
American Journal of Hypertension  34(11)  November 2021  1227
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Pressure-induced constriction (PIC), also referred as my-
ogenic constriction, is the inherent property of vascular 
smooth muscle cells (VSMCs) in small arteries and arterioles 
to constrict in response to an increase in intraluminal pres-
sure.1,2 The response is pronounced in certain organs in-
cluding the mesenteric, heart, kidney, and brain. PIC is a 
mechanism of blood flow autoregulation, the ability of an 
organ or tissue to maintain a constant blood flow in the pres-
ence of increases or decreases in perfusion pressure. Loss of 
PIC occurs in many inflammatory diseases including hyper-
tension, chronic renal disease, stroke, and dementia. Loss of 
PIC in the cerebral circulation also occurs in preeclampsia.3,4 
For instance, PIC of the middle cerebral artery (MCA) has 
been shown to be reduced in a rat model of preeclampsia 
and could be involved in the abnormal autoregulation in this 
disease.4

PIC is initiated by VSMC stretch. Increases in intraluminal 
pressure elongate VSMCs, which are wrapped circumferen-
tially around the vessels. VSMC stretch is thought to acti-
vate a mechanoelectrical coupling event, which converts 

the mechanical signal at the cell membrane to signaling 
event into the cell plasma. Members of the degenerin/
epithelial Na+ channel (Deg/ENaC) family form known 
mechanosensors in certain sensory neurons of the nematode 
Caenorhabditis elegans and fly Drosophila melanogaster.5–8 
Our laboratory has shown that several members of this 
family are expressed in renal and cerebral VSMCs at or near 
the cell membrane. We and others have also shown that in-
hibition of vascular Deg function, using broad spectrum 
pharmacological inhibitors, such as amiloride and benzamil; 
gene-specific silencing using siRNA and dominant-negative 
constructs abolishes PIC responses. We have also shown 
that PIC is abolished in renal interlobar arteries, renal af-
ferent arterioles, and MCAs of mice lacking normal levels 
of beta-epithelial Na+ channel (βENaC).9–12 While our pre-
vious loss-of-function studies demonstrate that Deg proteins 
mediate PIC signaling, understanding the importance of 
loss of Deg function in vascular disease requires a gain-of-
function or enhancement of Deg expression. Since there are 
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BACKGROUND
Pressure-induced constriction (PIC) is inherent to small arteries 
and arterioles, in which intraluminal pressure-induced vascular 
smooth muscle cell stretch elicits vasoconstriction. Degenerin (Deg) 
proteins, such as beta-epithelial Na+ channel (βENaC), have been 
studied in the PIC response because they are evolutionarily linked 
to known mechanosensors. While loss of Deg function phenotypes 
are plentiful, a gain-of-function phenotype has not been studied. 
The aim of this study was to determine if expression of exogenous 
βENaC in the isolated middle cerebral artery (MCA) enhances the 
PIC response.

METHODS
Isolated MCA segments from female mice (24 weeks, n  =  5) were 
transfected with enhanced green fluorescent protein–βENaC (EGFP–
βENaC) or with EGFP alone, incubated overnight at 37 °C, then studied 
in a pressure myograph.

RESULTS
Mechanical/morphological properties and vasoconstrictor responses 
to KCl and phenylephrine were identical in EGFP–βENaC and EGFP 
MCAs. In contrast, PIC responses were greater in EGFP–βENaC 
segments with ~2-fold greater peak myogenic tone.

CONCLUSIONS
These data confirm previous findings that βENaC is critical in the PIC 
response. These data provide proof-of-concept that upregulating 
βENaC can enhance PIC responses and lay the foundation to test the 
hypothesis that inflammation-mediated downregulation of βENaC 
contributes to cerebrovascular dysfunction.
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no pharmacological activators of βENaC, other approaches 
such as gene transfer by transient transfection are needed 
to enhance βENaC expression. However, whether transient 
transfection of βENaC into small artery segments actually 
enhances PIC has never been addressed. Therefore, the pur-
pose of this study was to determine if transfer of exogenous 
βENaC gene into MCA segments enhances βENaC expres-
sion and PIC responses.

