
fphys-11-00853 July 21, 2020 Time: 16:47 # 1

ORIGINAL RESEARCH
published: 22 July 2020

doi: 10.3389/fphys.2020.00853

Edited by:
John D. Imig,

Medical College of Wisconsin,
United States

Reviewed by:
Hendrik Buikema,

University Medical Center Groningen,
Netherlands

Ning Xia,
Johannes Gutenberg University

of Mainz, Germany

*Correspondence:
Jeffrey G. Dickhout

jdickhou@stjosham.on.ca

Specialty section:
This article was submitted to

Renal and Epithelial Physiology,
a section of the journal
Frontiers in Physiology

Received: 22 November 2019
Accepted: 25 June 2020
Published: 22 July 2020

Citation:
Nademi S, Lu C and Dickhout JG

(2020) Enhanced Myogenic
Constriction in the SHR Preglomerular
Vessels Is Mediated by Thromboxane
A2 Synthesis. Front. Physiol. 11:853.

doi: 10.3389/fphys.2020.00853

Enhanced Myogenic Constriction in
the SHR Preglomerular Vessels Is
Mediated by Thromboxane A2
Synthesis
Samera Nademi1, Chao Lu2 and Jeffrey G. Dickhout1,2*

1 Department of Medicine, Division of Nephrology, McMaster University, Hamilton, ON, Canada, 2 St. Joseph’s Healthcare
Hamilton, Hamilton, ON, Canada

Background: Spontaneously Hypertensive Rats (SHR) have chronically elevated blood
pressures at 30 weeks of age (systolic: 191.0 ± 1.0, diastolic: 128.8 ± 0.9). However,
despite this chronic malignant hypertension, SHR kidneys remain relatively free of
pathology due to having an augmented myogenic constriction (MC). We hypothesized
that the enhanced MC in the SHR preglomerular vessels was due to increased
prostaglandin and decreased nitric oxide (NO) synthesis, providing renal protection.

Methods: SHR and Wistar Kyoto (WKY) arcuate and mesenteric arteries were treated
with indomethacin (prostaglandin synthesis inhibitor), N omega-nitro-L-arginine (L-NNA,
NO synthase inhibitor), and nifedipine (L-type calcium channel blocker); and MC was
measured in these vessels. The role of endothelium in MC was examined by removing
endothelium from WKY and SHR preglomerular and mesenteric arteries using human
hair, and measuring MC. We also studied the source of prostaglandin in the SHR
by treating endothelium-removed arcuate arteries with indomethacin and furegrelate
(thromboxane synthase inhibitor).

Results: MC was enhanced in the SHR preglomerular vessels but not the mesenteric
arteries. Indomethacin and LNNA removed the enhanced MC in the SHR. Nifedipine
also inhibited MC in both WKY and SHR arcuate and mesenteric arteries. Removing
endothelium did not change MC in either arcuate or mesenteric arteries of WKY
and SHR rats; and did not remove the augmented MC in the SHR arcuate arteries.
Indomethacin and furegrelate decreased MC in endothelium-removed SHR arcuate
arteries and obliterated the enhanced MC in the SHR.

Conclusion: The enhanced MC in the SHR arcuate arteries was due to
thromboxane A2 synthesis from the tunica media and/or adventitia layers. MC was
not dependent on endothelium, but was dependent on L-type calcium channels.
Nevertheless, SHR arcuate arteries displayed differential intracellular calcium signaling
compared to the WKYs.

Keywords: myogenic constriction, renal autoregulation, preglomerular arteries, hypertension, prostaglandin,
thromboxane A2, nitric oxide, endothelium
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INTRODUCTION

In 1901, Bayliss observed that small resistant arteries from
different vascular beds of rabbits, cats, and dogs decreased
in diameter when he increased intraluminal pressure, and
increased diameter with decreasing pressure. Bayliss believed
that this response was “myogenic in nature,” and thus later
this phenomenon was termed myogenic constriction (MC)
(Bayliss, 1902; Saboliæ et al., 1995). MC is stretch-induced
reduction in small arteriole diameters in order to regulate
the amount of intraluminal blood flow (Kaplan and Palmer,
2001). In the kidneys, renal blood flow autoregulation is an
important homeostatic mechanism that protects the delicate
glomerular capillaries from fluctuations in the systematic blood
pressure, allowing the kidneys to maintain a constant blood
flow and glomerular filtration rate (GFR). MC is one of the
two mechanisms through which kidneys autoregulate their
blood flow (the other mechanism is tubuloglomerular feedback).
The significance of MC can be realized from consequences
of its’ dysfunction or augmentation. Impaired MC has been
observed in variety of diseases such as diabetes, low-renin
and salt-sensitive hypertensions (i.e., in African Americans),
and chronic kidney disease (CKD) (Carlström et al., 2015;

Atala, 2016; Le Goff et al., 2016). On the Contrary, enhanced
myogenic constriction protects the kidneys from renal injury.
It has been observed that some chronically hypertensive human
(i.e., essential hypertensives) and rats (i.e., Spontaneously
hypertensive rats, SHR) do not develop significant renal injuries
despite highly elevated blood pressures. It appears that this
renal protection is due to an augmented MC response in the
pre-glomerular vessels (Arendshorst and Beierwaltes, 1979; Imig
et al., 1996; Griffin et al., 2001; Loutzenhiser et al., 2002,
2004, 2006; Bidani and Griffin, 2004). We hypothesized that
the enhanced MC found in the SHR rats is due to increased
prostaglandin H2 (PGH2) and decreased nitric oxide (NO)
synthesis in the endothelium compared to their normotensive
controls, Wistar Kyoto (WKY) rats. To test this hypothesis,
we treated SHR and WKY arcuate and mesenteric arteries
with indomethacin and N omega-nitro-L-arginine (LNNA, NO
synthase inhibitor) and measured MC. We also examined the
role of endothelium in the SHR enhanced MC by removing the
endothelium, based on a method that was described by Osol
involving the use of human hair (Osol et al., 1989), and measured
MC in SHR and WKY arcuate and mesenteric arteries. We
utilized both younger and older animals since the augmentation
of MC in the SHR may be the result of endothelial dysfunction.

TABLE 1 | Average age and characteristics of the rats that were used in this study.

Older Rats (30–40 weeks) Younger Rats (12–16 weeks)

Avg. Age SBP DBP BW Avg. Age SBP DBP BW

(weeks) (mmHg) (mmHg) (g) (weeks) (mmHg) (mmHg) (g)

WKY 34.6 ± 0.5
(n = 18)

143.3 ± 6.1
(n = 18)

93.4 ± 4.8
(n = 18)

439.2 ± 5.6
(n = 15)

13.8 ± 0.6
(n = 11)

142.7 ± 4.9
(n = 5)

85.5 ± 5.8
(n = 5)

240.2 ± 30.54
(n = 5)

SHR 35.95 ± 0.2
(n = 12)

197.4 ± 6.0
(n = 12) *

149.1 ± 6.0
(n = 12) *

425.2 ± 10.2
(n = 12)

13.1 ± 0.4
(n = 18)

197.4 ± 7.1
(n = 5)*

142.8 ± 8.0
(n = 5)*

262.4 ± 39.01
(n = 5)

Values are expressed as mean ± SEM; “n”: number of animals. Independent two-tailed T-test was used to assess significance between WKY and SHR of the same age
and parameter. *P ≤ 0.05 was deemed significant.

FIGURE 1 | Demonstration of how figures in this manuscript were generated. (A) Vessel diameters were recorded at different intraluminal pressures (P80 to P180
mmHg) in the presence of normal HBSS (control) or calcium (Ca2+)-free HBSS. The area in between the two graphs (graph of normal HBSS and Ca2+-free HBSS)
represents myogenic tone. (B) Myogenic tone was calculated as percent diameter change by subtracting lumen diameter at each pressure point in Ca2+-free HBSS
(Dn (Ca2+ free)) from the lumen diameter at the same pressure point in normal HBSS (Dn), divided by the diameter in Ca2+-free HBSS (Dn (Ca2+ free)), and multiplied

by 100 (% Diameter Change =
( Dn − Dn (Ca−Free)

Dn (Ca−Free)

)
∗ 100). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance between two population

means at each pressure point; denoted by *P ≤ 0.05. Graphs were made using WKY arcuate arteries. NWKY = 5, nWKY = 5 (“N”: number of vessels, “n”: number of
animals).
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We hypnotized this dysfunction would be more severe in the old
animals, since they would have been exposed to elevated blood
pressure for a longer period of time.

