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ORIGINAL ARTICLE

Abstract

Background: Phenylephrine (PHE) produces higher aortothoracic contractile tension with endothelium (T[ON]) compared 
to potassium chloride (KCl). Both are exponential triphasic responses (Φ1, Φ2, Φ3) but their kinetics have not been compared 
with the time constant (τ in s). Goal. To study the triphasic T[On] kinetics (τ: Φ1, Φ2(fundamental) and Φ3) of 1μM PHE vs 
40mM KCl. Material and methods: We compared numerical values of τ1, τ2, τ3 of the T[On] of prepubertal male Wistar rats 
(without established reproductive capacity) with adult male ones. Results: Φ2 showed higher gain (g), shorter delay time 
(s), and faster kinetics of T[On] at PHE than at KCl. Conclusions: In the time course of T[On] only the fundamental expo-
nential phase was faster with PHE than with KCl.
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Introduction

The tension generation resides in the contractile 
proteins of the vascular smooth muscle cell1. A  G 
protein-coupled receptor (GPCR) agonist, such as 
phenylephrine (PHE)2, produces greater tension by 
increasing the concentration of intracellular calcium 
([Ca2+]i) compared to KCl3 probably based on its diffe-
rent mechanism of action; KCl is a convenient stimulus 
to evade GPCRs and activate smooth muscle through 
a highly reproducible mechanism that involves activa-
ting the Ca2+ channels operated by voltage leading to 

increases in Ca2+ cytosolic free, which activates the 
Ca-dependent myosin light chain (MLC) kinase2+-cal-
modulin, phosphorylation and contraction of the vas-
cular smooth muscle cell (MLCV) as well as a cal-
cium-sensitizing stimulus4,5. This KCl-induced 
stimulus-response mechanism is used in comparative 
studies to explore more complex mechanisms gene-
rated by GPCR activation5,6; as is the case with PHE, 
which activates the α-adrenergic receptor1D coupled 
to heterotrimeric G protein (Gq11 and G12/139) acti-
vates phospholipase C (PLC) to promote the hydroly-
sis of phosphatidylinositol bisphosphate to 
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diacylglycerol (DAG) and inositol triphosphate (IP3), 
IP3 can serve as an agonist for the release of Here2+ 
of intracellular reserves to increase [Ca2+] intracellular 
and cause contraction in the rat aorta. There is also 
sensitisation of the contractile elements at Ca2+ in the 
rat aorta mediated by a cyclic guanosine monophos-
phate (GTP) binding protein coupled with the α adre-
nergic receptor (AR) such as phenylephrine (PHE, 
pharmacological agonist of RAα) and norepinephrine 
(NE, endogenous agonist of RAα)6 cause smooth 
muscle contraction6.

Current status

The kinetics (rate of exchange per s) of transient 
aortothoracic contractile with functional endothelium 
(T[On]) induced by PHE or KCl is triphasic exponential 
in each case7,8. Purpose, compare the kinetics of T[On]) 
to PHE and KCl in male rats 4.5, 6.1 and 16.4 weeks, 
resulting from its adjustment with a 3-component model 
(time delay) included in its 10 parameters (M3C, 10P) 
previously evaluated7,8. We used prepubertal male rats 
of 4.5 and 6.1 weeks without established reproductive 
capacity, with the goal to look for kinetic differences of 
T[On] with respect to adult male rats (16.4 weeks) alre-
ady with reproductive capacity. The importance of com-
paring the kinetics of T[On]) between prepubertal male 
rats and adult female rats was that we did not know 
whether the endocrine (eg, androgenic) background, 
which we assume is already well established in adult 
female rats, could have some effect on the rate of ex-
change of T[On]PHE and KCl that results in different 
numerical values of τ between prepubertal and adult 
rats9.

