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Abstract 

Introduction 

The endothelium plays a crucial role in regulating vascular tone by the 

release of relaxant and contractile substances. Endothelial NO, produced by 

eNOS, causes dilation by activating sGC and increasing cGMP. The 

endothelium and external factors, such as the sympathetic nervous system, 

regulate vascular smooth muscle cell function. Endothelial dysfunction 

implies a loss of vasodilator capacity, mainly due to a decreased NO 

bioavailability, and it is commonly present in cardiovascular diseases.  

Ca2+ is an extremely versatile signalling molecule that influences a 

variety of cellular processes. Many pathways are involved in Ca2+ 

homeostasis at the vascular level. Several types of Ca2+ channels present in 

cell membranes regulate Ca2+ flow. In addition, the sarcoplasmic reticulum 

and mitochondria allow Ca2+ release and reuptake. The coordinated action of 

all these cellular mechanisms is essential for vascular homeostasis. L-type 

VGCCs are the main pathway for calcium influx in smooth muscle cells and 

cause vasoconstriction. Additionally, studies have found T-type VGCCs 

expressed alongside L-type VGCCs in different vascular beds. T-type VGCCs 

are characterised by activation at lower depolarisation levels compared to 

L-type VGCCs, have faster kinetics and are mainly expressed in the nervous 

system and cardiac pacemakers, playing a key role in cellular excitability. 

Currently, three subtypes of T-type VGCCs are known: CaV3.1, CaV3.2 and 

CaV3.3. In the cardiovascular system, the predominant subtypes of these 

channels are CaV3.1 and CaV3.2. Their activation has been associated to 
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vasoconstriction. However, some authors also reported their implication in 

vasodilation. 

The myogenic response involves constriction and dilation of blood 

vessels in response to changes in intraluminal pressure, contributing to the 

mechanism of autoregulation of blood flow. Both L-and T-type VGCCs are 

involved in this response, with the L-type playing a predominant role. In 

recent years, studies have increasingly demonstrated the involvement of 

T-type VGCCs in the myogenic response, especially resistance vascular beds 

at lower pressures (40 - 80 mmHg). Overall, the contribution of T-type 

VGCCs to the myogenic response appears to be minor compared to the 

participation of L-type VGCCs.  

On the other hand, vascular oxidative stress could lead to increased 

expression and contribution of T-type VGCCs over L-type VGCCs, leading 

to increased vascular tone. Since cardiovascular diseases are associated to 

oxidative stress, blocking T-type VGCCs may offer advantages over blocking 

L-type VGCCs. In addition, some authors suggest that NO deficiency may 

activate T-type VGCCs. Since endothelial dysfunction is an underlying 

feature of cardiovascular diseases, T-type VGCCs antagonists could become 

a therapeutic alternative in these diseases. 

Cardiovascular diseases are currently the leading cause of death 

worldwide. In Spain, around 120,000 people died from cardiovascular causes 

in 2020, accounting for almost 25 % of all deaths in the country. Hypertension 

is an important risk factor for global mortality. It is related to cardiovascular 

diseases, such as atherosclerosis or myocardial infarction, contributing 

directly to the increased risk of stroke and ischaemic heart disease. It is also 
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considered a risk factor for the development of cardiovascular diseases along 

with other factors. 

Hypertension is now a global public health problem which, according 

to the latest WHO report, causes around 9 million deaths per year, and its 

incidence is increasing. The number of cases has risen from 594 million in 

1975 to approximately 1.3 billion people by 2021. Adequate control of 

hypertension has been shown to reduce the rate of myocardial infarction by 

24 % and stroke mortality by 42 %. 