METHODS

All protocols and procedures used in this study were 
reviewed and approved by the Institutional Animal Care 
and Use Committee of the University of Mississippi Medical 
Center. The data that support the findings of this study are 
available from the corresponding author upon reasonable 
request.

Preparation of enhanced green fluorescent protein–
mβENaC expression vector

Using standard cloning techniques, mouse βENaC 
(mβENaC) was cloned into enhanced green fluorescent pro-
tein (EGFP)-C1 expression vector at EcoR1 and BamH1 re-
striction enzyme sites (EGFP–mβENaC). Constructs were 
sequenced to ensure accuracy. EGFP fluorescence was used 
as indicator of gene expression. To ensure that the EGFP–
mβENaC fusion protein was appropriately expressed, we 
examined construct expression in heterologous cells using 
western blotting.

Western blot detection of βENaC in heterologous cells

To ensure the expression of EGFP and βENaC were in 
frame, we transfected COS-7 (African green monkey kidney 
fibroblasts, ATCC, Manassas, VA) and A10 cells (rat aortic/
thoracic VSMCs, ATCC) with EGFP–mβENaC, EGFP, and 
using Lipofectamine 3000 (Lfx) (Thermo Fisher Scientific, 
Waltham, MA). Cells were grown to 70% confluence on 
100 mm dishes and transfected with 5 µg pcDNA at 1:1.5:2 
pcDNA:P3000 reagent:Lipofectamine 3000 (Thermo Fisher 
Scientific) in Opti-MEM Reduced Serum Medium. Cells 
were grown overnight, examined for EGFP fluorescence, 
then scraped into 1 ml KBO buffer composed of (in mM/l) 25 
NaH2PO4, 300 NaCl, 20 octylglucoside, 0.5% Triton (10%), 
at pH ~7.4. The lysate was freeze–thawed, vortexed aggres-
sively, centrifuged at 14,000 RPM for 30 minutes at 4  °C, 
and separated into soluble (S) and insoluble (I) fractions. 
The insoluble fraction was solubilized in 100 μl 2× Laemmli 
buffer, heated, and vortexed gently until in solution. Protein 
samples were separated using standard gel electrophoresis 
procedures on 4–20% gradient gels (Bio-Rad Laboratories, 
Hercules, CA), then transferred to nitrocellulose membranes. 
Membranes were first stained with Revert Red to ensure 
equivalent loading, then destained before blocking with 
Li-Cor blocking solution (LI-COR Biosciences, Lincoln, NE) 
for 1 hour at 4 °C. Following, membranes were exposed to 
primary antibodies [rabbit anti-mβENaCC-term, generated in 
our laboratory, 1:2,000); mouse anti-EGFPAV (JL-8, Clontech 

Laboratories, 1:2,000)] overnight, and rinsed then exposed 
to donkey anti-rabbit IR 680 and donkey anti-mouse IR 800 
at 1:10,000 each, for 1 hour, then rinsed and visualized on a 
Li-Cor Odyssey Infrared Scanner.9,11,13,14

Isolation and transfection of mouse cerebral artery 
segments

To transfect cerebral artery segments, we used a modi-
fied protocol previously used by Jernigan and Drummond.13 
Briefly, female, wild type mice of mixed genetic background 
of C57BL/6J and 129 within our mouse colony (n  =  5, 24 
weeks of age) were anesthetized with isoflurane, then 
decapitated. Brains were immediately removed and placed 
in ice cold physiological salt solution composed of (in mM/l) 
130.0 NaCl, 4.0 KCl, 1.8 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 6.0 
glucose, 4.0 NaHCO3, 10 HEPES, and 0.03 EDTA, which was 
equilibrated with a gas mixture of 95% O2 and 5% CO2, at pH 
~7.4. Surface cerebral artery segments, including the MCA, 
were isolated using microsurgical instruments and a boom-
stand stereo microscope (Zeiss, White Plains, NY), cut into 
segments, transferred to four-well glass slides (Nunc Lab-
Tek, Thermo Fisher Scientific) and transiently transfected 
with 10  μg of expression vectors [EGFP–mβENaC, EGFP, 
or lipofectamine (Lfx) vehicle] in Opti-MEM containing 1% 
penicillin/streptomycin using Lipofectamine 3000. After 4 
hours, a 1:1 ratio of Dulbecco’s Modified Eagle Medium (1×) 
containing 1% penicillin/streptomycin and 20% fetal bovine 
serum was added to the vessels. Vessels were maintained 
for 18 hours in a humidified incubator (95% air, 5% CO2) at 
37 °C. For EGFP fluorescence and VSMC immunolabeling, 
surface cerebral artery segments were pooled, then ran-
domly aliquoted to glass slide wells and transfected. The 
following day, whole mount segments were either imaged 
directly or enzymatically dissociated for immunolabeling 
studies as described in the following section. For vascular 
reactivity studies, only MCA segments were used.