Hypotheses

If the numerical duration of the time constant τ en s 
(kinetics) from T[On] to PHE or KCl is different, then 
the three exponential phases adjusted with the M3C,10P 
(T[On]: τ Φ1, τ Φ2, τ Φ3) should be faster for the con-
dition (PHE vs KCl) x group (τ: PHE < KCl).

Material and methods

Chemicals

PHE, KCl and acetylcholine (Acth) were purchased 
from Sigma. Sodium pentobarbital is obtained from 
Pfizer. Type I ultrapure water is used.

Animals. Ethical approval

Three groups of male Wistar rats (3G) of different 
ages and weeks were formed9 en g (mean±SD) of 
n = 6 per group10: 4.5 weeks (JPrep, prepubertal youth); 
6.1 weeks (Prep); y of 16.4 weeks (Adu); approved by 
the Animal Care Committee of the Laboratory of our 
Institution (30233/04-20220216/20230675)10. With the 
JPre and Pre we wished to count on the nearby win-
dows before the reproductive capacity with respect to 
the adults.

Sample preparation and vascular reactivity

Anesthetised animals were bleded11. The thoracic aor-
ta with functional endothelium was placed in cold oxyge-
nated Krebs-Ringer bicarbonate (SRK) solution to obtain 
3 or 4 rings of 4 to 5 mm in length, which were mounted 
in 10 ml baths for their bioassay with PHE 1μM7,12 or KCl 
40mM8 (Condition: PHE or KCl). The value of the tran-
sient tension of the isometric contraction of T[On] from 
the beginning of the condition (Onset) to the asymptotic 
state, the required value (Offset) was measured with a 
model 1030 force release transducer (UFI) and recorded 
online with AcqKnowledge software (MP100WSW; Bio-
pac Sistemas, Inc., Santa Barbara, California, USA)7,12.

Previous precontractile reference line (T[Basal]), PHE 
1μM was added in the bioassay to obtain the T[On]
Condition. The endothelium was verified by the presen-
ce of at least 80% of relaxation in response to ACTH 
1μM after preconstrict the tissues with PHE 1μM12.

Modelling

M3C,10P7 adjusted the transitory time course of 
T[On]Condition, in a window from T[basal]) until the end 
of T[On]Condition in g (M3C,10P{T[basal]_T[On]Condi-
tion}), with consecutive exponential transient time pe-
riods through 10P previously described7, to obtain the 
three-phase adjustment T[On] (T[On]Modelled in g: 
T[On]Φ1, T[On]Φ2, T[On]Φ3; Φ, phase) and its kinetics 
(τ, time constant in s): τ Φ1, τ Φ2, τ Φ3).

Data collection and analysis

To improve the signal-to-noise ratio, the T[On]Condi-
tion of 3 to 4 rings per rat (single average response) 
were aligned and overlapped, for their adjustment with 
the M3C,10P (T[On]Modeled)7 through computed linear 
regression13 of the 3G. The 10P of three expected ki-
netic phases were evaluated (e.g., τ: Φ1, Φ2, Φ3) based 
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on three preceding physiological events (S1, S2, S3)14,7. 
The goodness of the adjustment of the experimental 
data by the M3C,10P{T[basal]_T[On]Condition} was 
evaluated using the lowest residuals of the sum of 
squares (RSS values) or the minimum squared error 
(MSE values) of each adjustment made13.

Statistical analysis

Data of interest were analysed using analysis of va-
riance (ANOVA) of two factors (condition x group) and 
the F values were only presented where p <0.05. The 
post hoc Holm-Sidak (F) was carried out to compare 
kinetic parameters, when appropriate15.

