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Introduction
Vascular complications during diabetes are major risk factors for 
cardiovascular diseases, including stroke and hypertension (1), and 
are often linked with elevated blood glucose (i.e., hyperglycemia; 
refs. 2–4). Although the advantages of glycemic control to improve 
cardiovascular outcome in diabetic patients are well recognized, 
additional strategies targeting underlying mechanisms contributing 
to vascular dysfunction may also be beneficial (1, 5, 6). However, the 
development of improved therapeutic strategies that mitigate dia-
betic vascular complications has been hampered by an incomplete 
understanding of molecular mechanisms altering vascular reactivity 
during diabetes.

Epidemiological and functional studies suggest that, in addi-
tion to impaired endothelium-dependent vasodilation, aberrant 
arterial myocyte contractility contributes to vascular complica-
tions, including altered myogenic tone, in diabetic patients and 
murine models of diabetes (6–11). Functional expression of ion 
channels — e.g., several types of potassium (K+) channels and 
L-type CaV1.2 channels — regulates arterial myocyte excitability 
and myogenic tone (8). Alterations in the expression and/or func-
tion of these channels are associated with enhanced arterial myo-
cyte contractility and myogenic tone during diabetic hyperglyce-
mia (see reviews in refs. 8, 11, 12). Indeed, we recently reported 

that L-type Ca2+ channel activity in arterial myocytes is elevated 
and contributes to endothelium-independent enhancement of 
myogenic tone during elevated extracellular glucose as well as in 
diabetes (13, 14). This was found to be mediated by phosphory-
lation of the L-type Ca2+ channel pore-forming CaV1.2 subunit at 
serine 1928 by the serine/threonine kinase protein kinase A (PKA) 
(13, 15). The observation that glucose could mediate vasoconstric-
tion via a PKA pathway was unexpected as PKA activity has been 
traditionally linked to vasodilation. Our prior work attributed the 
PKA-mediated vasoconstriction during elevated glucose to activa-
tion of a PKA pool in close proximity to a subpopulation of CaV1.2 
(13). Yet the mechanism by which elevated extracellular glucose 
leads to increased PKA activity is not well understood.

Prior studies in yeast have shown that elevated glucose can 
activate Gαs signaling (16). This can stimulate adenylyl cyclase (AC) 
activity and the production of cAMP and PKA activation. Thus, ele-
vated glucose could act through similar mechanisms in arterial myo-
cytes. Of the 9 membrane-bound AC isoforms (17), AC3, AC5, and 
AC6 are most abundantly expressed in arterial myocytes (18–20). 
AC6 and, to some extent, AC3 have been associated with vasodila-
tory pathways via regulation of K+ channels (18, 19), but AC5 function 
is unclear. Here, we show a critical role for AC5 in mediating local 
cAMP production in response to elevated extracellular glucose. This 
represents a key signaling module mediating PKA activation and the 
underlying potentiation of vascular L-type Ca2+ channels and vaso-
constriction during hyperglycemia and diabetes.

Results
Glucose stimulates localized AC-mediated cAMP synthesis in arterial 
myocytes. Our prior work demonstrated a glucose concentration–
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and 10 mM (P = 0.2821). Yet 20 mM d-glucose 
evoked a significant change in myogenic tone, 
compared with 5–10 mM, that was not further 
raised by 30–40 mM d-glucose (Supplemental 
Table 2). Glucose-induced constriction was not 
attributed to changes in osmolarity, as equimolar 
concentration of nonpermeable mannitol or non- 
metabolizable l-glucose had no effects on vascu-
lar reactivity (13, 14, 21, 22). Note that the 10 mM 
and 20 mM d-glucose concentrations are within 
the range observed for nonfasting control and 
diabetic mice, respectively, and have been exten-
sively used by us and others as low and high exter-
nal glucose conditions to examine glucose-medi-
ated remodeling in arterial myocytes (13, 14, 21, 
23–28). These findings suggest that changes in 
external glucose between 10 mM and 20 mM 
translate into sustained elevations in mouse arte-
rial myocyte global [Ca2+]i and myogenic tone, 
and thus justify their use as control and hypergly-
cemic conditions, respectively.

We next investigated the effects of acute 
elevations in extracellular glucose from 10 mM 
to 20 mM on cAMP synthesis, and the involve-
ment of ACs in this process in arterial myocytes. 
For these experiments, we used a membrane- 
targeted Epac1-camps–based fluorescence reso-
nance energy transfer (FRET) sensor (ICUE3-PM; 
Figure 1B and refs. 29, 30). Given the difficulty  
of overexpressing exogenous proteins, such as 
the ICUE3-PM, in native tissue, we expressed the 
sensor in primary, unpassaged arterial myocytes. 
These cells retained their elongated morphology  
(Supplemental Figure 1A) and responded to a 
depolarizing stimulus (i.e., 60 mM extracellular 
K+) with a robust increase in [Ca2+]i (Supplemen-
tal Figure 1B). Flow cytometry data revealed that 
96.7% ± 0.7% of the primary, unpassaged arterial  
myocytes and 98.7% ± 0.5% of freshly isolated 
arterial myocytes were positive for α-smooth 
muscle actin and negative for fibroblast as well as 
endothelial and lineage markers (Supplemental 
Figure 1, C–E). These results indicate a high level 
of purity of our primary, unpassaged arterial myo-
cyte cultures. Proper targeting of the ICUE3-PM 
was validated by confirmation of its expression 

at the membrane (by both infection and transfection) as well as 
the localization of an ICUE3 targeted to the nucleus (ICUE3-NLS)  
and an endoplasmic reticulum marker, Sec61β-GFP (Supple-
mental Figure 2A).

In ICUE3-PM–expressing cells, an increase from 10 mM to 20 
mM d-glucose elicited a subtle yet significant increase in cAMP 
synthesis, which was further amplified by the broad AC activator 
forskolin (Figure 1, C and D, and Supplemental Figure 2B). These 
results are indicative of glucose-induced localized cAMP syn-
thesis. Coapplication of 20 mM d-glucose plus forskolin had no 
additive effect on cAMP synthesis compared with forskolin alone 

dependent effect on global intracellular Ca2+ ([Ca2+]i) in arterial 
myocytes (14). Consistent with these results, here we found that 
glucose increases myogenic tone of pressurized (60 mmHg) cere-
bral arteries from WT mice in a concentration-dependent man-
ner with an EC50 of 14.5 ± 0.4 mM (Figure 1A and Supplemental 
Tables 1 and 2; supplemental material available online with this 
article; https://doi.org/10.1172/JCI124705DS1). Increasing extra-
cellular glucose from 5 mM to 10 mM had no significant effect 
on myogenic tone (Supplemental Table 2). Elevating external 
glucose to 15 mM caused an appreciable but statistically insignif-
icant change in myogenic tone, compared with 5 mM (P = 0.1785) 