Immunolabeling of enzymatically dissociated 
cerebral VSMCs

VSMCs were enzymatically dissociated using 78 U pa-
pain and 3 mg dithioerythritol in 4 ml Hanks Buffered Salt 
Solution at 37 °C for 15 minutes, followed by 6 U collagenase 
type II, 3  mg soybean trypsin inhibitor type II, and 3  mg 
elastase in 4 ml at 37  °C for 12 minutes. Vessels were col-
lected by gentle centrifugation and washed twice in 10 ml of 
Hanks Buffered Salt Solution. Vessels were resuspended in 
200 μl of Hanks Buffered Salt Solution. VSMCs were released 
by gentle trituration with a series of fire polished, plugged 
Pasteur pipettes in decreasing diameter, then passed over a 
70-μm filter to remove any undigested debris. The collected 
VSMCs were fixed in 4% paraformaldehyde for 10 minutes 
before being pipetted onto slides, air-dried then stored at 
room temperature until staining.



American Journal of Hypertension  34(11)  November 2021  1229

Exogenous βENaC Increases Cerebrovascular Tone

Immunolabeling of enzymatically dissociated VSMCs

Samples were rehydrated in distilled water, rinsed in 
phosphate-buffered saline three times, 5 minutes each, 
blocked in 5% normal donkey serum for 1 hour, and then 
incubated with primary antibody targeted to the C-terminal 
region of mouse βENaC (rabbit anti-mβENaCC-term, 1:100) 
and mouse anti-α-smooth muscle actin (1:100, Sigma-
Aldrich, St Louis, MO) overnight at 4  °C in 5% normal 
donkey serum. Samples were rinsed in phosphate-buffered 
saline three times and then incubated with secondary anti-
body solution of donkey anti-rabbit Alexa 546 (1:250, Thermo 
Fisher Scientific) and donkey anti-mouse Alexa 633 (1:250, 
Thermo Fisher Scientific) for 1 hour at room temperature. 
Following final rinses in phosphate-buffered saline, samples 
were cover-slipped and imaged on a Leica TCS SP8 confocal 
microscope using a 63× objective and 5× optical zoom. All 
samples comparing βENaC expression were processed side-
by-side and scanned under identical conditions. Images were 
prepared identically for publication in Adobe Photoshop.

Vascular reactivity

MCA reactivity to pressure, KCl and α-adrenergic 
agonists have been described previously.15 Briefly, MCA 
segments were cannulated onto glass cannulas in a pressure-
flow chamber containing +Ca2+ physiological salt solution, 
and equilibrated at 0 mm Hg for 30 minutes, then at 50 mm 
Hg for 15 minutes at 37 °C. Inflow pressures were controlled 
and measured by a pressure servo-control system (Living 
Systems Instrumentation, St Albans City, VT). Inner and 
outer diameters were measured by CoolSnap color camera 
with a microangiometer using MetaMorph 6.1 software.

Depolarization- and α-adrenergic agonist-induced 
constriction responses of the isolated MCAs

Increasing concentrations of KCl (4, 20, 40, and 80 mM, 
3 minutes incubation) were used to test the depolarization-
induced constrictor responses at the beginning of the 
experiments, and α1-receptor agonist phenylephrine (PE; 
10−7 to 10−4 M) was used to test the viability of the vessels 
at the end of the experiment at 50  mm Hg, ensuring that 
vessels were still viable. Vessels with a >25% constriction to 
10–4 M PE at the end of the experiment were included in the 
analysis.