MATERIALS AND METHODS

Animal Studies
Older (30 to 40 weeks old) and younger (12 to 16 weeks
old) male WKY and SHR rats were utilized for the vessel
studies. Rats’ blood pressure was measured using tail cuff
plethysmography (Kent Scientific, CODA system) and their
body weights were recorded (Table 1). All rats were bred at
McMaster University Central Animal Facility and maintained
at St Joseph’s Healthcare Hamilton Animal Facility. All animal
work was performed with McMaster University Animal Research
Ethics Board’s approval and in accordance with their guidelines.
Animals were housed with a 12-hour light-dark cycle and had
free access to food and drinking water. After anesthetizing the
rodents with isoflurane and perfusing the vasculature with Hank’s

basic salt solution (HBSS) to remove blood, arcuate and second
branch mesenteric arteries were dissected out of their kidneys
and mesenteries, respectively, to conduct vascular studies, as
previously (Dickhout and Lee, 1997).

Myogenic Response Measurements in
Endothelium-Intact Arteries
Renal arcuate and second-branch mesenteric arteries were
dissected out of their tissues and transferred into a pressure
myograph chamber (PMC) containing 37◦C oxygenated HBSS.
The PMC was connected to a PS-200 system and a peristaltic
pump with a servo-controller to pressurize the arteries (Living
Systems, Burlington, VT, United States), and a Leica WILD
M3C microscope and Hitachi KP-113 CCD camera to video-
record the vessels. In the PMC, the arteries were mounted on
a glass micropipette, a blind-sac was created, and the vessels
were allowed 30 min to equilibrate to 80 mmHg pressure
(P80 mmHg) as previously described (Dickhout and Lee, 1997).
To test the functional presence of the endothelium, 3 µM
phenylephrine (endothelium-independent vasoconstrictor) was

FIGURE 2 | Effects of inhibiting cyclooxygenase 1 and 2 (prostaglandin H2 synthesis) in WKY and SHR preglomerular arteries (30–40 weeks-old rats). (A) Effect of
indomethacin (10 µM) on WKY arcuate artery myogenic constriction (MC). (B) Effect of indomethacin (10 µM) on SHR arcuate artery MC. (C) Comparison of MC
between WKY and SHR arcuate arteries. (D) Comparison of MC between WKY and SHR arcuate arteries that were treated with 10 µM indomethacin. Two-way
ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 9, NSHR = 5, nWKY = 7, nSHR = 5 (“N”: number of vessels,
“n”: number of animals).
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added to pre-constrict the arteries followed by 10 µM carbachol
(endothelium-dependent vasodilator), and the diameter-changes
were recorded. The chamber was subsequently washed with
HBSS and vessels were re-allowed 30 min to equilibrate at P80
mmHg. MC was measured by increasing intraluminal pressure in
20 mmHg increments until 180 mmHg with 5-minute-intervals
between each pressure change and the lumen diameters were
recorded (E-intact MC). To investigate the effects of prostanoid
and NO synthesis, 10 µM indomethacin and 100 µM LNNA,
respectively, and independently were added to the PMC, the
vessels were allowed 30 min to equilibrate, and MC was measured
as described. Passive diameter at each pressure point was
measured by replacing HBSS with Ca2+-Free HBSS containing
5 mM Ca2+ chelator, ethylene glycol tetraacetic acid (EGTA),
and re-measuring MC as aforementioned. MC measurements
in this study were conducted serially in the following order:
normal HBSS (control), drug-treated HBSS, and Ca2+-Free
HBSS (passive diameter). To investigate the dependency of MC
on endothelium, the tunica intima was denuded from the arteries
using a human hair.

Removing Endothelium Using Human
Hair
A human hair was glued to a small petri dish and the arteries
were moved through the length of the hair about 10 times,
according to a method that was described by Osol et al.
(1989). The arteries were then re-mounted in the PMC, remnant
endothelium was flushed out for 5 min with HBSS, the blind-
sac was re-created, and the vessels were allowed 30 min to
equilibrate at P80 mmHg. To test the functional absence of the
endothelium, 3 µM phenylephrine was added to pre-constrict the
arteries followed by 10 µM carbachol and the diameter-changes
were recorded. MC was then re-measured (E-removed MC) as
described above.

Myogenic Response Measurements in
Endothelium-Removed Arteries
To investigate the effects of prostaglandin and thomboxane
A2 (TXA2) synthesis on endothelium-removed vessels, 10 µM
indomethacin and 100 µM furegrelate, respectively, and

FIGURE 3 | Effects of inhibiting cyclooxygenase 1 and 2 (prostaglandin H2 synthesis) in WKY and SHR mesenteric arteries (30–40 weeks-old rats). (A) Effect of
indomethacin (10 µM) on WKY mesenteric artery myogenic constriction (MC). (B) Effect of indomethacin (10 µM) on SHR mesenteric artery MC. (C) Comparison of
MC between WKY and SHR mesenteric arteries. (D) Comparison of MC between WKY and SHR mesenteric arteries that were treated with 10 µM indomethacin.
Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 8, NSHR = 17, nWKY = 5, nSHR = 6 (“N”: number of
vessels, “n”: number of animals).
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independently were added to the PMC, the vessels were allowed
30 min to adjust, and MC was measured as previously explained.
Passive diameter at each pressure point was measured at the
end of each experiment by replacing HBSS with Ca2+-free
HBSS (5 mM EGTA). Physical absence of the endothelium was
further investigated.

Scanning Electron Microscopy (SEM) to
Ensure Physical Absence of Endothelium
Endothelium-removed and -intact arcuate arteries were
cut in half, fixed with 2% glutaraldehyde (in 0.1 M
sodium cacodylate buffer), post-fixed with 2% osmium
tetroxide, dehydrated with increasing ethanol concentration,
critical point dried, mounted onto microscope stubs, and
examined under SEM.

Data and Statistical Analysis
Percent diameter change was calculated by subtracting
lumen diameter at each pressure point in Ca2+-free HBSS
(Dn (Ca2+ free)) from the lumen diameter at the same pressure

point in normal HBSS (Dn), divided by the diameter in
Ca2+-free HBSS (Dn (Ca2+ free)), and multiplied by 100 (%

Diameter Change =
(
Dn − Dn (Ca−Free)

Dn (Ca−Free)

)∗
100); this is illustrated

in Figures 1A,B. Percent relaxation due to carbachol was
calculated by subtracting lumen diameter at P80 mmHg
after adding carbachol (Dafter) from lumen diameter before
adding carbachol (Dbefore), divided by diameter before
carbachol (Dbefore), and multiplied by 100 (% Carbachol
Relaxation =

(Dbefore−Dafter
Dbefore

)∗
100). Paired t-test was used

to compare carbachol-induced responses before and after
endothelium removal. Independent t-test was used to compare
WKY and SHR population means. Two-way ANOVA was
used to compare MC from different rat strains or treatments.
If differences were found by ANOVA, post hoc comparisons
at different pressure points (Holm-Sidak post hoc test) were
conducted to determine differences in the means. Significant
differences were evaluated using GraphPad prism and 95%
confidence intervals. P-values less than or equal to 0.05 were
deemed statistically significant.