Figure 1. AC activity is required for glucose-induced localized cAMP synthesis in arterial 
myocytes. (A) Representative diameter recording (left) and summary percent change in arteri-
al tone (right) from pressurized (60 mmHg) WT cerebral arteries in response to different extra-
cellular d-glucose concentrations (n = 6 arteries from 4 mice). Solid line in the arterial tone/
[d-glucose] graph represents the best fit curve to data using a sigmoidal dose-response equa-
tion. The half-maximal d-glucose concentration (i.e., EC50) was 14.5 ± 0.4 mM. (B) Schematic 
showing the design of the Epac1-camps–based FRET sensor (ICUE3). (C) Average ICUE3-PM 
responses to increases from 10 mM to 20 mM external d-glucose before and after application 
of forskolin (1 μM) in WT arterial myocytes untreated and treated with 2,5-DDA (10 μM). The 
FRET signals were normalized to the yellow fluorescent protein/cyan fluorescent protein ratio 
observed with 10 mM d-glucose. (D) Plot of maximum FRET response to 10 mM d-glucose  
(n = 56 cells), 10 mM d-glucose + 10 mM l-glucose (n = 72 cells), 20 mM mannitol (n = 76 cells), 
20 mM d-glucose (n = 91 cells), 20 mM d-glucose in 2,5-DDA–treated cells (n = 58 cells), forsko-
lin (1 μM; n = 78 cells), 20 mM d-glucose + 1 μM forskolin (n = 52 cells), and 20 mM d-glucose 
+ 1 μM forskolin in 2,5-DDA–treated cells (n = 58 cells). Experiments from at least 3 different 
isolations; 3 mice used per isolation. *P < 0.05, Kruskal-Wallis with Dunn’s multiple compari-
sons. Statistical differences were compared between all data sets, and the asterisk highlights 
those with significance. Data represent mean ± SEM.
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from 10 mM to 20 mM external d-glucose significantly stimulated 
IBa (Figure 2, A and D). This outcome is not due to osmotic pressure 
effects (13, 14, 21, 22). The glucose-mediated increase in IBa was 
not observed in cells pretreated with the AC inhibitor 2,5-DDA 
(Figure 2, B and D). Indeed, the involvement of AC in mediating 
glucose effects on L-type Ca2+ channels can be further appreciated 
in the representative differential currents in Figure 2C highlight-
ing the voltage-dependency of IBa in response to glucose in the 
presence and absence of 2,5-DDA.

To assess the physiological relevance of glucose-induced AC 
activity to vascular reactivity, we measured arterial diameter in 
pressurized (60 mmHg) middle cerebral arteries isolated from 
WT mice. We only used arteries that robustly constricted (>50% 
constriction) in response to the high-K+ solution (60 mM) and that 
spontaneously developed stable tone upon increasing of intravas-
cular pressure to 60 mmHg (Supplemental Tables 3 and 4). Arter-
ies under control conditions constricted significantly in response to 
elevated external d-glucose (Figure 2E, Supplemental Figure 3A, 
and Supplemental Tables 3 and 4). This glucose-induced constric-
tion is independent of endothelial function, as similar responses 
are observed in endothelium-denuded arteries (13). However,  
glucose-mediated constriction was completely abolished in arter-
ies pretreated with the AC inhibitor 2,5-DDA (Figure 2F, Supple-
mental Figure 3A, and Supplemental Tables 3 and 4). The change 
in arterial tone in response to 20 mM d-glucose was significantly  
larger in control arteries (i.e., –2,5-DDA group) compared with 
+2,5-DDA–treated vessels (Figure 2G). The +2,5-DDA treatment 
did not modify the vasoconstriction induced by 60 mM K+ (Sup-

(Figure 1D). No change in cAMP synthesis was observed when 
d-glucose was substituted with equimolar concentrations of the 
non-metabolizable l-glucose or with the nonpermeable mannitol 
(Figure 1D), thus ruling out osmolarity effects. These results indi-
cate that glucose needs to be transported into the cell and metab-
olized in order to trigger cAMP synthesis. Intriguingly, elevated 
glucose stimulated cAMP synthesis at the plasma membrane, but 
not in the nuclear region, even though forskolin raised cAMP to 
about the same level in both compartments (Supplemental Figure 
2, C and D). These results suggest distinctive glucose effects on 
cAMP signaling in different cell regions. In cells treated with the 
broad AC inhibitor 2′,5′-dideoxyadenosine (2,5-DDA), which has 
nanomolar selectivity for AC5 and AC6 (31, 32), glucose-induced 
cAMP synthesis was prevented and the 20 mM d-glucose plus for-
skolin effects were slightly reduced, likely owing to inhibition of 
other AC isoforms (Figure 1, C and D). These results indicate that 
elevated extracellular glucose stimulates AC-mediated localized 
cAMP synthesis in arterial myocytes.

AC activity is required for vascular L-type Ca2+ channel poten-
tiation and vasoconstriction during increased extracellular glucose. 
We tested the hypothesis that AC activity is required for glucose- 
induced potentiation of L-type Ca2+ channels and vasoconstric-
tion (13, 14, 22). For this, we performed voltage ramps using patch-
clamp electrophysiology with barium (Ba2+) as the charge carrier 
before and after application of nifedipine (1 μM) to assess the 
nifedipine-sensitive Ba2+ current (IBa) in response to changes in 
extracellular glucose in freshly dissociated cerebral arterial myo-
cytes. Consistent with prior observations (13, 14, 22), an increase 

Figure 2. AC activity is required for vascular L-type Ca2+ channel potentiation and vasoconstriction in response to increased glucose. (A and B) Exemplary 
nifedipine-sensitive IBa from WT arterial myocytes untreated (A) and pretreated with 2,5-DDA (B) in response to a voltage ramp before and after increasing 
of extracellular glucose from 10 mM to 20 mM. (C) Representative IBa traces showing changes in glucose-induced current during a ramp depolarization from 
–80 mV to +40 mV in 2,5-DDA–untreated (–) (black trace) and 2,5-DDA–treated (+) (green trace) cells. (D) Plot (mean ± SEM) of the integrated area under the 
curve (pA∙ms) of nifedipine-sensitive IBa recorded in response to a voltage ramp before and after increasing of extracellular glucose from 10 mM to 20 mM in 
–2,5-DDA and +2,5-DDA arterial myocytes (n = 8 cells from 5 mice for the –2,5-DDA group and n = 7 cells from 3 mice for the +2,5-DDA group). *P < 0.05,  
Wilcoxon matched-pairs signed-rank test. Significance was compared between 10 mM and 20 mM d-glucose for each data set. Cell capacitance was similar 
for the –2,5-DDA (14 ± 0.5 pF) and +2,5-DDA data sets (15.7 ± 1.5 pF; P = 0.5100, Mann-Whitney test). (E–G) Representative diameter recordings (E and F) and 
summary plot of changes in arterial tone (G) from pressurized (60 mmHg) WT arteries untreated (n = 6 arteries from 6 mice) and pretreated (n = 6 arteries 
from 4 mice) with 2,5-DDA in response to 20 mM d-glucose. *P < 0.05, Mann-Whitney test. Data represent mean ± SEM.
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AC5 (AC5–/+) mice. The ICUE3-PM sensor was expressed in WT, 
AC5–/–, and AC5–/+ arterial myocytes as above. Increasing extra-
cellular d-glucose from 10 mM to 20 mM induced a significant 
increase in cAMP synthesis in WT and AC5–/+ but not in AC5–/–  
arterial myocytes (Figure 3, A and B). Yet forskolin application 
enhanced cAMP synthesis to about the same magnitude in WT, 
AC5–/–, and AC5–/+ cells (Figure 3, A and B). These results suggest 
that AC5 is necessary for glucose-induced cAMP synthesis.