Results

The time course of M3C,10P{T[basal] _T[On]Condi-
tion}, of each rat per group and its corresponding ad-
justment curves are shown in it Figure  1A and B 
respectively, with an example of modelled the three-pha-
se exponential adjustment (Fig. 1C-D respectively). The 
analysis of T[On]experimental showed; in the condition 
(PHE 1μM, 40mM KCl) df (degrees of freedom) = 1, 
F = 4.953 y p = 0.034; in the group (4.5, 6.1 and 
16.4 weeks of age) df = 2, F = 16.339 and p < 0.001; 
and in the interaction (condition x group) df = 2, 
F = 3.619, p = 0.039. The analysis of T[On]model 
showed; in the condition (PHE 1μM, 40mM KCl) df = 1, 
F = 4.1218 y p = 0.0513; in the group (4.5, 6.1 and 
16.4 weeks of age) df = 2, F = 17.1167 and p < 0.001; 
y in the interaction (condition x df group = 2, F = 1.7632, 
p  =  0.1888. The analysis of T[On]a2 showed; in the 
condition df = 1, F = 17,529; in the df group = 2, 
F = 30,886; and in the interaction df = 2, F = 5.088. The 
analysis of T[On]td2 showed; in the condition 
df = 1, F = 427.128; in the gl group = 2, F = 37,161; and 
in the interaction df = 2, F = 25,639. The analysis of 
T[On]tau2 showed; in the condition df = 1, F = 90,459; 
in the gl group = 2, F = 7.348; and in the interaction 
df = 2, F = 13.216.

T[On]: experimental vs modelled.- The global analy-
sis of T[On]experimental multiple comparison and post 
hoc (Holm-Sidak method) resulted (mean ± SEM); sig-
nificant between groups (different superindex letter 
pairs: a16.4 (2.8722 ± 0.1079) > { b4.5 (2.2882 ± 0.0578) 
p <  0.001, b6.1  (2.3393 ± 0.039) p < 0.001) en PHE 
1μM, but not (p > 0.05) in KCl 40mm (16.4  (2.4945 ± 
0.1215) p = 0.189, 4.5  (2.288 ± 0.0434) p = 0.155, 
6.1 (2.29767 ± 0.0487) p = 0.93) and On]experimental 
group 16.4 was significantly higher (p < 0.002) on PHE 

1μM compared to KCL 40mM. The global analysis of 
T[On]modelled of multiple comparison and post hoc 
resulted; not significant (p > 0.05) between groups: 
16.4  (2.9196 ± 0.1096), 4.5  (2.35002 ± 0.0630), 
6.1  (2.3703 ± 0.0413) en PHE 1μM, but significant 
(p  <   0.001) in 40mM KCl (a16.4  (2.5999 ± 0.1407)  
> {b4.5  (2.3115 ± 0.0447), b6.1  (2.3126 ± 0.0499), 
p = 0.899} and the interaction showed that T[On]mode-
lled {PHE 1μM similar to KCL 40mM} from the 16.4 
group, were significantly higher (p < 0.005 and p < 0.008 
respectively) compared to the rest of the groups (4.5, 
6.1). In general, a similar trend was observed in the 
experimental and modelled T[On]which is why the glo-
bal average of experimental T[On] (2.43 ± 0.0459) was 
not objectively different (n = 36, p > 0.05) compared to 
T[On]modeled (2.477 ± 0.0489), which validated the 
consistency of the M3C,10P when adjusting the expe-
rimental data.

There Φ2 (a, td, tau): PHE 1μM vs KCl 40mM.- The 
overall analysis of T[On]a2 of multiple comparison and 
post hoc resulted (Fig. 1E) significant (pairs of diffe-
rent letters in superscript); between conditions, PHE 
1μM > KCL 40mM b (p < 0.001), between groups: 
16.4a, 4.5b, 6.1b (p < 0.001) and the interaction showed 
that 1μM 16.4a, KCl x 40mM 16.4b, PHE 1μM x 6.1b, 
PHE 1μM x 4.5b, KCl 40mM x 6.1b, KCl 40mM x 4.5b 
(p = 0.013). The global analysis of T[On]td2 of multiple 
comparison and post hoc resulted (Fig. 1F) significant; 
between conditions; KCl 40mM a >  PHE 1μMb (p < 
0.001), between groups: 16.4b, 4.5b, 6.1a (p < 0.001) 
and in the interaction (condition x group) showed that 
KCl 40Mm 6.1a, KCl 40mM 16.4b, KCl 40mM 4.5b, PHE 
1μM 4.5c, PHE 1μM 6.1c, PHE 1μM 16.4d (p < 0.001). 
The global analysis of T[On]tau2 of multiple compari-
son and post hoc resulted (Fig.  1G) significant; be-
tween conditions; KCL 40mM a > PHE 1μMb (p <0.001), 
between groups: 16.4b, 4.5b, 6.1a (p = 0.003) and in 
the interaction it showed that KCl 40mM 6.1a, KCl 
40mM 16.4b, KCl 40mM 4.5b, PHE 1μM 16.4b,c, PHE 
1μM 6.1c,d, PHE 1μM 4.5d (p < 0.001).