Myogenic responses of the isolated MCAs

Active diameter changes of MCAs were measured to step-
wise increases in intraluminal pressure (15–90 mm Hg with 
15  mm Hg increments for 5 minutes) in Ca2+-containing 
physiological salt solution. Following, the bath solution was 
exchanged for Ca2+-free physiological salt solution com-
posed of (in mM/l) 130.0 NaCl, 4.0 KCl, 1.2 MgSO4, 1.2 
KH2PO4, 6.0 glucose, 4.0 NaHCO3, 10 HEPES, 0.03 EDTA, 
and 2.0 EGTA, which was equilibrated with a gas mixture of 
95% O2 and 5% CO2, at pH ~7.4.

Calculations and statistics

Myogenic tone (%) was calculated using the following for-
mula: ((DP − DA)/DP) × 100, where DP is passive diameter and 
DA is active diameter of the vessels at a given intraluminal 
pressure value. Circumferential strain of the vessel wall was 
calculated using the following formula: (DP − D15)/D15), 
where DP is the passive diameter at a given intraluminal 
pressure and D15 is the passive diameter at 15 mm Hg under 
Ca2+-free conditions. Circumferential stress was calculated 
using the following formula: P × DP/(2 × WT), where DP is 
passive diameter, WT is wall thickness, and P is intraluminal 
pressure (where 1 mm Hg = 1.334 × 102 N/m2) under Ca2+-
free conditions.

All data are expressed as mean ± standard error of the 
mean (SEM) and analyzed using unpaired two-tailed t test or 
two-way repeated-measure analysis of variance (ANOVA), 
where appropriate, using Prism 7.0. Differences among 
groups were determined using Sidak’s multiple compar-
ison post hoc test. The specific statistical test applied is stated 
in figure legends. Statistical significance was considered 
at P  <  0.05. Certain P values are provided to demonstrate 
confidence.

RESULTS

EGFP–mβENaC constructs are expressed as a single 
in-frame, fusion protein

A schematic of the EGFP–mβENaC fusion protein is 
shown in Figure 1a. To test fusion protein integrity, we 
examined expression in COS7 and A10 cells (Figure 1b,c). 
In COS-7 cells, EGFP is mostly expressed in the soluble or 
cytosolic fraction (at ~30  kDa), while the EGFP–mβENaC 
(~125 kDa) is expressed in the insoluble or membrane asso-
ciated fraction (Figure 1b). No endogenous βENaC is found 
in the COS7 cells, as expected. Note that both the EGFP and 
mβENaC antibodies identify the same protein product in 
the EGFP–mβENaC transfected cells. EGFP–mβENaC pro-
tein expression appears lower than EGFP alone, likely due 
to its greater length. A similar expression pattern is seen in 
the smooth muscle cell line, A10, except overall exogenous 
EGFP–mβENaC expression is lower and endogenous βENaC 
is detected as high-molecular-weight isoform (~200  kDa) 
(Figure 1c). A high-molecular-weight isoform of βENaC has 
been detected in VSMC preparations in previous studies.16 
Since the βENaC antibody is directed the extreme C-terminus 
of mβENaC, these findings confirm that the EGFP–mβENaC 
construct encodes a single, in-frame, fusion protein.

Expression of EGFP and EGFP–mβENaC in mouse cerebral 
artery segments and dissociated VSMCs

To test for fusion protein expression in VSMCs of whole 
mount cerebral artery segments, segments were transiently 
transfected with EGFP or Lfx vehicle. Representative fluo-
rescence images show EGFP expression in dissected mouse 
cerebral artery segments compared with Lfx alone under 
identical imaging conditions (Figure 2a). The typical 
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circumferential orientation of VSMCs is apparent indicating 
EGFP expression in VSMCs. Due to the reduced EGFP fluo-
rescence with the EGFP–mβENaC fusion protein, we only 
examined EGFP transfected whole mount segments.