FIGURE 4 | Effects of nitric oxide synthase inhibition on MC of preglomerular arteries in WKY and SHR rats (30–40 weeks-old rats). (A) Effect of N
omega-nitro-L-arginine (LNNA, 100 µM) on myogenic constriction (MC) of WKY arcuate arteries. (B) Effect of LNNA (100 µM) on MC of SHR arcuate arteries.
(C) Comparing MC in WKY and SHR arcuate arteries that were treated with LNNA (100 µM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess
significance; denoted by *P ≤ 0.05. NWKY = 7, NSHR = 6, nWKY = 7, nSHR = 6 (“N”: number of vessels, “n”: number of animals).
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Reagents
The following reagents were purchased from Sigma-Aldrich:
phenylephrine (P6126), carbachol (C4382), furegrelate (F3764),
indomethacin (I7378), LNNA (N5501), and EGTA (E3889).

RESULTS

Effects of Inhibiting PGH2 and NO
Synthesis on Endothelium-Intact Vessels
Derived From Older Rats
We used indomethacin, a non-selective cyclooxygenase (COX-1
and COX-2) inhibitor, to block PGH2 synthesis (Lucas, 2016).
Indomethacin reduced MC in the SHR but not the WKY arcuate
arteries (Figures 2A,B). SHR arcuate arteries demonstrated an
enhanced MC compared to the WKY arteries (Figure 2C), and
the augmented MC in the SHR was abolished by indomethacin
treatment (Figure 2D). Comparably, indomethacin decreased
MC in both SHR and WKY mesenteric arteries (Figures 3A,B).
Nevertheless, an enhanced MC was not observed in the SHR

mesenteric arteries compared to the WKY (Figure 3C). Also,
indomethacin-treated SHR and WKY mesenteric vessels showed
similar MC (Figure 3D). We also investigated the effects of
blocking nitric oxide synthase (NOS) by LNNA on MC in the
SHR and WKY rats. Similar to the indomethacin, LNNA reduced
MC in the SHR arcuate arteries at P80, P160, and P180 mmHg;
but did not change MC in the WKY pre-glomerular vessels
(Figures 4A,B). LNNA also removed the augmented MC in the
SHR arcuate arteries compared to the WKY (Figure 4C). In
mesenteric arteries, LNNA treatment did not change MC in either
WKY or SHR, and there were no differences between WKY and
SHR LNNA-treated vessels (Figures 5A–D).

Effects of Inhibiting L-Type Calcium
Channels on MC in Endothelium-Intact
Vessels
L-type Ca2+ channel blocker, nifedipine, significantly reduced
MC in both WKY and SHR arcuate (Figures 6A,B) and
mesenteric arteries (Figures 7A,B) of older rats. Nonetheless
in older rats, nifedipine-treated SHR arcuate arteries showed

FIGURE 5 | Effects of nitric oxide synthase inhibition on MC of mesenteric arteries in WKY and SHR rats (30–40 weeks-old rats). (A) Effect of N
omega-nitro-L-arginine (LNNA, 100 µM) on myogenic constriction (MC) of WKY mesenteric arteries. (B) Effect of LNNA (100 µM) on MC of SHR mesenteric arteries.
(C) Comparison of MC between WKY and SHR mesenteric arteries. (D) Comparing MC in WKY and SHR mesenteric arteries that were treated with LNNA (100 µM).
Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 7, NSHR = 6, nWKY = 5, nSHR = 6 (“N”: number of
vessels, “n”: number of animals).
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significantly more MC compared to the WKY arcuate arteries
(Figure 6C) at P140 to P180 mmHg; this difference was not
observed in the SHR and WKY mesenteric arteries (Figure 7C).
Further, we also investigated the effects of nifedipine in arcuate
arteries from younger WKY and SHR rats (12–16 weeks old).
Similar to the older rats (30–40 weeks old), nifedipine blocked
MC in both WKY and SHR arcuate arteries of the younger rats
(Figures 8A,B). However, there were no differences between
nifedipine-treated WKY and SHR arcuate arteries (Figure 8C).

Endothelium Was Successfully Removed
Using Human Hair
Scanning Electron Microscopy micrographs showed complete
physical absence of the endothelium in WKY arcuate arteries.
The endothelium was oriented longitudinally, whereas the
smooth muscle cell (SMC) layer was oriented cross-sectionally
(Figure 9A). WKY and SHR pre-constricted arcuate arteries (by
3 µM phenylephrine) showed almost no relaxation to 10 µM
carbachol after removing the endothelium. WKY endothelium-
intact arcuate vessels showed significantly more relaxation
compared to SHR endothelium-intact vessels (Figure 9B). Pre-
constricted mesenteric arteries (by 3 µM phenylephrine) in WKY
and SHR also showed lack of relaxation to 10 µM carbachol
after removing the endothelium. There were no statistically

significant differences between WKY and SHR endothelium-
intact carbachol-induced relaxation (Figure 9C).

Effects of Removing Endothelium on
Myogenic Constriction in the WKY and
SHR
Removing endothelium did not change MC in the WKY
and SHR arcuate (Figures 10A,B) and mesenteric arteries
(Figures 11A,B). Moreover, SHR endothelium-intact arcuate
arteries demonstrated enhanced MC compared to the WKY
endothelium-intact arcuate arteries at P140 to P180 mmHg
(Figure 10C), but this enhancement was absent in the SHR
mesenteric arteries (Figure 11C). Denuding endothelium did
not remove the augmented MC in the SHR arcuate arteries
(Figure 10D). Furthermore, MC was similar in endothelium
-removed WKY and SHR mesenteric arcades (Figure 11D).

Effects of Inhibiting Prostaglandin H2
and Thromboxane A2 Synthesis in
Endothelium-Removed Arcuate Arteries
of Younger SHRs
Similar to the older rats (30–40 weeks old), arcuate arteries of
younger SHR rats (12–16 weeks old) showed enhanced MC at

FIGURE 6 | Effects of L-type calcium channel blockade on arcuate arteries of WKY and SHR older rats (30–40 weeks-old). (A) Effect of nifedipine (10 µM) on
myogenic constriction (MC) of WKY arcuate arteries. (B) Effect of nifedipine (10 µM) on MC of SHR arcuate arteries. (C) Comparing MC in WKY and SHR
preglomerular arteries that were treated with nifedipine (10 µM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by
*P ≤ 0.05. NWKY = 7, NSHR = 5, nWKY = 4, nSHR = 4 (“N”: number of vessels, “n”: number of animals).
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FIGURE 7 | Effects of L-type calcium channel blockade on mesenteric arteries of WKY and SHR older rats (30–40 weeks-old). (A) Effect of nifedipine (1 µM) on
myogenic constriction (MC) of WKY mesenteric arteries. (B) Effect of nifedipine (1 µM) on MC of SHR mesenteric arteries. (C) Comparing MC in WKY and SHR
mesenteric arteries that were treated with nifedipine (1 µM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by
*P ≤ 0.05. NWKY = 9, NSHR = 8, nWKY = 5, nSHR = 4 (“N”: number of vessels, “n”: number of animals).

P140, P160, and P180 mmHg (Figure 12A). Inhibiting PGH2
synthesis by indomethacin in endothelium-removed arcuate
arteries significantly decreased MC at P160 and P180 mmHg
in the SHR (compared to both E-intact and E-removed vessels)
but did not change MC in the WKY (Figures 12B,C). Similarly,
inhibiting TXA2 synthesis by furegrelate in endothelium-
removed arcuate arteries also significantly decreased MC at P120
to P180 mmHg (compared to both E-intact and E-removed
vessels), but did not change MC in the WKY (Figures 12D,E).
There were no differences in endothelium-removed arcuate
arteries that had been treated with indomethacin or furegrelate
in either WKY or SHR (Figures 12F,G). Similar to the older
rats (Figure 10D), MC was still enhanced in the endothelium-
removed SHR arcuate arteries compared to the endothelium-
removed WKY arcuate arteries (Figure 13A). Treating SHR
endothelium-removed preglomerular arteries with indomethacin
and furegrelate obliterated the enhanced MC in these vessels
compared to the WKY arcuate arteries (Figures 13B,C).