Discussion

We studied whether the kinetics (τ) of T[On] was faster 
for PHE than for KCl; so, in T[On] a KCl it is known that 
there is depolarization of the membrane, entry of Ca2+ 
through the channels of Ca2+ voltage operated (VOCC)6, 
activation of the myosin light chain kinase (MLCK) depen-
dent on Ca2+ and increase MLC phosphorylation; whe-
reas T[On] a PHE, mediated by GPCR, causes activation 
of heterotrimeric proteins Gq11 and G12/139, which leads 
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to the generation of multiple cellular messengers, inclu-
ding inositol 1,4,5-triphosphate (IP3), diacylglycerol (DAG) 
and low molecular weight GTPasa, RhoA10, with activation 
of multiple types of Ca channels2+ and activation of at 
least two kinases, the RhoA kinase (ROK) and the protein 
kinase C (PKC), in addition to the Ca-dependent 
MLCK112+, which leads one to think that the majority 
of non-genomic signals generated after GPCR stimulation 
are regulated in the plasma membrane5. Here we find that 

T[On] a KCl reaches its final maximum a few minutes later 
than PHE; but both T[On] had similar maximum tensions 
and maybe also an equivalence in stimulation intensity 
with PHE and KCl, but T[On] had different kinetics that we 
attribute to the different causal mechanisms of PHE and 
KCl in the dynamics of increment of la [Ca2+]i6.5 in the 
development of the T[On]1. Thus, we observed for the first 
time, a faster T[On]Φ2 kinetics with PHE than with KCl 
(PHE[τ2 < KCl[τ2).

Figure 1. Time course of aortothoracic tension with functional endothelium (+E) in prepubertal (4.5 and 6.1 weeks of 
age) and adult (16.4 weeks of age) male rats. Transient contractile tension (Tension [On]). A: induced with 1μM 
phenylephrine. B: with KCl40mM). Fitted with the three-component exponential mathematical model (delay times) 
with 10 parameters (M3C,10P: tri-exponential fit of experimental data). C and D: with an individual example of that 
adjustment respectively. (n), sample size. g, grams. Adjustment window, basal line_Start up to the end of the total 
answer and identify three phases (Φ1, Φ2 and Φ3) with their respective kinetics: fast (τ Φ1), moderately fast (τ Φ2), 
and slow (τ Φ3). Numbers 1, 2 and 3, phase number.10P: a0, a1, a2, a3 (a, amplitude of answer in g, Atotal = (a1+ a2+ a3); 
td1, td2, td3 (td, delay time or component in min); τ1, τ2, τ3 (τ, time constant in min). Comparison of the amplitude 
parameters. E: a2. F: td2 en s. G: τ en s of the fundamental phase (Φ2). (n = 6), sample size. Media, average height of 
the bar. EEM, standard error of the mean (vertical line over the bar). Objective difference (p < 0.05) between the 
mean values of the two pharmacological conditions (pair of bars of the same color).