To test for upregulation of βENaC in EGFP–mβENaC 
transfected cerebral artery segments, we dissociated VSMCs 
from EGFP control and EGFP–mβENaC segments, then 

immunolabeled them for βENaC (red) and α-SM actin (blue). 
Representative images are shown in Figure 2b. Although 
we were not able to detect increased βENaC expression in 
the EGFP–mβENaC transfected VSMCs (lower panels) 
compared to those transfected with EGFP (upper panels), 
we observed differences in the intensity and localization of 
the EGFP signal (green) consistent with the EGFP–mβENaC 

Figure 1.  EGFP–mβENaC is expressed as an in-frame fusion protein that is appropriately targeted to the membrane fraction in heterologous cells. (a) 
Schematic illustration of the fusion protein and the primary antibodies. The fusion protein is more than ~3-fold larger than the EGFP. The rabbit anti-
mβENaC antibody targets the C-terminal of the mβENaC, and mouse anti-EGFPAV antibody targets the EGFP protein (specific antigenic site is proprietary). 
(b,c). Representative immunoblots showing EGFP and βENaC expression in COS7 (b) and A10 cells (c). EGFP expression is higher in soluble (S) fraction, 
while EGFP–mβENaC expression is higher in insoluble (I) fraction of the cell lysates. EGFP, enhanced green fluorescent protein; mβENaC, mouse beta-
epithelial Na+ channel.
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Figure 2.  Cerebral artery segments and dispersed VSMCs show EGFP and βENaC expression following transfection with EGFP or EGFP–mβENaC. (a) 
Representative fluorescence images of cerebral artery segments showing EGFP expression following EGFP (a, right), but not Lfx (a, left), treatment. EGFP 
was visualized using confocal microscopy and samples were imaged side-by-side under identical conditions. (b) Enzymatically dissociated VSMCs from 
EGFP control and EGFP–mβENaC transfected cerebral artery segments, immunolabeled for mβENaC and α-SM actin, then visualized using confocal mi-
croscopy. Panel columns represent EGFP (left, green), mβENaC (middle left, red), α-SM actin (middle right, blue), and merged (right) images. Single color 
images are shown as black and white for visual sensitivity and the merged images are presented in color. Panel rows represent EGFP control (top rows) 
and EGFP–mβENaC (bottom rows), no-primary antibody controls for both transfection conditions are also shown. EGFP fluorescence intensity is higher 
and localized to the cytoplasm in EGFP transfected (top rows), while intensity is lower and localized at or near the cell membrane with α-SM actin in 
EGFP–mβENaC transfected (bottom rows) VSMCs. Lfx, Lipofectamine 3000; EGFP, enhanced green fluorescent protein; VSMC, vascular smooth muscle 
cell; mβENaC, mouse beta-epithelial Na+ channel.
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fusion protein. First, the fluorescence intensity of EGFP is 
higher in EGFP vs. EGFP–mβENaC transfected VSMCs. 
Second, the EGFP fluorescence is localized to the cytoplasm 
in EGFP transfected VSMCs, but it is localized at or near 
the cell surface along with α-SM actin in EGFP–mβENaC 
transfected VSMCs. This would be expected since βENaC is 
a transmembrane protein. Thus, while overall βENaC fluo-
rescence is not greater, which may reflect an antibody sen-
sitivity issue, the localization pattern of EGFP fluorescence 
is consistent with βENaC-targeted membrane localization.

Vasoconstrictor responses to depolarizing and α-adrenergic 
agents are identical between EGFP and EGFP–mβENaC 
transfected MCAs

Changes in inner diameter in response to KCl (4–80 mM) 
and PE (10−7 to 10–4 M) are shown in Figure 3a,b, respec-
tively. Vasoconstriction responses to KCl were identical 
between EGFP and EGFP–mβENaC transfected MCA 
segments (Figure 3a). A  two-way repeated measures 
ANOVA showed an effect of KCl (P < 0.0001), but no ef-
fect of construct or interaction (P  =  0.555, P  =  0.335, re-
spectively). At the highest doses of KCl (80 mM), internal 
diameters were 43.6 ± 2.2 vs. 46.7 ± 3.3 µm in EGFP and 
EGFP–mβENaC groups, respectively. Vasoconstriction 
responses to PE are also identical between EGFP and 
EGFP–mβENaC transfected MCAs (Figure 3b). A two-way 

repeated measures of ANOVA showed an effect of PE con-
centration (P < 0.0001), but no effect of construct or inter-
action (P  =  0.729, P  =  0.502, respectively). At the highest 
concentration of PE 10−4 M, internal diameters were 41.7 ± 
2.5 vs. 40.3 ± 3.7 µm in EGFP and EGFP–mβENaC groups, 
respectively. These results suggest that the ability of EGFP–
mβENaC segments to constrict per se is not different from 
EGFP controls.