AC5 is required for glucose-induced PKA-mediated L-type Ca2+ 
channel potentiation and vasoconstriction in ex vivo and in vivo 
preparations. We tested the hypothesis that increasing extracellu-
lar glucose stimulates vascular L-type Ca2+ channel activity in an 
AC5-dependent manner. To do this, we defined the nifedipine- 
sensitive whole-cell IBa in isolated arterial myocytes. Increasing 
external d-glucose from 10 mM to 20 mM induced a significant 
elevation in IBa at multiple membrane potentials with no change 
in the current-voltage (I-V) relationship (Vmax = 14.9 ± 2.0 mV for 
10 mM d-glucose and Vmax = 10.9 ± 1.1 mV for 20 mM d-glucose; 
P = 0.1085, extra sum-of-squares F test) in WT arterial myocytes 

plemental Table 4) or the magnitude of forskolin-induced vaso-
dilation (Supplemental Figure 3B and Supplemental Tables 3 and 
4) in comparison with control arteries. These data suggest that AC 
activity is required for potentiation of L-type Ca2+ channel activity 
and vasoconstriction in response to increased glucose.

AC5 is necessary for cAMP synthesis in response to increased 
extracellular glucose. We sought to define the AC isoform underly-
ing the glucose effects on cAMP synthesis, PKA-mediated L-type 
Ca2+ channel activity, and vasoconstriction. Arterial myocytes 
express several AC isoforms, including AC5 and AC6 (18, 19). 
Given the role of AC6 in vasodilatory pathways (18), we hypothe-
sized a key role for AC5 in mediating the glucose effects on cAMP 
synthesis. To test this hypothesis, we used arterial myocytes and 
arteries from age-matched male WT C57BL/6 mice and systemic  
AC5-knockout (AC5–/–) mice that had been backcrossed into the 
C57BL/6J background for 10 generations (33). Since glucose 
effects are independent of endothelium (13, 14), the use of AC5–/–  
tissue/cells provides relevant insight to support or reject our 
hypothesis. As an additional control, we generated heterozygous 

Figure 3. AC5 is necessary for cAMP synthesis, L-type Ca2+ channel potentiation, and vasoconstriction in response to elevated glucose.  (A) Averaged 
ICUE3-PM responses to 20 mM d-glucose before and after forskolin (1 μM) in WT, AC5–/–, and AC5–/+ cells. Experiments from at least 3 different isolations, 
with 3 mice per isolation. (B) Plot of maximum FRET response to 20 mM d-glucose and 20 mM d-glucose + 1 μM forskolin in WT (n = 92), AC5–/– (n = 114), 
and AC5–/+ (n = 40) cells. *P < 0.05, Kruskal-Wallis test. Significance was compared between the 20 mM d-glucose and forskolin response and the 20 mM 
d-glucose response for all conditions. (C) Nifedipine-sensitive IBa-voltage relationship in WT (n = 6 cells) and AC5–/– (n = 8 cells) cells in 10 mM and 20 mM 
d-glucose. *P < 0.05, Wilcoxon matched-pairs signed-rank test. Cell capacitance was similar for WT (17.0 ± 0.8 pF) and AC5–/– cells (19.3 ± 1.9 pF; P = 0.4700, 
Mann-Whitney test). (D) Normalized in silico (sim, light gray and light blue lines) and exemplary experimental (exp, black and blue lines) [Ca2+]i traces from 
arterial myocytes in intact WT and AC5–/– arteries in response to 20 mM d-glucose, and plot of the percentage change in Ca2+ in response to 20 mM d-glucose 
in WT (from 7 arteries) and AC5–/– (from 9 arteries) cells (*P < 0.05, Mann-Whitney test). (E and F) Representative diameter recordings (E) and summary 
changes in arterial tone (F) from WT (n = 7 arteries from 4 mice), AC5–/– (n = 7 arteries from 4 mice), and AC5–/+ (n = 9 arteries from 4 mice) pressurized arter-
ies in response to 20 mM d-glucose. *P < 0.05, Kruskal-Wallis with Dunn’s multiple comparisons. Data represent mean ± SEM.
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myocytes is unlikely to be due to changes in CaV1.2 functional  
expression. These results suggest an essential role for AC5 in 
PKA-dependent L-type Ca2+ channel stimulation during elevated 
extracellular glucose.

We used a well-established mathematical model of arterial  
myocyte electrophysiology and Ca2+ dynamics (34), recently 
adapted by us (15), to examine the effects of increased extracel-
lular glucose in modulating arterial myocyte membrane potential 
(Em) and global [Ca2+]i. The model was informed by available data 
from our group and others indicating that glucose targets both 
L-type Ca2+ and K+ channels to enhance L-type Ca2+ currents and 
suppress K+ currents (13, 14, 21, 24, 28, 35, 36), which are major 
ionic conductances influencing arterial myocyte excitability (8). 
Under these conditions, the model predicted that a 10 mM to 20 
mM change in external d-glucose will cause membrane potential 
depolarization (from –59 mV to –52 mV) and elevate global [Ca2+]i  
(from 70 nM to 159 nM) in a simulated WT cell (Supplemen-
tal Figure 4B). This approximately 7-mV shift in Em and mag-
nitude of change in [Ca2+]i are similar to those previously  
reported in response to increased external glucose in arterial myo-
cytes (13–15, 24). However, when simulating an AC5–/– arterial 
myocyte (or WT cells treated with +2,5-DDA) under basal con-
ditions, the model predicted a more depolarized Em and higher 
[Ca2+]i in comparison with a WT cell (Supplemental Figure 4B). 
The model also projected that elevating glucose in our simulated 
AC5–/– cell would still induce membrane potential depolarization 
(from –53 mV to –49 mV), albeit of smaller magnitude than in a 
WT cell. Yet the glucose-induced change in global [Ca2+]i observed 
in the WT cell will be hindered in the AC5–/– cell (from 83 nM to 
99 nM) (Figure 3D and Supplemental Figure 4B). Consistent 
with these predictions, we experimentally observed a significant 
increase in global [Ca2+]i in arterial myocytes exposed to elevated 
glucose in pressurized arteries from WT but not AC5–/– mice, irre-
spectively of any potential change in Em (Figure 3D and Supple-
mental Figure 4B). Altogether, these results suggest a critical role 
for AC5 activity in stimulating L-type Ca2+ channel activity and 
global [Ca2+]i during elevated extracellular glucose, independent 
of changes in membrane potential.

To assess the role of AC5 in modulating vascular reactivi-
ty upon increased extracellular glucose, arterial diameter was 
measured ex vivo in pressurized (60 mmHg) middle cerebral 
arteries from WT, AC5–/–, and AC5–/+ mice. Arteries from WT 
and AC5–/+ mice developed spontaneous stable tone and exhib-
ited robust constriction in response to elevation in extracellular 
glucose from 10 mM to 20 mM (Figure 3, E and F, Supplemen-
tal Figure 5A, and Supplemental Tables 5 and 6). The response 
to increased glucose was completely abolished in arteries from 
AC5–/– mice. Peak constriction in response to a 60-mM K+ stim-
ulus was similar in WT, AC5–/+, and AC5–/– arteries (Supple-
mental Tables 5 and 6), indicating that genetic ablation of AC5 
does not inhibit vasoconstriction. Moreover, forskolin applica-
tion induced vasodilation to a similar extent, even in the pres-
ence of elevated glucose, in WT, AC5–/+, and AC5–/– arteries  
(Supplemental Figure 5B and Supplemental Tables 5 and 6). 
Conversely, arteries from AC6-knockout (AC6–/–) mice robustly 
constricted in response to elevated extracellular glucose (Supple-
mental Figure 5C and Supplemental Tables 5 and 6), suggesting 