DISCUSSION

We observed an augmented MC in the SHR pre-glomerular
arteries compared to the WKY pre-glomerular arteries of

both younger and older rats (Figures 2C, 4C, 10C, 12A).
This augmented MC was absent in the SHR mesenteric
vessels (Figures 3C, 5C, 11C). We also found that inhibiting
prostaglandin synthesis (by indomethacin) obliterated the
enhanced MC that was observed in the SHR preglomerular
arteries (Figure 2D) by reducing MC in these vessels
(Figure 2B). L-type Ca2+ channel blocker, nifedipine,
reduced MC in all vessels (Figures 6A,B, 7A,B, 8A,B),
although SHR arcuate arteries of older rats showed more
myogenic tone than WKY arcuate arteries after treating with
nifedipine (Figure 6C). Our work showed that MC in WKY
and SHR arcuate and mesenteric arteries is independent of
endothelium as removing endothelium did not change MC
(Figures 10A,B, 11A,B). As well, removing endothelium did
not eradicate the enhanced MC in the SHR preglomerular
vessels (Figure 10D), suggesting that this augmentation
is endothelium-independent. Our results also showed that
indomethacin (PGH2 synthesis inhibitor) and furegrelate
(TXA2 synthase inhibitor) abolished the enhanced MC in
the SHR independently from endothelium (Figures 12C,E)
suggesting that the source of TXA2 synthesis in the SHR
pre-glomerular arteries is the tunica media and/or adventitia
layers, and not the endothelium (Figure 14). In omental
arteries, thromboxane synthase has been found in both
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FIGURE 8 | Effects of L-type calcium channel blockade on arcuate arteries of WKY and SHR younger rats (12–16 weeks-old). (A) Effect of nifedipine (10 µM) on
myogenic constriction (MC) of WKY arcuate arteries. (B) Effect of nifedipine (10 µM) on MC of SHR arcuate arteries. (C) Comparing MC in WKY and SHR arcuate
arteries that were treated with nifedipine (10 µM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05.
NWKY = 5, NSHR = 5, nWKY = 5, nSHR = 5 (“N”: number of vessels, “n”: number of animals).

the tunica media and adventitia layers in both normal and
preeclamptic women (Mousa et al., 2012). This is the first
study, to our knowledge, to show that MC is independent
of endothelium in arcuate and mesenteric arteries of WKY
and SHR rats. We were also the first to show that the
enhanced MC in the SHR arcuate arteries was due to increased
TXA2 synthesis.

The Enhanced Myogenic Constriction in
the SHR
Several studies investigated the reason for the observed enhanced
MC during chronic hypertension in different vascular beds.
Huang et al. (1993) examined WKY and SHR cremaster muscle
arteriole responses to indomethacin (PGH2 synthesis inhibitor)
and SQ 29,548 (PGH2 receptor blocker), as well as the effects
of endothelium removal (Huang et al., 1993). Contrary to our
results, they suggested that increased PGH2 production from
endothelium was responsible for the observed enhanced MC
in the SHR cremaster muscle arterioles. This could be because
different vascular beds display different vasoactive mechanisms
in the endothelium and vascular SMCs (Ferrer et al., 1995;

Thorin et al., 1997; Hill et al., 2001). Other studies conducted in
skeletal muscle arterioles and aorta showed that in hypertension,
endothelium synthesizes endothelin (Schiffrin and Thibault,
1991; Lemne et al., 1994; Schiffrin et al., 1997) and TXA2
(formed from PGH2) (Mayhan, 1992; Ungvari and Koller,
2000) which increase sensitivity of smooth muscle contractile
apparatus, inducing greater contractions in response to similar
raise in intracellular calcium in the SHR SMC layer compared
to the Wistar Rats (WR) (Ungvari and Koller, 2000). This
is consistent with our findings that also suggest a heightened
intracellular calcium response in the SHR preglomerular arteries
versus the WKY, as nifedipine-treated SHR vessels showed higher
myogenic tone compared to the WKY nifedipine-treated vessels
(Figure 6C). This enhanced sensitivity of SHR pre-glomerular
arteries to intracellular calcium-rise may be due to activation
of Rho-kinase pathway in SMCs (Uehata et al., 1997; Homma
et al., 2013). Moreover, diminished NO signaling in skeletal
muscle arterioles of hypertensive rats (i.e., Zucker Diabetic Fatty
rats) has been shown to contribute to the exaggerated MC
(Lesniewski et al., 2008), which is contrary to our finding that
NO synthesis may have a small constrictor effect on the SHR
arcuate arteries at high intraluminal pressures (P160 and P180
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FIGURE 9 | Scanning Electron Micrographs and carbachol treatments demonstrating physical and functional removal of endothelium. (A) Scanning Electron
Microscopy (SEM) showing intact tunica intima (consisting of endothelium, E) and media (consisting of smooth muscle cells) in untreated, but only tunica media in
hair-disrupted WKY arcuate arteries. Micrographs were magnified between 700 to 15000 times. (B) Percent carbachol-induced relaxation (10 µM) in WKY and SHR
arcuate arteries that were pre-constricted with 3 µM phenylephrine at P80 mmHg. (C) Percent carbachol-induced relaxation (10 µM) in WKY and SHR mesenteric
arteries that were pre-constricted with 3 µM phenylephrine at P80 mmHg. Paired t-test was used to compare endothelium-intact (E+) and endothelium-removed (E-)
arteries in the same animal strain. Unpaired t-test was used to compare E + and E- arteries in different animal strains. *P ≤ 0.05; for arcuate arteries: NWKY = 10,
NSHR = 10, nWKY = 5, nSHR = 4; for mesenteric arteries: NWKY = 11, NSHR = 5, nWKY = 5, nSHR = 4; (“N”: number of vessels; “n”: number of animals).

mmHg) (Figure 4B). No is predominantly produced by the
endothelium and is very unstable with a half-life of seconds
(Butler et al., 1995; Schini, 1996; Jeremy et al., 1999). After

being produced, NO can rapidly react with oxygen species
(O2, O2

− and H2O2) and thiol groups to produce nitrite,
nitrate, peroxynitrite (ONOO), and nitrosothiols. The effects of
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FIGURE 10 | Effects of removing endothelium from WKY and SHR preglomerular arteries using human hair (30–40 weeks-old rats). (A) Effect of removing
endothelium in WKY arcuate arteries. (B) Effect of removing endothelium in SHR arcuate arteries. (C) Comparison of myogenic constriction (MC) in
endothelium-intact (E-intact) WKY and SHR arcuate arteries. (D) Comparison of MC in endothelium-removed (E-removed) WKY and SHR arcuate arteries. Two-way
ANOVA and Holm-Sidak post hoc test was used to assess significance; denoted by *P ≤ 0.05. NWKY = 10, NSHR = 10, nWKY = 5, nSHR = 4; (“N”: number of vessels;
“n”: number of animals).

NO on vessels can be mediated by the potential presence of
thiol and oxygen species (Darley-Usmar et al., 1995; Jeremy
et al., 1999). The small vasoconstrictor effects of NO (at
high intraluminal pressures) that was observed in this study
may be due to the reaction of NO with superoxide to create
peroxynitrite in the SHR vessels (Carlisle et al., 2016) and
thereby augmenting constrictor responses (Bagi et al., 2002).
The resulting peroxynitrite may promote the release of TXA2
leading to arteriolar constriction, as was shown in gracilis muscle
arterioles of hyperhomocysteinemia (induced by methionine
diet) mouse model (Bagi et al., 2002). As well, in rat models of
high-fat high-sucrose (HFHS) and levothyroxine (L-T4) diets,
endothelium-denuded thoracic aortic rings from HFHS + LT4
rats showed stronger vasoconstriction than HFHS rats due to
increase NO and superoxide production that led to peroxynitrite
formation, independent from the endothelium (Hu et al., 2014).
Other contributing mechanisms to the enhanced MC have also
been reported such as increased superoxide generation through
activation of Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase in afferent arterioles (Ren et al., 2010);
increased activation of angiotensin II type 1 receptor in cremaster