Transfection of MCA segments with EGFP–mβENaC 
enhances pressure-induced constriction

Inner diameter responses under active (Ca2+-
containing) and passive (Ca2+-free) conditions, calculated 
myogenic tone, log-pressure vs. myogenic tone relation-
ship, and slope of myogenic tone of MCA segments to 
stepwise increases in intraluminal pressure are shown in 
Figure 4a–e. We found the passive responses (Ca2+-free) 
in EGFP vs. EGFP–mβENaC are identical (Figure 4a,b). 
Two-way repeated measures ANOVA showed a main ef-
fect of intraluminal pressure (P  <  0.0001), but no main 
effect of expression construct (P  =  0.336) or interac-
tion of intraluminal pressure and construct (P  =  0.274) 
on the passive responses, suggesting that the expres-
sion of EGFP–mβENaC does not change the mechanical 
properties of the MCA segments compared to EGFP alone. 
Calculated myogenic tone for both groups is shown in 
Figure 4c. While EGFP and EGFP–mβENaC transfected 
MCA segments develop increasing myogenic tone from 15 
to 90 mm Hg, tone is greater in EGFP–mβENaC segments 
at 45, 60, 75, and 90 mm Hg intraluminal pressure values. 
Moreover, peak myogenic tone is nearly 2-fold greater in 
EGFP–mβENaC segments (11.6 ± 0.4% vs. 6.3 ± 0.4%, at 
75  mm Hg, P  =  0.0006). The log-pressure vs. myogenic 
tone relationship and the slope of this relationship are 
shown in Figure 4d,e, respectively. The slope of the log-
pressure vs. myogenic tone relationship is significantly 
higher in EGFP–mβENaC transfected MCAs at 45, 60, 75, 
and 90 mm Hg intraluminal pressure compared to EGFP 
transfected MCAs (Figure 4d). The slope of this relation-
ship in EGFP–mβENaC is significantly higher compared 
to EGFP transfected MCA segments (unpaired, two-tailed 
t test, P  =  0.0272, Figure 4e). These results suggest that 
transfection of the isolated MCA with EGFP–mβENaC 
significantly increases the PIC sensitivity.

Mechanical and morphological properties of EGFP and 
EGFP–mβENaC transfected MCAs are similar

To determine whether differences in mechanical and mor-
phological properties might contribute to the increased PIC 
responses in EGFP–mβENaC transfected MCA segments, 
we calculated the circumferential wall strain and stress 
under Ca2+-free conditions (Figure 5a,b). The circumfer-
ential strain (0.25 ± 0.02 vs. 0.27 ± 0.01, P = 0.82, Figure 
5a) and stress (4.1 ± 0.5 vs. 4.6 ± 0.09, P = 0.95, Figure 5b), 
at 90 mm Hg, were identical in EGFP and EGFP–mβENaC 
MCAs, respectively. These findings suggest that mechanical 
properties do not account for the enhanced PIC responses 