(Figure 3C and Supplemental Figure 4A). In stark contrast, 20 mM 
d-glucose failed to stimulate L-type Ca2+ channel activity in AC5–/– 
arterial myocytes (Figure 3C and Supplemental Figure 4A). Note 
that IBa under control conditions (i.e., 10 mM d-glucose) was simi-
lar between WT and AC5–/– cells (WT, –3.3 ± 0.2 pA/pF, vs. AC5–/–,  
–3.7 ± 0.2 pA/pF; P = 0.1673, extra sum-of-squares F test). Thus, 
the lack of IBa response to increased glucose in AC5–/– arterial 

Figure 4. AC5 is necessary for increased myogenic tone of cerebral 
arteries in response to elevated glucose in vivo. (A) Overview of the open 
cranial window. Black arrowheads indicate exemplary arteries that were 
used for analysis. (B–K) Representative images of middle cerebral arteries 
and branches (white arrows) visualized through an open cranial window 
and used to analyze diameter changes in response to 10 mM d-glucose (B 
and G) and in response to 20 mM d-glucose (C and H), 10 mM d-glucose + 
10 mM mannitol (D and I), and 0 Ca2+ + 1 μM nifedipine (E and J) in WT and 
AC5–/– mice (n = 8 arteries from 2 mice per group). The yellow arrows point 
to veins. (F and K) Summary percent myogenic tone in response to 10 mM 
d-glucose, 10 mM d-glucose + 10 mM mannitol, and 20 mM d-glucose. *P < 
0.05, ANOVA with Tukey’s multiple-comparisons test for each group. Data 
represent mean ± SEM.
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that AC6 plays no significant role in this process. Indeed, the mag-
nitude of the glucose-mediated constriction was similar between 
WT and AC6–/– arteries (WT, 28.1% ± 2.7%, vs. AC6–/–, 23.1% ± 
4.2%; P = 0.260, Mann-Whitney test).

We also evaluated the glucose effects on vascular reactivity in 
vivo using an open cranial window in anesthetized mice (Figure 
4A). This approach exposes middle cerebral arteries and branches  
to topical treatment. Permeation of the cranial window with a 
20-mM d-glucose solution induced a robust sustained constric-
tion of cerebral arteries in WT mice (Figure 4, B, C, F, and Sup-
plemental Tables 7 and 8). As expected, application of a solution 
containing 0 Ca2+ and the L-type Ca2+ channel blocker nifedipine 
(1 μM) caused dilation of the arteries (Figure 4E). Myogenic tone 
increased from 26.0% ± 5.0% in 10 mM d-glucose to 47.4% ± 3.2% 
in 20 mM d-glucose (normalized to 0 Ca2+/nifedipine; P < 0.05; 
Figure 4F and Supplemental Tables 7 and 8). Note that no change 
in myogenic tone was observed when d-glucose was substituted 
with equimolar concentrations of the nonpermeable mannitol, 
ruling out any osmotic pressure effects in this preparation (Fig-
ure 4, D and F, and Supplemental Tables 7 and 8). In contrast, we 
found no change in myogenic tone upon elevating extracellular  

d-glucose from 10 mM (27.1% ± 3.2%) to 20 mM (23.6% ± 4.1%;  
P = 0.3663, ANOVA with Tukey’s multiple-comparisons test) in 
arteries from AC5–/– mice (Figure 4, G–K, and Supplemental Tables 
7 and 8). These results suggest that AC5 is necessary for glucose- 
induced vasoconstriction in vivo. Altogether, our data indicate  
that elevated extracellular glucose triggers localized AC5-depen-
dent cAMP synthesis that leads to PKA-mediated potentiation of 
vascular L-type Ca2+ channel activity and vasoconstriction.

Close association of L-type Ca2+ channel CaV1.2 and AC5 in 
arterial myocytes. We hypothesized that a subpopulation of AC5 
is in close proximity to the L-type Ca2+ channel pore-forming 
subunit CaV1.2 in arterial myocytes to enable functional regu-
lation of channel activity by glucose. To test this possibility, we 
used ground state depletion (GSD) super-resolution nanosco-
py in the total internal reflection fluorescence (TIRF) configu-
ration with antibodies specific for CaV1.2 and AC5. The CaV1.2 
antibody has been extensively validated by our group (13, 37). 
The AC5 antibody was validated by Western blot analysis and 
immunofluorescence imaging with whole-brain lysates and iso-
lated arterial myocytes, respectively, from WT and AC5–/– mice 
(Supplemental Figure 6). Note that protein expression and AC5- 

Figure 5. Close association between L-type Ca2+ channel CaV1.2 and AC5 in arterial myocytes. (A) Exemplary TIRF images (top panels) and corresponding 
GSD reconstruction maps (middle panels) from a WT arterial myocyte labeled for CaV1.2 and AC5 (scale bar: 1 μm). Higher magnifications of the areas in the 
yellow boxes are shown in the bottom panels (scale bar: 200 nm). (B) Histograms of the area of clusters of CaV1.2 and AC5 in arterial myocytes (n = 7 cells). 
(C) Plot of the cluster density of CaV1.2 and AC5 in arterial myocytes (n = 7 cells). (D) Higher magnification of a merged image and associated x – y fluores-
cence intensity profile of areas of close association between CaV1.2 (green) and AC5 (red) (scale bar: 100 nm). (E) Histogram of the lowest intermolecular 
distance to AC5 centroids for CaV1.2 particles. Data were fit with a multi-Gaussian function (n = 30,141 particles from 7 cells). (F and G) Exemplary differen-
tial interference contrast (right panels) and confocal PLA/DAPI images (left panels) (scale bars: 10 μm) of arterial myocytes colabeled for CaV1.2 and AC5 
(F) and CaV1.2 and AC6 (G). (H) Quantification of PLA puncta per square micrometer cell area for isolated arterial myocytes labeled with CaV1.2 (n = 21 cells), 
AC5 (n = 18 cells), AC6 (n = 22 cells), CaV1.2 + AC5 (n = 36 cells), or CaV1.2 + AC6 (n = 21 cells). *P < 0.05, Kruskal-Wallis with Dunn’s multiple comparisons. 
Significance was compared between data sets as specified. Data represent mean SEM.

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/8
https://www.jci.org/articles/view/124705#sd
https://www.jci.org/articles/view/124705#sd
https://www.jci.org/articles/view/124705#sd
https://www.jci.org/articles/view/124705#sd
https://www.jci.org/articles/view/124705#sd
https://www.jci.org/articles/view/124705#sd
https://www.jci.org/articles/view/124705#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 1 4 6 jci.org   Volume 129   Number 8   August 2019

associated fluorescence were completely absent in brain protein 
lysates and arterial myocytes, respectively, from AC5–/– animals. 
These results also confirm expression of AC5 in arterial myo-
cytes. Whereas conventional TIRF images showed diffuse flu-
orescence associated with CaV1.2 and AC5, the GSD-rendered 
localization maps revealed broad distribution of both proteins 
in clusters of variable sizes (CaV1.2, 2764 ± 138 nm2; AC5, 3205 
± 170 nm2; Figure 5, A and B) and cluster densities (Figure 5C) 
throughout the plasma membrane of arterial myocytes. The 
CaV1.2- and AC5-associated fluorescent signals and distribu-
tions were never observed in cells in which primary antibodies 
were omitted (Supplemental Figure 7A) or nonimmune IgGs 
were used (Supplemental Figure 7B). Upon closer inspection, 
we noticed sites of close interaction between CaV1.2 and AC5 
(Figure 5D). Nearest-neighbor analysis between CaV1.2 and AC5 
showed, on average, 2 components with centers at approximately  
53 and 105 nm (Figure 5E). In stark contrast, GSD nanoscopy 
with nearest-neighbor analysis revealed that clusters of CaV1.2 
and transferrin receptor (TfR), which has limited to no inter-
action with CaV1.2 (13, 38), were further apart from each other 
and had a broader distance distribution (Supplemental Figure 

7, C–E). The closer average distance component between CaV1.2 
and TfR was 110 nm, compared with 55 nM for CaV1.2 and AC5, 
with most TfR clusters more than 500 nm apart from CaV1.2 
(Supplemental Figure 7E).