In cardiovascular diseases such as hypertension, vascular dysfunction 

occurs due to several triggering mechanisms, including oxidative stress and 

calcium-related pathways. Elevated Ca²⁺ channel activity can lead to 

excessive vasoconstriction and hypertension. L-type VGCCs blockers, such 

as DHPs, are an effective treatment for hypertension. However, one of the 

main side effects is the development of peripheral malleolar oedema, forcing 

many patients to discontinue treatment. The oedema produced by L-type 

VGCCs blockers occurs due to inhibition of the myogenic response, which 

results in increased dilation of the precapillary vessels and thus increased 

hydrostatic pressure in the capillary. Since T-type VGCCs play a minor role 

in myogenic tone, it would be expected that blockers of these channels would 

be good candidates for treating hypertension without causing oedemas. A 

better understanding of the function of T-type VGCCs in vascular smooth 

muscle and endothelial cells is the basis for the rational development of new 

antihypertensive drugs with fewer side effects. In fact, several clinical studies 

show that combined treatment with L- and T-type VGCC blockers proves to 

be more effective than conventional L-type blockers alone. 
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Finally, oestrogens can inhibit L-type VGCCs, so it would not be 

surprising if they could also affect T-type VGCCs. Understanding the role and 

regulation of T-type VGCCs in different sexes could lead to the development 

of new personalised therapies for the treatment of hypertension or other 

cardiovascular diseases. 

 

Hypothesis and aims 

Under physiological conditions, NO could down-regulate the function 

of T-type VGCCs. Therefore, in the presence of endothelial dysfunction, 

which mainly results in a deficit of NO release, these channels might become 

more active. Since we hypothesise that their function is mainly 

vasoconstrictor, they might worsen the prognosis of hypertension. In addition, 

the role of T-type VGCCs might vary according to sex, as has been shown for 

L-type VGCCs. 

The overall aim of this thesis is to determine the vascular function and 

expression of T-type VGCCs under physiological conditions and in 

hypertension, as well as whether sex can modulate this function. The specific 

aims are: 1. Determine the involvement of T-type VGCCs in the contractile 

response to phenylephrine and angiotensin II in the aorta and renal artery of 

healthy rabbits and assess whether the absence of NO influences the 

α1-adrenergic response. 2. Investigate the role of T-type VGCCs in the 

endothelium-dependent and -independent relaxant response in healthy rabbit 

aorta and renal artery. 3. Analyse the protein expression levels of T-type 

VGCCs in the aorta and renal artery of healthy rabbits and explore possible 

co-localisation between T-type VGCCs and eNOS. 4. Examine whether the 
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function and expression of T-type VGCCs are altered in a model of 

hypertension and determine whether these alterations are influenced by sex. 

 

Material and methods 

To determine vascular function and expression of T-type VGCCs 

under physiological conditions, male healthy rabbits were used. To study the 

role of T-type VGCCs in hypertension, male and female hypertensive rats 

(SHR model) and its normotensive control (WKY) were used.  

For vascular reactivity measurements, the rabbit aorta and renal artery 

were mounted in an organ bath, while the rat renal artery was mounted in a 

wire myograph. Concentration-response curves were performed for 

phenylephrine, angiotensin II, acetylcholine and sodium nitroprusside. The 

involvement of T-type VGCCs and NO was assessed by incubating arterial 

rings with nickel chloride, a T-type VGCC blocker, and L-NAME, a NOS 

inhibitor. 

Protein expression of rabbit arteries was analysed by Western blot 

using antibodies specific for Cav3.1 and Cav3.2. The localisation of these two 

subtypes in the endothelium of renal artery and their possible colocalisation 

with eNOS, was determined by immunohistochemistry. 

For gene expression studies, intrarenal arteries from rats were used. 

After isolation, the arteries were extracted from trizol reagent. RT-PCR 

analysis was then performed using pre-designed TaqMan gene expression 

assays for the target genes CaV3.1, CaV3.2 and Nos3, as well as for the 

housekeeping gene Gapdh.  
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Flow cytometry experiments were carried out using the fluorochromes 

DAF-FM Diacetate, Dihydrorhodamine 123 and Dihydroethidium. 

Statistical analyses were performed with Microsoft Excel and 

GraphPad Prism. For comparison of the different groups and experimental 

conditions, P-values were generated by one-way or two-way analysis of 

variance (ANOVA) or Student's t-test. 