Figure 3.  Vasoconstrictor responses of MCA segments following 
transfection with EGFP or EGFP–mβENaC. Vasoconstrictor responses to 
depolarizing agent (KCl, a) and α-adrenoceptor agonist agent (phenyl-
ephrine, PE, b) (n = 5) were not affected by expression of EGFP–mβENaC 
(●) compared to EGFP controls (○). Data represent internal diameters 
and were analyzed using a two-way repeated measures ANOVA, which 
showed an effect of KCl (P < 0.0001) and PE (P < 0.0001) concentration, 
but no effect of expression construct (P  =  0.555, 0.729) or interaction 
(P  =  0.335, 0.502). Data are presented as mean ± SEM, n  =  5 in EGFP 
and EGFP–mβENaC groups. EGFP, enhanced green fluorescent protein; 
mβENaC, mouse beta-epithelial Na+ channel; MCA, middle cerebral ar-
tery; ANOVA, analysis of variance; SEM, standard error of the mean.
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in the EGFP–mβENaC transfected MCA segments. We 
also found that the wall thickness (12.6  ± 1.07 vs. 13.6  ± 
0.98  μm, P  =  0.51) and wall-to-lumen ratio (0.19  ± 0.02 
vs. 0.20 ± 0.01, P = 0.56) are identical between EGFP and 
EGFP–mβENaC transfected MCA segments, respectively, 

suggesting that morphological changes do not contribute to 
the enhanced PIC responses in EGFP–mβENaC transfected 
MCA segments.

Figure 4.  Pressure-induced vasoconstriction (PIC) responses of MCA segments following transfection with EGFP or EGFP–mβENaC. (a,b) Intraluminal 
diameters of MCA segments transfected with EGFP control (a) or EGFP–mβENaC (b) in response to stepwise increases in intraluminal pressure under 
active (Ca2+-containing, ●) and under passive (Ca2+-free, ○) conditions. The passive responses (Ca2+-free) in EGFP vs. EGFP–mβENaC were compared 
using two-way repeated measures ANOVA, which showed a main effect of intraluminal pressure (P < 0.0001), but no main effect of expression construct 
(P = 0.336) or interaction of intraluminal pressure and construct (P = 0.274) on the response. (c) Calculated myogenic tone of isolated MCAs following 
transfection with EGFP (○) or EGFP–mβENaC (●). Two-way repeated measures ANOVA showed an effect of intraluminal pressure (P < 0.0001) and EGFP–
mβENaC expression (P = 0.0001) and an interaction between genotype and intraluminal pressure (P < 0.0451) on intraluminal pressure vs. % myogenic 
tone. Sidak’s multiple comparison post hoc test showed a significant effect of expression of EGFP–mβENaC on myogenic tone at 45 (P = 0.0170), 60 
(P = 0.0156), 75 (P = 0.0006), and 90 (P = 0.0124) mm Hg intraluminal pressure values. (d) Pressure and myogenic tone relationship was linearized by plot-
ting pressure log vs. tone to obtain the slope or estimate of PIC sensitivity. (e) Slope of the relationship between log of intraluminal pressure vs. myogenic 
tone of the MCA following transfection with EGFP or EGFP–mβENaC. Individual data points are shown. PIC sensitivity was significantly increased in MCA 
segments following transfection with EGFP–mβENaC compared to that of EGFP (P = 0.0272, unpaired two-tailed t test). Data are presented as mean ± 
SEM, n = 5 in each group. *Significantly different from control at P < 0.05. †Significantly different from control at P < 0.001. EGFP, enhanced green fluores-
cent protein; mβENaC, mouse beta-epithelial Na+ channel; MCA, middle cerebral artery; ANOVA, analysis of variance; SEM, standard error of the mean.
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DISCUSSION

PIC involves multiple signaling molecules including ex-
tracellular matrix proteins, integrins, G-proteins, cytoskel-
etal proteins, voltage gated Ca2+ channels, and mechanically 
gated ion channels.17,18 Previous studies that have blocked 
Deg proteins, including the βENaC, support the concept 
that βENaC mediates the PIC response. For example, phar-
macological (e.g., amiloride, benzamil), gene-silencing 
(e.g., dominant-negative cDNA or siRNA against ENaC), 
or genetic (βENaC loss-of-function mutation) inhibition of 
βENaC in isolated small renal and cerebral arteries resulted 
in nearly abolished PIC in these vessels.9,13,19 While there 
is an abundance of studies that demonstrate the impor-
tance of ENaC proteins, including βENaC, using a loss-of-
function approach, there are no studies that support the 
role of ENaC in PIC using a gain-of-function approach. In 
the present study, we found that expression of exogenous 
βENaC using transient transfection increased PIC respon-
siveness in MCA segments nearly 2-fold, without altering 
overall vascular contractility and mechanical/morpholog-
ical properties.