A B C

D E

F G
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High [K+] extracellular (e), as in this work (40mM), it 
is known that it depolarizes the cell membrane, opens 
VOCCs, increases the influx of Ca2+ and causes sus-
tained contraction14,16 which was observed in this work 
as well (Fig.  1B) and it is also known that staggered 
changes in the membrane potential (Vm) modulate 
contraction via Vm and phospholipase C, releasing 
DAG and IP317 and it would explain in part a three-pha-
se exponential T[On] at KCl 40mM observed here. 
However, the strength quotient/[Ca2+]i in general is 
greater during pharmacomechanical activation than 
during contractions activated by depolarization17. On 
the other hand, noradrenaline (NA) causes the release 
of Ca2+ of RS and initiates vascular smooth muscle cell 
contraction14 and changes in [Ca2+]i influence the vas-
cular function and the regulation of blood pressure, 
involving specific fluctuations in[Ca2+]i16. But the 
amount of Ca2+ stored in the sarcoplasmic reticulum 
(Ca2+ of RS) is limited, so T[On] is transitory; likewise, 
such as Ca2+ channel blockers do not inhibit the relea-
se of Ca2+ from the RS and the NA also opens the 
channel of Ca2+ linked to the receptor, it increases the 
influx of Ca2+ and causes T[On] sustained at PHE 1μM, 
also observed here (Fig. 1A). Thus, the largest influen-
ce of Ca2+ in the arthoracic smooth muscle tissue with 
endothelium induced by PHE, would explain here for 
the first time the greater gain of the bioassay system 
with faster delay times and T[On] kinetics compared to 
those induced by KCl.

Φ2 (a, td, tau): comparison between groups by age 
of rats

In this work it was observed that the greatest T[On]
a2 from the group of 16.4 compared with those of {4.5, 
6.1} weeks of chronological age, which would explain 
why the smooth muscle layer of the thoracic aorta of 
the adult rat (16.4) in contrast to the prepubertal ones, 
we assume that its growth has completed, responsible 
directly for the tension of the vascular wall and which is 
the white tissue of a large amount of vasoactive 
substances7-9,18.

A general tendency of slow T[On]td2 to KCl compared 
to that of PHE in 3G, would be attributed to the fact that 
the stimulus with KCl causes contraction of lesser in-
tensity compared to PHE2,3; which was reflected, in a 
slower heterogeneous T[On]td2 in 6.1 compared to 
{16.4, 4.5} as well as in a heterogeneity in td2 of 3G 
observed in the interaction in this studio (KCl 40Mm 
6.1> {KCl 40mM 16.4, KCl 40mM 4.5} > {PHE 1μM 4.5, 
PHE 1μM 6.1,} > PHE 1μM 16.4, could possibly be 
explained by a complex series of interactions of growth 
and development7,8,19 which we assume to occur among 

these groups of prepubertal and adult rats9. Similarly7,8, 
the T[On]tau2 of the groups was of slow kinetics (tau2 
of greater numerical value, >) in {6.1,16.4} > 4.5, and 
for this reason it was also so in the interaction {KCl 
40mM 6.1} > {KCl 40mM 16.4, KCl 40mM 4.5, PHE 1μM 
16.4} > PHE 1μM 16.4 similar PHE 1μM 6.1} > PHE 
1μM 6.1 > de PHE 1μM 4.5; this kinetic heterogeneity 
between the 3G groups could also be explained, in part, 
by spontaneous fluctuations in vasomotor tone and dia-
meter, modulated by regulatory systems, such as the 
renin-angiotensin-aldosterone system20, baroreceptor 
reflexes21, chemoreceptors22, afferent neuronal pa-
thways, control centres in the spinal bulb23, parasympa-
thetic and sympathetic efferent neuronal pathways24, as 
well as local vasomotor substances25 and endothelial; 
that we assume, can go on remodeling the arterial ves-
sels in the organisms in development in the prepuberal 
female rats towards adulthood, designed to help regu-
late the arterial pressure26.