muscle arteries (Hong et al., 2017); and increased production
of 20-hydroxyeicosatrienoic acid (20-HETE) through activation
of cytochrome P450 in afferent and cerebral arterioles (Imig
et al., 1993, 1994, 1996; Szarka et al., 2017). Consistent with
our observation of an augmented MC in the SHR arcuate
arteries, (Imig et al., 1993), found an enhanced MC in the
SHR (4-week-old prehypertensive SHRs) interlobular as well
as proximal and distal portions of the afferent arterioles of
juxtamedullary glomeruli. The researchers also discovered that
inhibiting cytochrome P-450 enzyme (with ketoconazole or 7-
ethoxyresorufin) had variable effects in different segments of the
preglomerular arteries. In interlobular, proximal afferent, and
distal afferent arterioles, inhibiting cytochrome P-450 did not
remove, removed, and partially removed the enhanced MC in
the SHR arterioles, respectively, compared to the WKY arteries
(Imig et al., 1993). These findings suggest that cytochrome
P-450 metabolites of arachidonic acid have a critical role in
the enhanced MC in the SHR preglomerular vessels (Imig
et al., 1996). To investigate if the enhanced MC in the SHR
vessels is endothelium-dependent, we removed the endothelium
using human hair.
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FIGURE 11 | Effects of removing endothelium from WKY and SHR mesenteric arteries using human hair (30–40 weeks-old rats). (A) Effect of removing endothelium
in WKY mesenteric arteries. (B) Effect of removing endothelium in SHR mesenteric arteries. (C) Comparison of myogenic constriction (MC) in endothelium-intact
(E-intact) WKY and SHR mesenteric arteries. (D) Comparison of MC in endothelium-removed (E-removed) WKY and SHR mesenteric arteries. Two-way ANOVA and
Holm-Sidak post hoc test was used to assess significance; denoted by *P ≤ 0.05. NWKY = 11, NSHR = 5, nWKY = 6, nSHR = 4; (“N”: number of vessels; “n”: number
of animals).

Removing the Endothelium
Endothelium can be removed from blood vessels by chemical
or physical means. Chemical methods include using collagenase,
elastase, or antibodies. Collagenase and elastase are enzymes that
dissolve intercellular matrix between endothelium, but might also
damage the vascular SMC layer (Osol et al., 1989). Antibodies
against specific endothelial antigens may also not completely
remove the endothelium (Juncos et al., 1995). Physical methods
of denuding endothelium involve abrading the inner surface
of the vessel by an applicator such as cotton, filter paper
(Molina et al., 1992), wood, wire, air bolus, or human hair;
most of which are fragile or difficult to apply to small arteries
(Osol et al., 1989) such as preglomerular vessels. Air bolus
injections also are appropriate methods for large arteries, but
may not completely remove the endothelium in small arterioles
(Ralevic et al., 1989). In 1989, Osol et al. suggested an effective
method for removing endothelium from small arteries involving
human hair, which provided sufficient degree of abrasion to
damage the endothelium but not the vascular SMC layer. After
reviewing the aforementioned methods, we decided to use human
hair to mechanically abrade endothelium from preglomerular
and mesenteric arteries in order to investigate the role of
endothelium in MC.

Role of Endothelium in MC
Even though MC is essential in renal autoregulation, its
dependency on endothelium is controversial. Studies in different
species and tissues have reported that endothelium removal
abolished (Harder, 1987; Katusic et al., 1987; Rubanyi, 1988;
Kuo et al., 1990; Hughes and Bund, 2002), enhanced (Garcia-
Roldan and Bevan, 1990; Juncos et al., 1995; Scotland et al.,
2001; Gschwend et al., 2003; Huang et al., 2005; Chaston
et al., 2013), reduced (Huang et al., 2005), or did not change
(Hwa and Bevan, 1986; Falcone et al., 1991; Scotland et al.,
2001; Daneshtalab and Smeda, 2010) MC. This controversy
may be because endothelial cells can release different vasoactive
substances in variable quantities in different vascular beds or
even different sections of the same vascular bed (Ferrer et al.,
1995; Thorin et al., 1997; Hill et al., 2001). Thus, it is important
to investigate the function of endothelium in different vascular
beds. In rabbit afferent arterioles, (Juncos et al., 1995) reported
that removing endothelium enhanced MC in free-flow vessels
but did not change MC in no-flow arteries. Nevertheless,
the authors used factor VIII-related antigen antibodies which
did not completely remove the endothelium, revealed in
their transmission electron micrographs (Juncos et al., 1995).
Another study conducted by Harder demonstrated a dependency
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FIGURE 12 | Effects of inhibiting cyclooxygenase 1 and 2 (prostaglandin H2 synthesis) and thromboxane synthetase on arcuate arteries of young WKY and SHR
rats (12–16 weeks-old). (A) Myogenic constriction (MC) comparison between endothelium-intact (E-intact) WKY and SHR arcuate arteries. (B,C) Comparing WKY
and SHR arcuate arteries with E-intact, endothelium-removed (E-removed), and E-removed that were treated with indomethacin (prostaglandin H2 synthesis
inhibitor, 10 µM). Star,“*”, depicts significant differences between indomethacin-treated vessels with when they had their E-removed and E-intact (P ≤ 0.05). (D,E)
Comparing WKY and SHR arcuate arteries with E-intact, E-removed, and E-removed that were treated with furegrelate (thromboxane A2 synthesis inhibitor,
100 µM). Star,“*”, depicts significant differences between furegrelate-treated vessels with when they had their E-removed and E-intact (P ≤ 0.05). (F,G) Comparing
WKY and SHR E-removed arcuate arteries that were treated with either indomethacin or furegrelate. Two-way ANOVA and Holm-Sidak post hoc test was used to
assess significance. NWKY = 9, NSHR = 10, nWKY = 6, nSHR = 9; (“N”: number of vessels; “n”: number of animals).
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FIGURE 13 | Enhanced myogenic constriction (MC) in the young SHR arcuate arteries, compared to the WKY, was abolished with inhibiting prostaglandin H2
synthesis (by indomethacin) and thromboxane A2 synthesis (by furegrelate) independent from endothelium. (A) MC is enhanced in the endothelium-removed
(E-removed) SHR arcuate arteries compared with E-removed WKY arcuate arteries at high intraluminal pressures. (B) Treating E-removed SHR arcuate arteries with
10 µM indomethacin abolished the enhanced MC compared to the WKY arcuate arteries. (C) Treating E-removed SHR arcuate arteries with 100 µM furegrelate
abolished the enhanced MC compared to the WKY arcuate arteries. Two-way ANOVA and Holm-Sidak post hoc test was used to assess significance; denoted by
*P ≤ 0.05. NWKY = 9, NSHR = 10, nWKY = 6, nSHR = 9; (“N”: number of vessels; “n”: number of animals).

FIGURE 14 | Proposed mechanism for the enhanced myogenic constriction in the SHR arcuate arteries. Tunica intima, Tunica media, and tunica adventitia are
composed of endothelial cells, smooth muscle cells, and connective tissue, respectively.

of MC on endothelium in cat cerebral arteries. Harder
subjected these arteries to 40 to 60 mmHg pressure and
recorded a depolarization of 0.35 mV/mmHg, which was
abolished when he removed the endothelium (Harder, 1987).

In mesenteric arteries, endothelial cells may have roles in
MC under hypoxic conditions. Earley and Walker (2002)
exposed Sprague-Dawley rats to chronic hypoxia and found
that myogenic responsiveness in their mesenteric arteries
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was abolished. This obliteration was restored by removing
the endothelium.

NSAIDs in Hypertension and CKD
Non-steroidal anti-inflammatory drugs (NSAIDs) are a
class of drugs that block prostaglandins synthesis by
inhibiting COX-1 and COX-2 enzymes. While healthy
people rarely have adverse renal side effects upon using
NSAIDs, individuals (particularly elderly patients) who
have hypertension and CKD may develop acute kidney
failure (Hörl, 2010). In fact, administering indomethacin
to renal failure rat models (Sprague–Dawley rats that
have been administered adenine to have chronic renal
failure) significantly decreased their survival rate (Kadowaki
et al., 2012). Every year, about 2.5 million Americans
who use NSAIDs experience renal-related side effects
(Sandhu and Heyneman, 2004).