We complemented the GSD results with the proximity liga-
tion assay (PLA), which detects whether 2 proteins of interest 
are at or less than 40 nm apart (39). We have extensively vali-
dated this approach (9, 13, 22). Robust PLA signal was observed 
in cells colabeled for CaV1.2 and AC5 (Figure 5, F and H). This 
PLA signal was nearly absent when either primary antibody for 
CaV1.2 or AC5 was omitted (Figure 5H and Supplemental Figure 
7F). We also examined the association between CaV1.2 and AC6. 
Although PLA signal was detected between CaV1.2 and AC6 (Fig-
ure 5, G and H, and Supplemental Figure 7F), their density was 
significantly lower than that observed for CaV1.2 and AC5 (Figure 
5H). Altogether, these results indicate a close association (≤40 
nm) between pools of CaV1.2 and AC5 in arterial myocytes.

AC5 depletion prevents vascular L-type Ca2+ channel activity  
and myogenic tone remodeling in HFD and STZ mice. L-type Ca2+ 
channel activity and myogenic tone are elevated during diabe-
tes (13, 14, 27, 28, 40, 41). To explore the involvement of AC5 in 

Figure 6. AC5 expression is critical for increased L-type Ca2+ channel activity in HFD and STZ arterial myocytes. (A) IBa-voltage relationship from LFD and 
HFD WT cells (LFD capacitance = 17.0 ± 0.6 pF, n = 8 cells/4 mice; HFD capacitance = 15.7 ± 0.5 pF, n = 7 cells/4 mice) and AC5–/– cells (LFD capacitance = 16.2 
± 1.0 pF, n = 8 cells/4 mice; HFD capacitance = 16.4 ± 0.8 pF, n = 8 cells/4 mice). *P < 0.05, Mann-Whitney test. I-V relationship was similar between LFD and 
HFD WT cells (LFD Vmax = 7.4 ± 2.1 mV vs. HFD Vmax = 9.2 ± 1.2 mV; P = 0.4847, extra sum-of-squares F test) and AC5–/– cells (LFD Vmax = 11.9 ± 2.3 mV vs. HFD 
Vmax = 12.4 ± 2.1 mV; P = 0.3489, extra sum-of-squares F test). (B) IBa-voltage relationship from sham and STZ WT cells (sham capacitance = 16.8 ± 1.5 pF, 
 n = 10 cells/4 mice; STZ capacitance = 17.6 ± 1.4 pF, n = 9 cells/4 mice) and AC5–/– cells (sham capacitance = 16.0 ± 1.6 pF, n = 7 cells/4 mice; STZ capacitance 
= 15.0 ± 0.7 pF, n = 12 cells/5 mice). *P < 0.05, Mann-Whitney test. I-V relationship was similar between sham and STZ WT cells (sham Vmax = 13.1 ± 1.8 mV 
vs. STZ Vmax = 12.3 ± 1.4 mV; P = 0.7992, extra sum-of-squares F test) and AC5–/– cells (sham Vmax = 9.5 ± 1.9 mV vs. STZ Vmax = 13.6 ± 1.3 mV; P = 0.0789, extra 
sum-of-squares F test). (C and D) Exemplary confocal PLA and differential interference contrast images of LFD and HFD (C) and sham and STZ (D) WT cells 
colabeled for CaV1.2 and AC5 (scale bars: 10 μm). Plot of PLA fluorescent puncta/μm2 cell area for WT LFD and HFD cells (C; n = 17–52 cells per condition;  
*P < 0.05, Kruskal-Wallis test with comparisons between data sets as specified) and sham and STZ cells (D; n = 17–29 cells per condition; *P < 0.05, 1-way 
ANOVA for comparisons between experimental and negative control data sets, Mann-Whitney test for comparison between experimental sham and STZ) 
labeled for AC5, CaV1.2, and AC5 + CaV1.2. Data represent mean ± SEM.
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this model in previous studies to examine remod-
eling of different ion channels (including L-type 
Ca2+ channels) and transcription factors as well as 
vascular reactivity, and results have been positive-
ly correlated with changes observed in arteries/ 
arterial myocytes from diabetic patients (9, 13, 
21, 28). Independently, WT and AC5–/– mice were 
injected with either control citrate buffer (i.e., 
sham) or STZ. Body weight, nonfasting blood 
glucose levels, and cholesterol were significant-
ly increased in HFD mice compared with LFD 
animals (Supplemental Table 9). Intriguingly, a 
previous report suggested that genetic ablation 
of AC5 was protective against obesity, glucose 
intolerance, and insulin resistance (51), which 
contrasts with our observations in the HFD model 
(Supplemental Table 9). These disparities can be 
accounted for by several key experimental differ-
ences between the studies, including differences  
in genetic background and use of appropriate con-
trol diet and HFD composition and formulation. We 
also observed the characteristic increase in nonfast-
ing blood glucose levels with a slight loss in weight 
in STZ mice compared with sham (Supplemental 
Table 10). Arteries and arterial myocytes from these 
mice were isolated, maintained, and experimented 
upon using solutions with 10 mM d-glucose.

Arterial myocytes from WT but not AC5–/– mice 
in HFD (Figure 6A and Supplemental Figure 8A) 
and STZ (Figure 6B and Supplemental Figure 8B) 
showed a significant increase in IBa over several 
membrane potentials with no change in the I-V 
relationship, compared with corresponding con-
trols (for details see legend to Figure 6, A and B). 
The potentiation of IBa in WT HFD and STZ cells 
was correlated with increased association between 
CaV1.2 and AC5 in HFD (Figure 6C and Supplemen-
tal Figure 8C) and STZ (Figure 6D and Supplemen-
tal Figure 8C) arterial myocytes, compared with 
LFD and sham cells, respectively, as assessed with 
PLA. Vasoconstriction in response to 60 mM K+ 
was significantly higher in arteries from WT HFD 

mice, but not in arteries from AC5–/– mice, compared with cor-
responding LFD arteries (Supplemental Tables 11 and 12). Myo-
genic tone at several intravascular pressures was significantly  
elevated in arteries from WT mice on HFD compared with the 
LFD cohort (Figure 7A and Supplemental Tables 11 and 12). In 
stark contrast, myogenic tone was similar in cerebral arteries 
from AC5–/– mice on LFD or HFD (Figure 7B and Supplemental 
Tables 11 and 12). Similarly, in vivo intravital imaging of cerebral 
arteries using a cranial window revealed increased myogenic 
tone in WT STZ mice compared with WT sham (Figure 7C and 
Supplemental Tables 13 and 14). The myogenic tone of cere-
bral arteries in sham- and STZ-treated AC5–/– mice was similar 
between each other and the WT sham group. Collectively, these 
data indicate a key role for AC5 in mediating increased L-type 
Ca2+ channel activity and myogenic tone in HFD and STZ mice.