 

Results 

We performed concentration-response curves to phenylephrine in the 

presence of L-NAME to examine whether there was NO release in response 

to α1-adrenergic receptor stimulation in the aorta and renal artery of healthy 

rabbits. L-NAME enhanced the contractile response to phenylephrine in both 

the aorta and renal artery, increasing pCE50 and Emax, indicating that NO 

attenuates adrenergic contraction in these two vascular beds. Subsequently, 

we performed concentration-response curves to phenylephrine and 

angiotensin II in the presence of nickel chloride. In both cases, the curves 

were shifted to the right, indicating that T-type VGCCs participate in the 

contraction induced by these agonists. Furthermore, to test the hypothesis that 

NO could modulate the activity of T-type VGCCs, the phenylephrine curves 

were performed in the presence of L-NAME and nickel chloride. The results 

showed that in the absence of NO, the contribution of T-type VGCCs in this 

response was significantly increased only in the renal artery.  

In addition, we investigate the role of T-type VGCCs in both 

endothelium-dependent and -independent arterial relaxation. In the aorta, 

nickel chloride did not affect the relaxation of acetylcholine or sodium 



 _________________________________________________________________ Abstract 

 

 

nitroprusside. However, in the renal artery, nickel chloride reduced the 

response to acetylcholine but not to sodium nitroprusside. The blockade 

induced by nickel chloride on acetylcholine response was similar to that 

induced by L-NAME. Moreover, co-incubation of nickel chloride plus 

L-NAME did not show a synergic blockade compared to that induced by 

nickel chloride or L-NAME separately, suggesting that T-type VGCCs-

mediated relaxation might share the same vasodilator pathway as NO. 

Protein expression of CaV3.1 and CaV3.2 subtypes in the aorta and 

renal artery of healthy rabbits revealed no significant differences between the 

two vessels. On the other hand, results obtained by immunohistochemistry 

indicated that both subtypes were localised in rabbit renal artery endothelium 

and that there was a colocalisation between CaV3.1 and eNOS.  

Based on our findings in healthy renal rabbit arteries, we focused on 

this vascular bed to study the role of these channels in hypertension. The study 

was performed in both male and female SHR model, taking the WKY rats as 

a normotensive control. 

To test whether the vascular tissue of the SHR model might be more 

exposed to oxidative stress than that of WKY rats, we measured basal 

intracellular levels of ROS in circulating white blood cells. Our results 

indicated that in male SHR, there was an increased production of H2O2 and 

ONOO- in both leukocytes and neutrophils. These results suggest that the 

vascular tissue of male SHR would be more exposed to oxidative stress than 

that of females.  

To test whether hypertension caused vascular dysfunction in the SHR 

model, concentration-response curves to acetylcholine and sodium 
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nitroprusside were performed in the renal artery. The results showed that the 

renal artery from the SHR model had endothelial dysfunction in both males 

and females without impairment of endothelium-independent vasodilator 

capacity. On the other hand, curves to phenylephrine were performed in the 

study groups. The results showed that hypertension did not modify the 

contractile response to phenylephrine in males. However, in females, a greater 

sensitivity to phenylephrine was found in SHR. Hypertension reduced NO 

production in response to phenylephrine, especially in females.  

To study the involvement of T-type VGCCs in the response to 

phenylephrine, concentration-response curves were performed in the 

presence of nickel chloride. Furthermore, to test the hypothesis that NO might 

modulate T-type VGCCs activity, the curves were performed in the presence 

of L-NAME and nickel chloride. Our results showed that T-type VGCCs 

contribute to phenylephrine-induced contraction in the renal artery of both 

male and female rats. Hypertension increased the involvement of T-type 

VGCCs only in female rats. In the absence of NO, the involvement of T-type 

VGCCs increased in female WKY. In both SHR groups and male WKY, 

incubation with L-NAME did not enhance nickel chloride blockade, which 

was consistent with a scarce NO release in response to phenylephrine in these 

groups. 

In addition, we measured gene expression of the predominant vascular 

territory subtypes of T-type VGCCs (CaV3.1 and CaV3.2) and Nos3 in rat 

intrarenal arteries of both male and female WKY and SHR groups by RT-

PCR. The mRNA expression of both CaV3.1 and CaV3.2 was significantly 

higher in male SHR compared to WKY rats of the same sex, while in females, 
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it was significantly lower in SHR compared to WKY rats. On the other hand, 

the eNos expression was significantly higher in male SHR compared to WKY 

rats of the same sex. In females, no changes in Nos3 gene expression were 

observed. In addition, the results showed a positive correlation between 

CaV3.1 and CaV3.2 and Nos3 gene expression.  