CONCLUSION

Myogenic constriction is augmented in the SHR preglomerular
arteries but not the mesenteric arteries, compared to the
WKY respective vessels. The augmented MC in the SHR pre-
glomerular vessels appears to be due to increased prostanoid
production, particularly TXA2 synthesis, from the tunica media
and/or adventitia layers. Moreover, MC is not dependent on
the endothelium in the WKY and SHR pre-glomerular and
mesenteric arteries, as removing endothelium did not change the
MC. L-type Ca2+ channels are critical to MC as inhibiting them
tremendously decreases MC in both WKY and SHR arcuate and
mesenteric arteries. Nevertheless, SHR pre-glomerular arteries
seem to have a differential intracellular Ca2+ signaling at

higher intraluminal pressures (P140-P180 mmHg) compared to
the WKY vessels.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

The animal study was reviewed and approved by McMaster
University Animal Research Ethics Board.

AUTHOR CONTRIBUTIONS

SN and CL performed the experiments, analyzed the data, and
interpreted the results. SN prepared the figures and drafted the
manuscript. SN and JD edited and revised the manuscript. All
authors approved the final version of the manuscript, contributed
to the article and approved the submitted version. JD conceived
and designed the research.

FUNDING

This work was supported by the Canadian Institutes of Health
Research grants to JD (PJT148499). Financial support from
St. Joseph’s Healthcare Hamilton, salary support from St.
Joseph’s Healthcare Hamilton, and Division of Nephrology in
the Department of Medicine at McMaster University are also
acknowledged by JD.

REFERENCES
Arendshorst, W. J., and Beierwaltes, W. H. (1979). Renal and nephron

hemodynamics in spontaneously hypertensive rats. Am. J. Physiol. Ren. Physiol.
236, F246–F251.

Atala, A. (2016). Re: a structured interdomain linker directs self-polymerization of
human uromodulin. J. Urol. 196:958. doi: 10.1016/j.juro.2016.06.027

Bagi, Z., Ungvari, Z., and Koller, A. (2002). Xanthine oxidase–derived reactive
oxygen species convert flow-induced arteriolar dilation to constriction in
hyperhomocysteinemia: possible role of peroxynitrite. Arterioscler. Thromb.
Vasc. Biol. 22, 28–33. doi: 10.1161/hq0102.101127

Bayliss, W. M. (1902). On the local reactions of the arterial wall to changes
of internal pressure. J. Physiol. 28, 220–231. doi: 10.1113/jphysiol.1902.sp00
0911

Bidani, A. K., and Griffin, K. A. (2004). Pathophysiology of hypertensive renal
damage: implications for therapy. Hypertension 44, 595–601. doi: 10.1161/01.
hyp.0000145180.38707.84

Butler, A. R., Flitney, F. W., and Williams, D. L. H. (1995). NO, nitrosonium
ions, nitroxide ions, nitrosothiols and iron-nitrosyls in biology: a chemist’s
perspective. Trends Pharmacol. Sci. 16, 18–22. doi: 10.1016/s0165-6147(00)
88968-3

Carlisle, R. E., Werner, K. E., Yum, V., Lu, C., Tat, V., Memon, M., et al. (2016).
Endoplasmic reticulum stress inhibition reduces hypertension through the
preservation of resistance blood vessel structure and function. J. Hypertens. 34,
1556–1569. doi: 10.1097/hjh.0000000000000943

Carlström, M., Wilcox, C. S., and Arendshorst, W. J. (2015). Renal autoregulation
in health and disease. Physiol. Rev. 95, 405–511. doi: 10.1152/physrev.00042.
2012

Chaston, D. J., Baillie, B. K., Grayson, T. H., Courjaret, R. J., Heisler, J. M.,
Lau, K. A., et al. (2013). Polymorphism in endothelial connexin40 enhances
sensitivity to intraluminal pressure and increases arterial stiffness. Arterioscler.
Thromb. Vasc. Biol. 33, 962–970. doi: 10.1161/atvbaha.112.300957

Daneshtalab, N., and Smeda, J. S. (2010). Alterations in the modulation of
cerebrovascular tone and blood flow by nitric oxide synthases in SHRsp with
stroke. Cardiovasc. Res. 86, 160–168. doi: 10.1093/cvr/cvp395

Darley-Usmar, V., Wiseman, H., and Halliwell, B. (1995). Nitric oxide and oxygen
radicals: a question of balance. FEBS lett. 369, 131–135. doi: 10.1016/0014-
5793(95)00764-z

Dickhout, J. G., and Lee, R. M. (1997). Structural and functional analysis of small
arteries from young spontaneously hypertensive rats.Hypertension 29, 781–789.
doi: 10.1161/01.hyp.29.3.781

Earley, S., and Walker, B. R. (2002). Endothelium-dependent blunting of myogenic
responsiveness after chronic hypoxia. Am. J. Physiol. Heart Circ. Physiol. 283,
H2202–H2209.

Falcone, J. C., Davis, M. J., and Meininger, G. A. (1991). Endothelial independence
of myogenic response in isolated skeletal muscle arterioles. Am. J. Physiol. Heart
Circ. Physiol. 260, H130–H135.

Ferrer, M., Encabo, A., Conde, M. V., Marín, J., and Balfagón, G. (1995).
Heterogeneity of endothelium-dependent mechanisms in different rabbit
arteries. J. Vas. Res. 32, 339–346. doi: 10.1159/000159108

Frontiers in Physiology | www.frontiersin.org 15 July 2020 | Volume 11 | Article 853

https://doi.org/10.1016/j.juro.2016.06.027
https://doi.org/10.1161/hq0102.101127
https://doi.org/10.1113/jphysiol.1902.sp000911
https://doi.org/10.1113/jphysiol.1902.sp000911
https://doi.org/10.1161/01.hyp.0000145180.38707.84
https://doi.org/10.1161/01.hyp.0000145180.38707.84
https://doi.org/10.1016/s0165-6147(00)88968-3
https://doi.org/10.1016/s0165-6147(00)88968-3
https://doi.org/10.1097/hjh.0000000000000943
https://doi.org/10.1152/physrev.00042.2012
https://doi.org/10.1152/physrev.00042.2012
https://doi.org/10.1161/atvbaha.112.300957
https://doi.org/10.1093/cvr/cvp395
https://doi.org/10.1016/0014-5793(95)00764-z
https://doi.org/10.1016/0014-5793(95)00764-z
https://doi.org/10.1161/01.hyp.29.3.781
https://doi.org/10.1159/000159108
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00853 July 21, 2020 Time: 16:47 # 16

Nademi et al. SHR Enhanced Myogenic Constriction

Garcia-Roldan, J.-L., and Bevan, J. A. (1990). Flow-induced constriction and
dilation of cerebral resistance arteries. Circ. Res. 66, 1445–1448. doi: 10.1161/
01.res.66.5.1445

Griffin, K. A., Churchill, P. C., Picken, M., Webb, R. C., Kurtz, T. W., and Bidani,
A. K. (2001). Differential salt-sensitivity in the pathogenesis of renal damage in
SHR and stroke prone SHR. Am. J. Hypertens. 14, 311–320. doi: 10.1016/s0895-
7061(00)01282-6

Gschwend, S., Henning, R. H., Pinto, Y., Zeeuw, D. D., Gilst, W. V., and Buikema,
H. (2003). Myogenic constriction is increased in mesenteric resistance arteries
from rats with chronic heart failure: instantaneous counteraction by acute
AT1 receptor blockade. Br. J. Pharmacol. 139, 1317–1325. doi: 10.1038/sj.bjp.
0705367

Harder, D. R. (1987). Pressure-induced myogenic activation of cat cerebral arteries
is dependent on intact endothelium. Circ. Res. 60, 102–107. doi: 10.1161/01.res.
60.1.102

Hill, C. E., Phillips, J. K., and Sandow, S. L. (2001). Heterogeneous control of
blood flow amongst different vascular beds. Med. Res. Rev. 21, 1–60. doi:
10.1002/1098-1128(200101)21:1<1::aid-med1>3.0.co;2-6