this remodeling, we used 2 well-established models of diabe-
tes. The first is a diet-induced diabetic mouse model that reca-
pitulates clinical features observed in type 2 diabetic patients 
(13, 21, 28, 42–47). The second is the streptozotocin-induced 
(STZ-induced) diabetic mouse model (48). For both animal 
models, age-matched male WT and AC5–/– mice were used. 
The C57BL/6J is a suitable background for examining diet- 
induced metabolic disorders (47, 49). WT and AC5–/– mice were 
fed a low-fat diet (LFD; 10% kcal fat) or a high-fat diet (HFD; 
60% kcal fat) with the same composition and formulation 
(except for fat content) for 12–16 weeks (13, 28, 42, 44). This 
is critical as differences in diets’ composition and formulation 
as well as inappropriate use of grain-based chow as a “control 
diet” will have confounding effects associated with other com-
ponents present in the diets (47, 50). We have extensively used 

Figure 7. AC5 expression mediates increased myogenic tone in HFD and STZ arteries in ex 
vivo and in vivo preparations. Exemplary diameter recordings over a pressure range (from 
10 to 100 mmHg) and plot summarizing percent myogenic tone obtained using arteries from 
WT mice (A; LFD: n = 6 arteries from 6 mice; HFD: n = 6 arteries from 5 mice) and AC5–/– mice 
(B; LFD: n = 5 arteries from 5 mice; HFD: n = 6 arteries from 6 mice) on LFD and HFD (*P < 
0.05, Mann-Whitney test). Dashed lines represent passive diameter. (C) Representative 
images of middle cerebral arteries and branches (white arrows) visualized through an open 
cranial window from sham- and STZ-treated WT mice (n = 36 arteries from 5 mice for sham 
and n = 77 arteries from 6 mice for STZ) and AC5–/– mice (n = 38 arteries from 4 mice for 
sham and n = 73 arteries from 7 mice for STZ). The right panel shows a plot of percent myo-
genic tone from sham- and STZ-treated WT and AC5–/– mice. *P < 0.05, Mann-Whitney test 
between data sets from the same genotype. Data represent mean ± SEM.
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wide increase in cAMP production. In the context of 
arterial myocytes, in which it has been traditionally 
postulated that PKA is mainly involved in vasodilatory 
pathways (8), this glucose-elicited cAMP signaling is 
meaningful as it can induce activation of a pool of PKA 
targeted to a specific substrate (i.e., L-type Ca2+ chan-
nels) to influence a particular cellular response (i.e., 
contraction). Consistent with this view, application of 
forskolin in pressurized arteries resulted in vasodila-
tion, even in the presence of elevated glucose (Supple-
mental Figure 3B and Supplemental Figure 5B). Thus, 
we submit that localized cAMP signaling provides a 
level of compartmentation that facilitates the specific 
stimulation of a pool of PKA that can potentiate L-type 
Ca2+ channel activity and vasoconstriction in response 
to elevated extracellular glucose, while likely averting 
activation of PKA-mediated vasodilatory pathways.

Multiple independent studies have found that 
arterial myocytes express several AC isoforms 
and that AC3, AC5, and AC6 are most abundantly 
expressed and may play significant functional roles 
in arterial myocytes (18–20). These studies report-
ed a prevailing role for AC6, and to some extent 
AC3, in modulating vasodilatory signals through  
β-adrenergic stimulation and modulation of K+ channel 

activity (18–20). However, no involvement of AC5 in vasodilation 
could be defined (18), suggesting that this AC isoform could modu-
late other cellular responses. Consistent with this, we uncovered a 
critical functional role for AC5 in glucose-mediated cAMP synthe-
sis and PKA-dependent L-type Ca2+ channel potentiation, as well as 
in the ex vivo and in vivo induction of vasoconstriction in response 
to increased extracellular glucose. This assertion is supported by 
data using pharmacological inhibition of AC with 2,5-DDA, which 
has nanomolar selectivity for AC5 (31, 32), as well as arterial  
myocytes from AC5–/– mice. Moreover, in a subset of experiments 
using arteries from AC6–/– mice, increased glucose was still able 
to induce vasoconstriction to the same extent as in WT arteries. 
These observations indicate divergent functional roles for AC5 
and AC6 in arterial myocytes. Thus, our data indicate that selec-
tive activation of AC5 modulates local cAMP synthesis, L-type 
Ca2+ channel activity, and vascular reactivity in diabetic hyper-
glycemia. Furthermore, together with previous studies (18–20), 
our data highlight previously unappreciated cellular responses in  
arterial myocytes mediated by distinct AC isoforms.

Changes in AC activity have been linked to vascular dysfunc-
tion in rodent models of diabetes (52). A reduction in AC activity 
was suggested to underlie the impaired vasorelaxation of mesen-
teric arterial myocytes from STZ-induced diabetic rats, but the 
specific AC isoform underlying the changes was not identified (52). 
A recent comprehensive study in rat mesenteric arterial myocytes 
found that AC6 plays a major role in vasodilation through modu-
lation of K+ channels (18). Considering that K+ channel function is 
impaired in arterial myocytes in response to elevated glucose and 
diabetes (9, 21, 24, 28, 35, 36, 53), a decrease in AC6 signaling may 
also contribute to impaired vasodilation in diabetes. Our experi-
ments further implicate activation of AC5 signaling as an essential 
component in the regulation of arterial myocyte L-type Ca2+ chan-

Discussion
Myogenic autoregulation can be modulated by acute and chronic  
elevations in extracellular glucose (i.e., hyperglycemia). This 
may have profound implications as hyperglycemia is the major 
metabolic abnormality in diabetes and a key risk factor in the 
development and progression of vascular complications (1). 
Such elevations in glucose, either acutely or in animal models of 
diabetes, are often related to endothelium-dependent and -inde-
pendent increase in vascular reactivity (4, 6–8, 10, 11, 13, 14, 27, 
28, 35, 36, 40, 41). In this study, we made multiple fundamental 
discoveries regarding the mechanisms underlying alterations in 
vascular reactivity during hyperglycemia and diabetes (Figure 8). 
We found that acute elevations in extracellular glucose induced a 
subtle yet significant increase in cAMP synthesis that requires AC 
activity in arterial myocytes. Glucose-induced cAMP synthesis 
was mediated specifically by the AC5 isoform, which is in close 
proximity to the CaV1.2 pore-forming subunit of the L-type Ca2+ 
channel. Glucose-induced AC5 activity mediated the activation 
of an anchored PKA pool, which, by phosphorylating CaV1.2 at 
a single amino acid (serine 1928), causes potentiation of L-type 
Ca2+ channel activity, increased [Ca2+]i, and vasoconstriction. 
This chain of events underlies the potentiation of L-type Ca2+ 
channel activity and myogenic tone in 2 animal models of diabe-
tes. These results suggest that AC5-driven L-type Ca2+ channel 
hyperactivity in arterial myocytes may be a general mechanism 
for increased myogenic tone during diabetic hyperglycemia.