Overall, these results indicate a different role for T-type VGCCs 

depending on sex and a different regulation in response to hypertension 

between males and females. 

Discussion 

The regulation of vascular tone by T-type VGCCs is complex. 

Initially, CaV3.1 subtype function was linked to vasoconstriction and CaV3.2 

to vasodilation. However, murine models deficient in CaV3.1 or CaV3.2 have 

shown that both subtypes are involved in both vasoconstriction and 

vasodilation, depending on the vascular bed.  

Our results show that T-type VGCCs are involved in both 

α1-adrenergic and angiotensin II vasoconstriction in rabbit aorta and renal 

artery under physiological conditions. In the absence of NO, the participation 

of T-type VGCCs in response to phenylephrine increases in the renal artery 

but not in the aorta indicating the modulation of these channels by NO. 

Moreover, these channels are involved in endothelium-dependent 

vasodilation in the renal artery, where there is an endothelial colocalisation 

between CaV3.1 and eNOS underlying the disruption of healthy vasodilation 

when T-type VGCCs are blocked. These results support the hypothesis that 

Ca2+ influx through CaV3.1 may activate eNOS. 
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Because the function of T-type VGCCs seems to be more relevant in 

the renal artery, we focus on this artery to study the role of these channels in 

hypertension in both sexes. We observed that hypertension induces 

endothelial dysfunction in both sexes and increase sensitivity to 

phenylephrine only in females. In the absence of NO, the response to 

phenylephrine was similar between females WKY and SHR, pointing to a 

crucial role of NO in α1-adrenergic contraction for female WKY, which is lost 

in SHR. Therefore, T-type VGCCs become more active in hypertensive 

females, probably due to a decreased NO release.  

Finally, the increased oxidative stress in male SHR may also increase 

the gene expression of CaV3.1 and CaV3.2, as described by other authors. The 

increased Nos3 expression in hypertensive males could be interpreted as an 

attempt to compensate for the oxidative stress. Furthermore, the positive 

correlation between gene expression of the T-type VGCCs subtypes with 

Nos3 could explain the increased gene expression of both T-type VGCCs and 

Nos3 observed in male SHR. Paradoxically, this overexpression does not 

translate into increased vascular involvement of T-type VGCCs or increased 

NO release.  

On the other hand, in females, gene expression of T-type VGCCs 

decreases despite their increased participation in the adrenergic response. 

Precisely, this could be the cause of such underexpression, i.e., the increased 

activity of T-type VGCCs in hypertensive females would exert an inhibitory 

effect on Cav3.1 and Cav3.2 gene expression that would explain the 

underexpression shown by this group. Hypertension does not change Nos3 

gene expression in females despite the lower NO participation. This finding 
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would indicate the inability of hypertensive females to up-regulate Nos3 gene 

expression, leading to endothelial dysfunction and increased sensitivity to 

phenylephrine.  

The function and modulation of T-type VGCCs under physiological 

conditions and in hypertension, especially their sex-specific effects and their 

relationship with NO, have been explored in this PhD thesis, providing new 

insights into their role in the regulation of vascular tone. 
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Resumen 

Introducción 

La pared arterial está constituida por tres capas: la túnica íntima, la 

túnica media y la túnica externa. El endotelio, localizado en la túnica íntima, 

libera sustancias vasoactivas que son capaces de regular el tono de los vasos 

sanguíneos, principal determinante de la presión arterial. La activación de la 

óxido nítrico sintasa endotelial (eNOS) produce óxido nítrico (NO), un 

potente vasodilatador que provoca la conversión de GTP en GMPc 

conduciendo a la relajación de los vasos sanguíneos. La función de las células 

musculares lisas vasculares está regulada por el endotelio y por otros factores 

externos como el sistema nervioso simpático, que desempeña un papel crucial 

en la regulación de la presión arterial y el flujo sanguíneo. En condiciones 

fisiológicas, el endotelio libera también sustancias vasoconstrictoras; ante una 

disfunción endotelial, nos encontramos con un desequilibrio entre la 

producción de las sustancias vasoconstrictoras y vasodilatadoras que puede 

conducir a una pérdida de la capacidad vasodilatadora y a un estado de 

hipercontractilidad. Esta situación está comúnmente presente en las 

enfermedades cardiovasculares. 

