, clusters.®® Alter-
natively, HG/diabetes-induced pS1928 may also decrease
the a1, endocytosis rate”” Regardless of the mechanism,
the results here strongly support the idea that pS1928 is
essential for a1 spatial remodeling in arterial myocytes
during diabetic hyperglycemia.

The current model of Ca,1.2 cooperativity suggests
a physical interaction of 2 or more a1, carboxy termi-
nals mediated by Ca?*scalmodulin (Ca%**CaM).*" Data
here now suggest that pS1928 may be a key initial step
triggering Ca,1.2 cooperativity. Accordingly, enhanced
pS1928 can promote al. “superclustering” but also
increase Ca,1.2 activity and Ca?* influx, thus trigger-
ing the Ca?**CaM-dependent bridging of a1, carboxy
terminals leading to enhanced Ca,1.2 cooperativity.
Consistent with these possibilities, data in this study cor-
relate HG/diabetes-induced elevation in pS1928 with

Ca, 1.2 Clustering and Cooperativity

both a1, “superclustering” and increased frequency/
strength of Ca, 1.2 cooperativity in WT but not ST928A
arterial myocytes (Figures 2, 3, 6, and 7). S1928A cells
can still show some basal levels of Ca, 1.2 cooperativity.
This may be caused by a pool of a1 that could be tightly
packed within a cluster. Activating one of the ST928A
channels may allow enough Ca?* entry, which could be
“sensed” by a nearby CaM to initiate a weak bridging of
a1, carboxy terminals that contribute to basal Ca,1.2
cooperativity. However, Ca, 1.2 cooperativity will not be
augmented in S1928A arterial myocytes in response
to a stimulus, such as diabetic hyperglycemia, because
al. cannot form “superclusters” or increase Ca,1.2
activity and Ca?* influx due to the lack of pS1928.
Thus, a double hit mechanism (pS1928 promotes a1,
superclusters and Ca?* influx) may be required to fur-
ther augment Ca,1.2 activity and/or cooperative gat-
ing in response to diabetic hyperglycemia (and likely
other stimuli). Another intriguing question is whether
all a1, subunits must be phosphorylated to stimulate
Ca,1.2 cooperative gating. This may not be entirely
necessary as prior data suggest that Ca,1.2 coopera-
tivity is driven by the Ca,1.2 channel with the highest
open probability within the cluster.4® In this scenario,
an a1, with increased pS1928 leading to higher Ca, 1.2
activity within the cluster may “hijack” a nearby unphos-
phorylated or basally phosphorylated a1 to increase its
activity and promote Ca, 1.2 cooperativity.

A major implication of pS1928-induced a1 “super-
clustering” leading to enhanced Ca, 1.2 cooperativity is
that it could amplify Ca?* influx into cells, which may
regulate a myriad of cellular responses, including con-
tractility."?* This study found that HG augmented the
peak [Ca®], which correlated with an ex vivo and in vivo
increase in WT arterial myocyte contractility, resulting
in enhanced myogenic tone and reduced blood flow
(Figures 5 and 7). Similarly, diabetes increased cere-
bral artery myogenic tone and reduced blood flow in
WT mice (Figure 7).'" The alterations in arterial myocyte
Ca?" and contraction during diabetic hyperglycemia
required pS1928 as HG/diabetes-induced changes
in cellular Ca?* and contractility, and in myogenic tone
and blood flow were prevented in cells/arteries from
S1928A mice (Figures 5 and 7). These results sug-
gest that by controlling the spatiotemporal properties
of Ca, 1.2, phosphorylation of a1, at S1928 has a sig-
nificant impact on the regulation of arterial myocyte
contractility, myogenic tone, and blood flow during dia-
betic hyperglycemia. Blocking pS1928 may also help
improve cardiovascular outcomes (eg, mean arterial

Figure 7 Continued. (J) flux (WT sham n=9 arteries from 5 mice; WT STZ n=9-10 arteries from 5 mice; S1928A sham n=10-11 arteries from
5 mice; 1928A STZ n=12 arteries from 5 mice). Data are mean£SEM. Significance was assessed with nested 2-way ANOVA with Bonferroni
post-hoc test (B: P=0.0009, C: A=0.0318, D: P=0.0432, E: P=0.0109, I P=0.0018, J: P=0.0432) and with extra sum-of-squares F test (F: WT
P=0.0022; S1928A P=0.9917) for all conditions. Open/closed-time histograms were fitted with 1 or 2 Gaussian components, and centroids

for open-time histograms were compared using an extra sum-of-squares F test (F: WT P=0.0022; G: S1928A P=0.9917). P values within each

panel and Table S14.
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pressure (MAP), heart rate, pulse pressure), as data
show that genetic ablation of AKAPbS, which prevents
pS1928, ameliorates increased blood pressure dur-
ing diabetes."”® Thus, data provide a compelling link
between pS1928, a1, “superclustering,’ Ca,1.2 coop-
erativity, cellular function, and physiological response.
It is intriguing to speculate that this vertical pathway is
engaged in other tissues in health and disease.

In summary, data indicate that increased pS1928
underlies a spatiotemporal control of vascular Ca,1.2 to
modulate cellular [Ca19+]i and contractility of arterial myo-
cytes during HG and diabetes. The clinical and therapeu-
tic implications of this mechanism are significant as they
uncover a new mechanism underlying altered vascular
reactivity during diabetic hyperglycemia and highlight the
potential for the development of therapeutics that cor-
rect pathologically altered Ca, 1.2 function.
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