Homma, K., Hayashi, K., Wakino, S., Tokuyama, H., Kanda, T., Tatematsu,
S., et al. (2013). Rho-kinase contributes to pressure-induced constriction
of renal microvessels. Keio J. Med. 63, 1–12. doi: 10.2302/kjm.2013-
0001-oa

Hong, K., Li, M., Nourian, Z., Meininger, G. A., and Hill, M. A. (2017). Angiotensin
II type 1 receptor mechanoactivation involves rgs5 (regulator of g protein
signaling 5) in skeletal muscle arteries: impaired trafficking of RGS5 in
hypertension. Hypertension 70, 1264–1272. doi: 10.1161/hypertensionaha.117.
09757

Hörl, W. H. (2010). Nonsteroidal anti-inflammatory drugs and the kidney.
Pharmaceuticals 3, 2291–2321. doi: 10.3390/ph3072291

Hu, D., Peng, J., Zhang, X., Zheng, H., Yan, S., Zhang, Y., et al. (2014).
Thyroid hormone exacerbates vasoconstriction in insulin resistance: the role
of ONOO(-). Eur. J. Pharmacol. 730, 41–50. doi: 10.1016/j.ejphar.2014.
02.018

Huang, A., Sun, D., and Koller, A. (1993). Endothelial dysfunction augments
myogenic arteriolar constriction in hypertension. Hypertension 22, 913–921.
doi: 10.1161/01.hyp.22.6.913

Huang, A., Sun, D., Yan, C., Falck, J. R., and Kaley, G. (2005). Contribution of 20-
HETE to augmented myogenic constriction in coronary arteries of endothelial
NO synthase knockout mice. Hypertension 46, 607–613. doi: 10.1161/01.hyp.
0000176745.04393.4d

Hughes, J. M., and Bund, S. J. (2002). Arterial myogenic properties of the
spontaneously hypertensive rat. Exper. Physiol. 87, 527–534. doi: 10.1113/
eph8702399

Hwa, J. J., and Bevan, J. A. (1986). Stretch-dependent (myogenic) tone in rabbit ear
resistance arteries. Am. J. Physiol. Heart Circ. Physiol. 250, H87–H95.

Imig, J. D., Falck, J. R., Gebremedhin, D., Harder, D. R., and Roman, R. J.
(1993). Elevated renovascular tone in young spontaneously hypertensive rats.
Role of cytochrome P-450. Hypertension 22, 357–364. doi: 10.1161/01.hyp.22.
3.357

Imig, J. D., Zou, A., Ortiz De Montellano, P., Sui, Z., and Roman, R. J.
(1994). Cytochrome P-450 inhibitors alter afferent arteriolar responses to
elevations in pressure. Am. J. Physiol. Heart Circ. Physiol. 266, H1879–H
1885.

Imig, J. D., Zou, A. P., Stec, D. E., Harder, D. R., Falck, J. R., and Roman,
R. J. (1996). Formation and actions of 20-hydroxyeicosatetraenoic acid in
rat renal arterioles. Am. J. Physiol. Regul. Integr. Compar. Physiol. 270, R
217–R227.

Jeremy, J. Y., Rowe, D., Emsley, A. M., and Newby, A. C. (1999). Nitric oxide and
the proliferation of vascular smooth muscle cells. Cardiovasc. Res. 43, 580–594.
doi: 10.1016/s0008-6363(99)00171-6

Juncos, L. A., Garvin, J., Carretero, O. A., and Ito, S. (1995). Flow modulates
myogenic responses in isolated microperfused rabbit afferent arterioles via
endothelium-derived nitric oxide. J. Clin. Invest. 95, 2741–2748. doi: 10.1172/
jci117977

Kadowaki, D., Sumikawa, S., Arimizu, K., Taguchi, K., Kitamura, K., Ishitsuka,
Y., et al. (2012). Effect of acetaminophen on the progression of renal damage
in adenine induced renal failure model rats. Life Sci. 91, 1304–1308. doi:
10.1016/j.lfs.2012.09.018

Kaplan, N. M., and Palmer, B. F. (2001). Impaired renal autoregulation:
implications for the genesis of hypertension and hypertension-induced renal
injury. Am. J. Med. Sci. 321, 388–400. doi: 10.1097/00000441-200106000-
00005

Katusic, Z. S., Shepherd, J. T., and Vanhoutte, P. M. (1987). Endothelium-
dependent contraction to stretch in canine basilar arteries. Am. J. Physiol. 252,
H671–H673.

Kuo, L., Davis, M. J., and Chilian, W. M. (1990). Endothelium-dependent, flow-
induced dilation of isolated coronary arterioles. Am. J. Physiol. Heart Circ.
Physiol. 259, H1063–H1070.

Le Goff, X., Chesnel, F., Delalande, O., Couturier, A., Dreano, S., Le Goff, C., et al.
(2016). Aggregation dynamics and identification of aggregation-prone mutants
of the von Hippel-Lindau tumor suppressor protein. J. Cell Sci. 129, 2638–2650.
doi: 10.1242/jcs.184846

Lemne, C. E., Lundeberg, T., Theodorsson, E., and De Faire, U. (1994). Increased
basal concentrations of plasma endothelin in borderline hypertension.
J. Hypertens. 12, 1069–1074.

Lesniewski, L. A., Donato, A. J., Behnke, B. J., Woodman, C. R., Laughlin,
M. H., Ray, C. A., et al. (2008). Decreased NO signaling leads to enhanced
vasoconstrictor responsiveness in skeletal muscle arterioles of the ZDF rat prior
to overt diabetes and hypertension. Am. J. Physiol. Heart Circ. Physiol. 294,
H1840–H1850.

Loutzenhiser, R., Bidani, A., and Chilton, L. (2002). Renal myogenic response:
kinetic attributes and physiological role. Circ. Res. 90, 1316–1324. doi: 10.1161/
01.res.0000024262.11534.18

Loutzenhiser, R., Bidani, A., and Wang, X. (2004). Systolic pressure
and the myogenic response of the renal afferent arteriole. Acta
Physiol. Scand. 181, 407–413. doi: 10.1111/j.1365-201x.2004.
01312.x

Loutzenhiser, R., Griffin, K. A., and Bidani, A. K. (2006). Systolic blood pressure
as the trigger for the renal myogenic response: protective or autoregulatory?
Curr. Opin. Nephrol. Hyperten. 15, 41–49. doi: 10.1097/01.mnh.0000199011.
41552.de

Lucas, S. (2016). The pharmacology of indomethacin. Headache J. Head Face Pain
56, 436–446.

Mayhan, W. G. (1992). Role of prostaglandin H2-thromboxane A2 in responses
of cerebral arterioles during chronic hypertension. Am. J. Physiol. Heart Circ.
Physiol. 262, H539–H543.

Molina, R., Hidalgo, A., and De Boto García, M. J. (1992). Influence of
mechanical endothelium removal techniques and conservation conditions
on rat aorta responses. Methods Find. Exper. Clin. Pharmacol. 14,
91–96.

Mousa, A. A., Strauss, J. F., and Walsh, S. W. (2012). Reduced methylation of the
thromboxane synthase gene is correlated with its increased vascular expression
in preeclampsia. Hypertension 59, 1249–1255. doi: 10.1161/hypertensionaha.
111.188730

Osol, G., Cipolla, M., and Knutson, S. (1989). A new method for mechanically
denuding the endothelium of small (50–150 µm) arteries with a human hair.
J. Vasc. Res. 26, 320–324. doi: 10.1159/000158781

Ralevic, V., Kristek, F., Hudlicka, O., and Burnstock, G. (1989). A new protocol for
removal of the endothelium from the perfused rat hind-limb preparation. Circ.
Res. 64, 1190–1196. doi: 10.1161/01.res.64.6.1190

Ren, Y., D’ambrosio, M. A., Liu, R., Pagano, P. J., Garvin, J. L., and Carretero, O. A.
(2010). Enhanced myogenic response in the afferent arteriole of spontaneously
hypertensive rats. Am. J. Physiol. Heart Circ. Physiol. 298, H1769–H1775.