Soon, the fundamental phase (Φ2) of the T[On] showed 
greater gain and faster kinetics in the condition: τ Φ2 with 
PHE < KCl x group (τ Φ2 in the 3G with PHE < KCl).

Conclusions

The time course of T[On] showed only in its expo-
nential (fundamental) phase greater gain, delay time 
and faster kinetics with PHE than with KCl.

Acknowledgments

The authors would like to thank Doctorate in Re-
search in Medicine programme of the SEPI, BEDD for 
their support, Escuela Superior de Medicina of the 
Instituto Politécnico Nacional and CONACYT.

Funding

The authors declare that they have not received any 
source of funding.

Conflicts of interest

The authors declare that they have no conflicts of 
interest.

Ethical disclosures

Protection of humans and animals. The authors 
declare that no experiments on humans or animals 
have been performed for this research.



Revista Médica del Hospital General de México. 2023;86(3)

98

Confidentiality of data. The authors declare that no 
patient data appear in this article.

Right to privacy and informed consent. The authors 
declare that no patient data appear in this article.

References
 1. Sato K, Ozaki H, Karaki H. Multiple effects of caffeine on contraction and 

cytosolic free calcium levels in vascular smooth muscle of rat aorta. 
Naunyn-Schmiedebergs Arch Pharmacol 1988; 338: 443-448.

 2. Kuriyama H, Kitamura K, Itoh T, Inoue R. Physiological features of vis-
ceral smooth muscle cells, with special reference to receptors and ion 
channels. Physiol Rev 1998; 78: 811-920.

 3. Ratz PH, Miner AS. Muscle calcium sensitization and feedback control of 
cellular calcium levels role of protein kinase Cζ and calcium entry in KCl-In-
duced Vascular Smooth Muscle Calcium Sensitization and Feedback Control 
of Cellular Calcium Levels. J Pharmacol Exp Ther 2009; 328 (2): 399-408.

 4. Himpens R, Missiaen L, Casteels R. Ca2+ homeostasis in vascular smoo-
th muscle. J Vasc Res 1995; 32: 207-219; Ratz PH, Berg KM, Urban NH, 
Miner AS. Regulation of smooth muscle calcium sensitivity: KCl as a cal-
cium-sensitizing stimulus. Am J Physiol Cell Physiol 2005; 288: C769-C783.

 5. Ratz PH, Berg KM, Urban NH, Miner AS. Regulation of smooth muscle 
calcium sensitivity: KCl as a calcium-sensitizing stimulus. Am J Physiol 
Cell Physiol 2005; 288: C769-C783.

 6. Bolton TB. Mechanisms of action of transmitters and other substances 
on smooth muscle. Physiol Rev 1979; 59: 606-718.

 7. Padilla JP, Castillo-Hernández MaC, Padilla-Keymole J, Criveli-Puga 
Abraham, López-Canales OA, Zambrano-Padilla R. Técnicas de mode-
lado para distinguir la cinética de la contracción de la aorta torácica in-
ducida por fenilefrina en ratas de diferentes edades. Rev Hosp Jua Mex 
2018; 85(4): 208-221.

 8. Padilla JP, López-Canales OA, Padilla-Keymole J, Castillo-Hernández MaC, Zam-
brano-Padilla R. “Cinética trifásica exponencial contráctil aortotorácica a KCl 
independiente de la edad en ratas”. Rev Hosp Jua Mex 2020; 87(3): 122-129.

 9. Baker HJ, Russel Lindsey J, Weisbroth SH. The laboratory rat Volume 1 
Biology and diseases. Editorial Academic Press. EEUU 1979.

 10. Castillo EF, Castillo C, Valencia I, Hernández D, Castillo MC, Frias S, 
Bobadilla RA. The actions of α-methylnorepinephrine on the rat aorta. 
Proc West Pharmacol Soc 1996; 39: 33-35.