Our first central observation was that elevating extracellular 
glucose led to a small yet significant increase in cAMP synthesis in 
arterial myocytes (Figure 1) that is reminiscent of localized cAMP 
production. Indeed, application of the broad AC activator forsko-
lin induced an approximately 6-fold increase in cAMP in arterial 
myocytes compared with the glucose response, indicating a cell-

Figure 8. Proposed model for role of AC5-mediated localized cAMP production in 
stimulation of L-type Ca2+ channels and vasoconstriction upon increases in extracel-
lular glucose and in diabetes. Schematic model of glucose-mediated, AC5-dependent 
regulation of L-type Ca2+ channel activity and vascular reactivity. In this model, elevations 
in extracellular glucose, through transport and metabolization (13), can activate a P2Y 
receptor coupled to Gs signaling via extracellular nucleotide signaling (22) to specifically 
stimulate AC5 activity and localized production of cAMP. As AC5 is in close proximity to 
CaV1.2, this cAMP microdomain may activate a pool of AKAP150-anchored PKA that is 
intimately associated with CaV1.2 to increase its phosphorylation at serine 1928, leading 
to enhanced channel activity. This will result in an elevation in [Ca2+]i that modulates 
arterial myocyte contraction and myogenic tone.
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complex in arterial myocytes (Figure 8). This arrangement could 
facilitate optimal signaling among AC5, PKA, and CaV1.2 to trigger 
contraction during hyperglycemia and diabetes. This possibility 
should be investigated in future experiments as it may add further 
insight into mechanisms by which glucose-mediated activation of 
PKA can lead to vasoconstriction.

A key remaining question is how AC5 is activated by diabetic  
hyperglycemia. Gαs protein–coupled receptors (GαsPCRs) are 
well-recognized activators of AC signaling. Thus, elevations in 
glucose could induce activation of a GαsPCR to stimulate AC5 
activity. This will promote cAMP synthesis and PKA-mediated 
potentiation of L-type Ca2+ channel activity and vasoconstriction 
(Figure 8). Consistent with this possibility, we recently identified a 
Gs-coupled P2Y receptor that is activated by increases in extracel-
lular nucleotides in response to elevated glucose to regulate cAMP 
synthesis, CaV1.2 phosphorylation at serine 1928, L-type Ca2+ 
channel activity, and vascular reactivity (22). This Gs-coupled P2Y 
receptor could spatially organize within a specific pool of AC5, 
perhaps through AKAP79/150 scaffolding, to mediate optimal 
activation of this AC isoform in arterial myocytes in response to 
hyperglycemia. Future studies should comprehensively examine 
this model and its implications in diabetes.

In summary, our data indicate a central role for AC5 signaling 
in regulation of L-type Ca2+ channel activity and vascular reactiv-
ity in response to elevations in extracellular glucose and diabetes. 
Results also highlight the significance of selective activation of AC 
isoforms in mediating distinctive cAMP signaling. This may have 
profound implications for the regulation of divergent processes 
such as vasodilation and vasoconstriction.

Methods
Detailed information on materials and experimental procedures is 
provided in Supplemental Methods.

Animals. Age-matched (5–8 weeks) male C57BL/6J WT, AC5–/–, 
AC5–/+, and AC6–/– mice were used. A subgroup of mice was put on 
either a low-fat diet (LFD; 10% kcal) or a high-fat diet (HFD; 60% kcal) 
(Research Diets) starting at 5 weeks of age. For other experiments, 
age-matched (8–12 weeks) WT and AC5–/– mice were injected with low 
doses of STZ to destroy pancreatic β cells and induce hyperglycemia 
as previously described (48). All mice were euthanized by i.p. injection 
of pentobarbital (250 mg/kg). For metabolic characterization, blood 
samples from LFD, HFD, sham, and STZ mice were analyzed at the 
University of California, Davis, Mouse Biology Program facility.

Arterial myocyte isolation. Isolated mouse cerebral arterial myo-
cytes were obtained from arteries digested in dissection buffer con-
taining papain (1 mg/mL) and DTT (1 mg/mL), followed by incubation 
in dissection buffer containing collagenase type F (0.7 mg/mL) and 
collagenase type H (0.3 mg/mL). Cells were kept in ice-cold dissec-
tion buffer and used the same day. For unpassaged, cultured mouse 
arterial myocytes, mouse aortae were dissected out and incubated in a 
DMEM solution containing 2.2 mg/mL of collagenase Type II (Worth-
ington) to remove the adventitia. Subsequently, arterial segments 
were incubated with 2.2 mg/mL of collagenase Type II (Worthington) 
with constant shaking to obtain isolated cells. Isolated arterial myo-
cytes were seeded on glass coverslips coated with laminin.

Flow cytometry. Single cells were processed using a standard 
FACScan cytometer (BD Biosciences) upgraded to a dual laser system 

nel function and vascular reactivity during diabetes. Consistent 
with this, increased arterial myocyte L-type Ca2+ channel activi-
ty and myogenic tone in HFD and STZ mouse models of diabe-
tes were averted in AC5–/– mice on HFD and STZ (Figures 6 and 
7). These results suggest a detrimental effect of AC5 signaling in 
arterial myocytes during diabetes. Moreover, results suggest that 
AC5 and AC6 may play unique yet critical roles in the vasculature. 
This is reminiscent of the distinctive roles for AC5 and AC6 in the 
heart, in which AC5 activity seems to contribute to age-related 
cardiomyopathy whereas AC6 signaling may be protective against 
cardiac hypertrophy (54, 55). Thus, divergent AC5 and AC6 signal-
ing may have profound implications in multiple tissues and differ-
ent physiological and pathological conditions, which could point 
toward these AC isoforms as potential therapeutic targets.

Our super-resolution nanoscopy and PLA analysis revealed 
broad distribution of CaV1.2 and AC5 with subpopulations of 
both of these proteins closely associating with each other in arte-
rial myocytes (Figure 5). The average distance between AC5 and 
CaV1.2 pools in these cells was 53 nm, with a subpopulation of AC5 
centroids in closer proximity to CaV1.2. This intimate spatial orga-
nization, which is less so between CaV1.2 and AC6, may be neces-
sary for local PKA-dependent regulation of L-type Ca2+ channels 
in arterial myocytes. In line with this, we recently showed a similar 
arrangement between CaV1.2 and PKA in which subpopulations 
of these proteins are closely associated with each other (≤40–90 
nm) (13). The implication of these data is that pools of AC5 and 
PKA may be part of the same signaling complex and, if within 
an optimal distance to a subpopulation of CaV1.2, can facilitate 
potentiation of L-type Ca2+ channels under conditions such hyper-
glycemia and/or diabetes. This possibility is supported by data 
indicating that close CaV1.2-PKA association is required for glucose- 
mediated potentiation of L-type Ca2+ channels (13), and findings 
in this study suggesting that increased CaV1.2 and AC5 associa-
tion may underlie potentiation of L-type Ca2+ channel activity and 
vasoconstriction in arterial myocytes from HFD and STZ mice 
(Figure 6, C and D). The results are evocative of a recent study by 
Tajada et al. suggesting that regulation of TRPV4 channels by PKC 
during angiotensin II–mediated Gq signaling in arterial myocytes 
is highly dependent on the distance between the ion channel and 
the kinase (56). Thus, our data provide additional support for an 
emerging model in which the boundaries for optimal, local, and 
graded modulation of an ion channel by signaling proteins, includ-
ing AC, are defined by distinctive distance constraints between 
members of the signaling complex.