Rubanyi, G. M. (1988). Endothelium-dependent pressure-induced contraction
of isolated canine carotid arteries. Am. J. Physiol. Heart Circ. Physiol. 255,
H783–H788.

Saboliæ, I., Katsura, T., Verbavatz, J.-M., and Brown, D. (1995). The AQP2
water channel: effect of vasopressin treatment, microtubule disruption, and
distribution in neonatal rats. J. Membr. Biol. 143, 165–175. doi: 10.1007/
bf00233445

Sandhu, G. K., and Heyneman, C. A. (2004). Nephrotoxic potential of selective
cyclooxygenase-2 inhibitors. Ann. Pharm. 38, 700–704. doi: 10.1345/aph.1d296

Schiffrin, E. L., Deng, L. Y., Sventek, P., and Day, R. (1997). Enhanced
expression of endothelin-1 gene in resistance arteries in severe human essential
hypertension. J. Hyperten. 15, 57–63. doi: 10.1097/00004872-199715010-
00005

Frontiers in Physiology | www.frontiersin.org 16 July 2020 | Volume 11 | Article 853

https://doi.org/10.1161/01.res.66.5.1445
https://doi.org/10.1161/01.res.66.5.1445
https://doi.org/10.1016/s0895-7061(00)01282-6
https://doi.org/10.1016/s0895-7061(00)01282-6
https://doi.org/10.1038/sj.bjp.0705367
https://doi.org/10.1038/sj.bjp.0705367
https://doi.org/10.1161/01.res.60.1.102
https://doi.org/10.1161/01.res.60.1.102
https://doi.org/10.1002/1098-1128(200101)21:1<1::aid-med1>3.0.co;2-6
https://doi.org/10.1002/1098-1128(200101)21:1<1::aid-med1>3.0.co;2-6
https://doi.org/10.2302/kjm.2013-0001-oa
https://doi.org/10.2302/kjm.2013-0001-oa
https://doi.org/10.1161/hypertensionaha.117.09757
https://doi.org/10.1161/hypertensionaha.117.09757
https://doi.org/10.3390/ph3072291
https://doi.org/10.1016/j.ejphar.2014.02.018
https://doi.org/10.1016/j.ejphar.2014.02.018
https://doi.org/10.1161/01.hyp.22.6.913
https://doi.org/10.1161/01.hyp.0000176745.04393.4d
https://doi.org/10.1161/01.hyp.0000176745.04393.4d
https://doi.org/10.1113/eph8702399
https://doi.org/10.1113/eph8702399
https://doi.org/10.1161/01.hyp.22.3.357
https://doi.org/10.1161/01.hyp.22.3.357
https://doi.org/10.1016/s0008-6363(99)00171-6
https://doi.org/10.1172/jci117977
https://doi.org/10.1172/jci117977
https://doi.org/10.1016/j.lfs.2012.09.018
https://doi.org/10.1016/j.lfs.2012.09.018
https://doi.org/10.1097/00000441-200106000-00005
https://doi.org/10.1097/00000441-200106000-00005
https://doi.org/10.1242/jcs.184846
https://doi.org/10.1161/01.res.0000024262.11534.18
https://doi.org/10.1161/01.res.0000024262.11534.18
https://doi.org/10.1111/j.1365-201x.2004.01312.x
https://doi.org/10.1111/j.1365-201x.2004.01312.x
https://doi.org/10.1097/01.mnh.0000199011.41552.de
https://doi.org/10.1097/01.mnh.0000199011.41552.de
https://doi.org/10.1161/hypertensionaha.111.188730
https://doi.org/10.1161/hypertensionaha.111.188730
https://doi.org/10.1159/000158781
https://doi.org/10.1161/01.res.64.6.1190
https://doi.org/10.1007/bf00233445
https://doi.org/10.1007/bf00233445
https://doi.org/10.1345/aph.1d296
https://doi.org/10.1097/00004872-199715010-00005
https://doi.org/10.1097/00004872-199715010-00005
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00853 July 21, 2020 Time: 16:47 # 17

Nademi et al. SHR Enhanced Myogenic Constriction

Schiffrin, E. L., and Thibault, G. E. L. (1991). Plasma endothelin in human
essential hypertension. Am. J. Hypertens. 4, 303–308. doi: 10.1093/ajh/4.
4.303

Schini, V. (1996). “The L-Arginine-Nitric oxide pathway in the vascular
smooth muscle: Regulation and pathophysiological significance,” in Vascular
Endothelium (Springer), 320–320.

Scotland, R. S., Chauhan, S., Vallance, P. J., and Ahluwalia, A. (2001). An
endothelium-derived hyperpolarizing factor–like factor moderates myogenic
constriction of mesenteric resistance arteries in the absence of endothelial nitric
oxide synthase–derived nitric oxide. Hypertension 38, 833–839. doi: 10.1161/
hy1001.092651

Szarka, N., Amrein, K., Horvath, P., Ivic, I., Czeiter, E., Buki, A., et al. (2017).
Hypertension-induced enhanced myogenic constriction of cerebral arteries is
preserved after traumatic brain injury. J. Neurotraum. 34, 2315–2319. doi:
10.1089/neu.2016.4962

Thorin, E., Shatos, M. A., Shreeve, S. M., Walters, C. L., and Bevan, J. A. (1997).
Human vascular endothelium heterogeneity: a comparative study of cerebral
and peripheral cultured vascular endothelial cells. Stroke 28, 375–381. doi:
10.1161/01.str.28.2.375

Uehata, M., Ishizaki, T., Satoh, H., Ono, T., Kawahara, T., Morishita, T.,
et al. (1997). Calcium sensitization of smooth muscle mediated by a Rho-
associated protein kinase in hypertension. Nature 389:990. doi: 10.1038/
40187

Ungvari, Z., and Koller, A. (2000). Endothelin and prostaglandin H2/thromboxane
A2 enhance myogenic constriction in hypertension by increasing Ca2+
sensitivity of arteriolar smooth muscle. Hypertension 36, 856–861. doi: 10.1161/
01.hyp.36.5.856

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Nademi, Lu and Dickhout. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 17 July 2020 | Volume 11 | Article 853

https://doi.org/10.1093/ajh/4.4.303
https://doi.org/10.1093/ajh/4.4.303
https://doi.org/10.1161/hy1001.092651
https://doi.org/10.1161/hy1001.092651
https://doi.org/10.1089/neu.2016.4962
https://doi.org/10.1089/neu.2016.4962
https://doi.org/10.1161/01.str.28.2.375
https://doi.org/10.1161/01.str.28.2.375
https://doi.org/10.1038/40187
https://doi.org/10.1038/40187
https://doi.org/10.1161/01.hyp.36.5.856
https://doi.org/10.1161/01.hyp.36.5.856
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Enhanced Myogenic Constriction in the SHR Preglomerular Vessels Is Mediated by Thromboxane A2 Synthesis
	Introduction
	Materials and Methods
	Animal Studies
	Myogenic Response Measurements in Endothelium-Intact Arteries
	Removing Endothelium Using Human Hair
	Myogenic Response Measurements in Endothelium-Removed Arteries
	Scanning Electron Microscopy (SEM) to Ensure Physical Absence of Endothelium
	Data and Statistical Analysis
	Reagents

	Results
	Effects of Inhibiting PGH2 and NO Synthesis on Endothelium-Intact Vessels Derived From Older Rats
	Effects of Inhibiting L-Type Calcium Channels on MC in Endothelium-Intact Vessels
	Endothelium Was Successfully Removed Using Human Hair
	Effects of Removing Endothelium on Myogenic Constriction in the WKY and SHR
	Effects of Inhibiting Prostaglandin H2 and Thromboxane A2 Synthesis in Endothelium-Removed Arcuate Arteries of Younger SHRs

	Discussion
	The Enhanced Myogenic Constriction in the SHR
	Removing the Endothelium
	Role of Endothelium in MC
	NSAIDs in Hypertension and CKD

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