 11. Castillo EF, Ortíz CS, López RM, Ruíz A, Vélez JM, Castillo C. Evidence 
against α2-adrenoceptors mediating relaxation in rat thoracic aorta: 
α2-agonist relaxation depends on interaction with α1-adrenoceptors. Fun-
dam Clin Pharmacol 2006; 20: 339-349.

 12. Cruz-Domínguez, MP, Villalobos-Molina, R, Miliar-García, A, 
Montes-Cortez, DH, Reséndiz-Ramírez AC, Asbun-Bojalil J, 
Cervantes-Cruz J, Castillo-Hernández MC, Castillo-Henkel C. Evidence 
of α1-adrenoceptor functional changes in omental arteries of patients with 
end-stage renal disease. Auton Autac Pharmacol 2008; 28: 19-27.

 13. Motulsky HJ, Ransnas LA. Fitting curves to data using nonlinear regres-
sion: a practical and nonmathematical review. FASEB J 1987;1: 
365-374.

 14. Karaki H, Ozaki H, Hori M, Mitsui-Saito M, Amano KI, Harada KI, Miya-
moto S, Nakazawa H, Won KJ, Sato K. Calcium Movements, Distribution, 
and functions in smooth muscle. Pharmacol Rev 1997; 49:157-230.

 15. Zar, JH. Biostatistical Analysis, Third Edition, New Jersey: Prentice Hall, 
Inc., EEUU, 1996.

 16. Harraz, OF, Jensen,LJ. Vascular calcium signalling and ageing. J Physiol 
2021; 599(24): 5361-5377.

 17. Karaki H. Historical techniques: Cytosolic Ca2+ and contraction in smoo-
th muscle. Trends Pharmacol Sci 2004; 25(7): 388-393.

 18. Coccarelli A, Edwards DH, Aggarwal A, Nithiarasu P, Parthimos D. 
A  multiscale active structural model of the arterial wall accounting for 
smooth muscle dynamics. J R Soc Interface. 2018; 15(139):20170732. 
https://doi.org/10.1098/rsif.2017.0732.

 19. Guimarães S, Moura D. Vascular adrenoceptors: an update. Pharmacol 
Rev 2001; 53(2):319-56.

 20. Bermejo S, García CO, Rodríguez E, Barrios C, Otero S, Mojal S, et al. 
The renin–angiotensin–aldosterone system blockade in patients with ad-
vanced diabetic kidney disease. Nefrología (English Ed) 2018; 
38(2):197-206.

 21. Pandey KN. Guanylyl cyclase/atrial natriuretic peptide receptor-A: role in 
the pathophysiology of cardiovascular regulation. Can J Physiol Pharma-
col 2011; 89(8):557-73.

 22. Kumar P, Prabhakar NR. Peripheral chemoreceptors: function and plas-
ticity of the carotid body. Compr Physiol 2012;2(1):141-219.

 23. Nattie E, Li A. Central chemoreceptors: locations and functions. Compr 
Physiol 2012;2(1):221-54.

 23. Mendizábal Y, Llorens S, Nava E. Vasoactive effects of prostaglandins 
from the perivascular fat of mesenteric resistance arteries in WKY and 
SHROB rats. Life Sci 2013;(25-26):1023-32.

 24. Ibarra M, López-Guerrero JJ, Mejía-Zepeda R, Villalobos-Molina R. En-
dothelium-Dependent Inhibition of the Contractile Response Is Decrea-
sed in Aorta from Aged and Spontaneously Hypertensive Rats. Arch Med 
Res 2006;37(3):334-41.

 25. Garland CJ, Bagher P, Powell C, Ye X, Lemmey HAL, Borysova L, et al. 
Voltage-dependent Ca(2+) entry into smooth muscle during contraction 
promotes endothelium-mediated feedback vasodilation in arterioles. Sci 
Signal 2017;10(486).

 26. Zhou K, Parker JD. The role of vascular endothelium in nitroglyce-
rin-mediated vasodilation. Br J Clin Pharmacol 2019; 85(2):377-84.