The spatial relationship and PKA-dependent regulation of 
vascular CaV1.2 channels by diabetic hyperglycemia are facili-
tated by the scaffolding protein A kinase anchoring protein 150 
(AKAP150; murine ortholog of human AKAP79) (13). A well- 
recognized mechanism by which the AC/cAMP signaling can be 
delimited to a particular substrate is through AKAPs, including 
AKAP79/150 (17). Data suggest that AKAP79/150 interacts with 
AC5 (57–59), and that this interaction, together with anchoring 
of PKA, is functionally relevant to compartmentalized β-adren-
ergic signaling in neurons (59). Thus, considering that AKAP150- 
anchored PKA is essential for glucose-mediated potentiation of 
L-type Ca2+ channel activity and vasoconstriction (13), it is tempt-
ing to speculate that AC5 is a pivotal part of this macromolecular 
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device (EMCCD) camera (iXon3 897; Andor Technology). Images 
were reconstructed from 30,000 images using the coordinates of 
centroids obtained by fitting of single-molecule fluorescence signals 
with a 2D Gaussian function in LASAF software (Leica). All pixels with 
intensity above a user-defined threshold were binarized, segmented 
into individual objects, and included as clusters in our analysis. Clus-
ter size and density were determined using the Analyze Particle option 
in the ImageJ software (NIH). The JACoP plug-in in ImageJ was used 
to automatically determine the shortest intermolecular distances for 
CaV1.2 and AC5 following the protocol described in ref. 62.

Immunoblotting. Freshly isolated whole mouse brains were 
homogenized in a RIPA lysis buffer solution and cleared by centrif-
ugation, and the supernatant was used as the whole-brain lysate. 
Proteins were separated by SDS-PAGE and then transferred to a 
PVDF membrane, which was blocked in 5% nonfat dried milk before 
being incubated in primary antibody. Classico (Millipore) and Femto  
(Thermo Fisher Scientific) chemiluminescence reagents and expo-
sure to x-ray film were used to identify the bands. Densitometry anal-
ysis for bands was performed with ImageJ software (NIH). β-Actin 
was used for normalization of AC5 loading input (density expressed 
as percentage of β-actin).

Immunofluorescence. Freshly dissociated arterial myocytes were 
fixed, labeled, and imaged as previously described (9, 22, 63, 64), using 
a goat anti-AC5 antibody (1:1000; sc74301, Santa Cruz Biotechnology).

In vivo intravital imaging using cranial window. Mice were anes-
thetized with isoflurane and implanted with a cranial window. In vivo 
images were acquired using a Unitron Z850 stereomicroscope and 
StCamSWare software (Sentech America Inc.) and analyzed using 
NIH ImageJ.

Chemicals. All chemical reagents were from Sigma-Aldrich unless 
otherwise stated. A list of key reagents and resources is included in 
Supplemental Table 15.

Statistics. Data were analyzed using GraphPad Prism software and 
expressed as mean ± SEM. Data were assessed for potential outliers 
using the GraphPad Prism Outlier Test and for normality of distribu-
tion. Statistical significance was then determined using appropriate 
paired or unpaired 2-tailed Student’s t test, nonparametric tests, or 
1-way ANOVA for multiple comparisons with appropriate post hoc 
test. P less than 0.05 was considered statistically significant (denoted 
by an asterisk in the figures).

Study approval. All animal studies strictly adhered to the approved 
Institutional Animal Care and Use Committee protocols (protocols 
20321 and 20234) at University of California, Davis.
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ments; validated protocols; collected, analyzed, and interpreted 
data; and revised the manuscript. MPP, MAN, SM, and PS exe-
cuted experiments, collected and analyzed data, and revised the 
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access to equipment, interpreted data, and revised the manu-
script. MNC conceived and designed experiments; collected, 
analyzed, and interpreted data; and revised the manuscript. 

with the addition of a blue laser (15 mW at 488 nm) and a red laser 
(25 mW at 637 nm; Cytek Development Inc.). Data were acquired and 
analyzed using CellQuest (BD Biosciences) and FlowJo software (ver-
sion 9.7, Tree Star Inc.), respectively.

Adenovirus infection of arterial myocytes and FRET. Mouse aor-
tic cells plated on laminin-coated coverslips were infected with virus 
coding for the membrane-targeted Epac1-camps–based FRET sensor 
(ICUE3-PM; refs. 29, 30). Viruses were produced using the AdEasy 
system (Qbiogene; ref. 60). A Zeiss AXIO Observer A1 inverted flu-
orescence microscope equipped with a Hamamatsu Orca-Flash 4.0  
digital camera and controlled by Metaflor software (Molecular Devices) 
was used to acquire phase contrast, CFP480, and FRET images.

Transfection of arterial myocytes and confocal imaging. Unpassaged, 
primary cultured arterial myocytes seeded on Cell-Tak–coated covers-
lips (Thermo Fisher Scientific) were transfected with DNA constructs 
(1 μg DNA) for either the general endoplasmic reticulum marker 
Sec61β-GFP (GenBank NM_006808; gift from Eammon J. Dickson, 
Department of Physiology and Membrane Biology, University of Cal-
ifornia, Davis) or ICUE3-PM or ICUE3-NLS (29, 30) using Trans-
feX transfection reagents following the manufacturer’s instructions 
(ATCC). An Olympus FV1000 confocal microscope paired with an 
Olympus ×60 oil immersion lens (NA = 1.4) was used to collect images  
at different optical planes (z axis, 0.5 μm). Images were processed 
offline using NIH ImageJ open software (9, 13).

Arterial diameter measurements. Freshly isolated cerebral artery 
segments were mounted in a 5-mL myograph chamber as described 
previously (13, 21, 28) to determine arterial diameter changes in 
response to changes in extracellular glucose concentration and intra-
luminal pressure.

Electrophysiology. All experiments were performed at room tem-
perature (22°C–25°C) using the whole-cell patch-clamp technique with 
an Axopatch 200B amplifier and a Digidata 1440 digitizer (Molecular 
Devices). Analysis was performed using pClamp 10 (Molecular Devices).

Proximity ligation assay. A Duolink In Situ proximity ligation assay 
(PLA) kit (Sigma-Aldrich; ref. 39) was used to detect complexes contain-
ing AC5 and CaV1.2 protein in freshly isolated cerebral arterial myocytes 
as previously described (9, 13). Imaging and analysis were performed as 
previously described using NIH ImageJ open software (9, 13, 22).

In silico modeling. Simulations were performed using the Kapela 
et al. mathematical model of electrophysiology and Ca2+ dynamics in 
arterial myocytes (34) as recently adapted by our group (15).

Immunolabeling and GSD microscopy. Freshly dissociated arterial 
myocytes were fixed, labeled, and imaged as previously described (13, 
22), using goat anti-AC5 (1:1000; sc74301, Santa Cruz Biotechnology) 
and custom rabbit anti-FP1 (10 μg/mL; ref. 61) antibodies. Specificity 
of secondary antibodies was tested in control experiments in which 
primary antibodies were omitted from the preparation (no primary 
antibody control) or nonimmune isotype-specific immunoglobulins 
(i.e., rabbit IgG or goat IgG) were used. Coverslips containing fixed 
and stained cells were mounted on a round-cavity microscope slide 
containing MEA-GLOX imaging buffer (NeoLab Migge Laborbedarf- 
Vertriebs GmbH) and sealed with Twinsil (Picodent). Imaging was 
performed using a super-resolution ground state depletion (SR-GSD) 
system (Leica) dependent on stochastic single-molecule localization 
and equipped with high-power lasers (532 nm, 2.1 kW/cm2; 642 nm, 
2.1 kW/cm2; 405 nm, 30 mW), a 160× HCX Plan-Apochromat (NA 
1.47) oil immersion lens, and an electron-multiplying charge-coupled 
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