While inhibitory approaches are useful in demonstrating 
the importance of βENaC to the PIC response, they are in-
sufficient to gain understanding the importance of loss 
of βENaC on cerebrovascular dysfunction in disease. 
Determining the importance of VSMC βENaC inhibition 
in disease requires a “rescue,” or enhancement, of βENaC 

expression. However, whether or not enhancement of 
βENaC expression can improve the PIC response has not 
been established. Therefore, the purpose of this investiga-
tion was to provide proof-of-concept evidence that trans-
fection of βENaC in MCA segments could enhance the PIC 
response without changing other vascular properties. The 
major finding of this study is that transient expression of 
βENaC doubles PIC responsiveness independent of vascular 
contractile or mechanical properties.

Emerging evidence suggests that a loss of PIC respon-
siveness may be linked to inflammation in certain diseases, 
one example is preeclampsia. Preeclampsia is the devel-
opment of new onset hypertension in the last trimester 
and affects 5–8% of pregnancies. Preeclampsia and animal 
models of placental ischemia are characterized by elevated 
serum cytokines and cerebrovascular dysfunction, including 
loss of PIC and autoregulation of cerebral blood flow.4,20–23 
Previous findings from our laboratory group demonstrated 
the downregulation of cerebrovascular βENaC expres-
sion in a rat placental ischemic model of preeclampsia.4,24 
Follow-up studies showed that exposure to elevated levels of 
proinflammatory cytokine tumor necrosis factor α, in vivo 
and in vitro, inhibits vascular βENaC expression.24 These 
findings suggest that tumor necrosis factor α induced inhi-
bition of VSMC βENaC may underlie the cerebrovascular 
dysfunction in placental ischemia. However, the importance 
of βENaC in a disease model where it is downregulated 
cannot be discerned by using βENaC inhibition. Thus, un-
derstanding the importance of cytokine-mediated βENaC 
inhibition in preeclampsia/placental ischemia will require 
an enhancement of βENaC expression and/or function.

To address this gap, we tested whether exogenous expres-
sion of βENaC in the isolated MCA would enhance PIC. 
Since pharmacological activation of ENaC channels is un-
available, we used transient transfection to upregulate its 
expression, an approach used previously by our laboratory 
group. Female mice were utilized for two reasons. First, our 
laboratory group is interested in understanding the role of 
βENaC in vascular dysfunction in preeclampsia, a disease 
specific to females. Second, we rationalized that females 
might have a greater likelihood of benefiting from βENaC 
because this group tends to have weaker PIC responses 
than males.25–27 Potential inhibitory effects of estrogen on 
basal βENaC expression were not a major consideration.28,29 
Whether or not this approach is effective at increasing ENaC 
in males was not addressed.

The results of the present study provide gain-of-function 
evidence that βENaC is an important mediator of PIC in the 
MCA. Our findings also provide proof-of-concept that ex-
pression of exogenous βENaC increases MCA PIC respon-
siveness without altering overall contractility. This approach 
may be useful to assess the importance of specific proteins 
downregulated in disease models where PIC responsiveness 
is impaired, such as βENaC in preeclampsia.

Figure 5.  Mechanical properties of MCA segments following transfec-
tion with EGFP and EGFP–mβENaC. Data were analyzed using a two-way 
repeated measures ANOVA, which showed an effect of intraluminal 
pressure (P < 0.0001), but no effect of expression construct (P = 0.0892) 
or interaction between pressure and construct (P  =  0.2133). Data are 
presented as mean ± SEM, n  =  5 in EGFP (○) and EGFP–mβENaC (●) 
groups. Sidak’s multiple comparison post hoc test showed that circum-
ferential wall strain (a) and stress (b) under Ca2+-free conditions are 
identical between EGFP and EGFP–mβENaC MCAs. Data are presented 
as mean ± SEM, n = 5 in each group. EGFP, enhanced green fluorescent 
protein; mβENaC, mouse beta-epithelial Na+ channel; MCA, middle cere-
bral artery; ANOVA, analysis of variance; SEM, standard error of the mean.
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