El Ca2+ es una molécula de señalización extremadamente versátil que 

influye en diversos procesos celulares. Son muchas las vías que intervienen 

en la homeostasis del Ca2+ a nivel vascular. La entrada y salida de Ca2+ del 

citoplasma es posible gracias a varios tipos de canales de Ca2+ presentes en 

las membranas celulares. Además, el retículo sarcoplásmico, así como las 

mitocondrias, permiten la liberación de Ca2+ y su recaptación. La acción 
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coordinada de todos estos mecanismos celulares es esencial para la 

homeostasis vascular. 

La principal entrada de Ca2+ en las células musculares lisas vasculares 

se produce a través de los canales de Ca2+ dependientes de voltaje (VGCCs, 

por sus siglas en inglés), que se abren cuando la membrana celular se 

despolariza, permitiendo la entrada de Ca2+ y provocando la vasoconstricción. 

Estos canales se clasifican en dos grandes grupos, en función de los voltajes 

a los que se activan, que se dividen a su vez en tres familias principales: CaV1 

(comúnmente llamados de tipo L) y CaV2 (tipo N, P/Q y R), activados por 

altos voltajes, y CaV3 (tipo T), que se activa a bajos voltajes. La mayor o 

menor abundancia en las distintas poblaciones de estos canales varía a lo largo 

del árbol vascular. Los VGCCs de tipo L constituyen la principal vía de 

entrada de Ca2+ en las células musculares lisas vasculares, regulando la 

respuesta miogénica y la presión arterial. Sin embargo, otros subtipos de 

VGCCs, como los de tipo T, también están presentes en el sistema vascular. 

Cada vez más estudios describen la expresión de VGCC de tipo T además de 

los de tipo L en diferentes lechos vasculares de distintas especies. 

Los VGCC de tipo T se caracterizan por activarse a niveles de 

despolarización más bajos comparados con los de tipo L, poseer una cinética 

más rápida y expresarse principalmente en el sistema nervioso y en los 

marcapasos cardíacos, desempeñando un papel fundamental en la 

excitabilidad celular. Actualmente, se conocen tres subtipos de los VGCCs de 

tipo T: CaV3.1, CaV3.2 y CaV3.3. En el sistema cardiovascular, los subtipos 

predominantes de estos canales son CaV3.1 y CaV3.2. La entrada de Ca2+ a 

través de estos canales se ha relacionado con la vasoconstricción, aunque 
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también algunos autores han demostrado su participación en mecanismos de 

relajación vascular.   

La respuesta miogénica implica la constricción y dilatación de los 

vasos sanguíneos en respuesta a cambios en la presión intraluminal, 

contribuyendo al mecanismo de autorregulación del flujo sanguíneo. En esta 

respuesta participan tanto los canales de Ca²⁺ de tipo L como los de tipo T, 

siendo los primeros los que desempeñan un papel predominante. En los 

últimos años han ido apareciendo estudios que demuestran la implicación de 

los VGCCs de tipo T en la respuesta miogénica en algunos lechos vasculares, 

especialmente de resistencia. En lechos vasculares específicos, como las 

arterias cerebrales y mesentéricas, los VGCCs de tipo T contribuyen a la 

regulación del tono miogénico a presiones más bajas (40-80 mmHg). En 

líneas generales, la contribución de los VGCCs de tipo T a la respuesta 

miogénica parece ser minoritaria comparada con la participación de los 

VGCCs de tipo L.  

Por otra parte, el estrés oxidativo vascular podría conducir a una 

mayor expresión y contribución de los VGCC de tipo T sobre los de tipo L, 

lo que llevaría a un aumento del tono vascular. Puesto que las enfermedades 

cardiovasculares cursan con estrés oxidativo, el bloqueo de los VGCCs de 

tipo T podría ofrecer ventajas sobre el bloqueo de los VGCCs de tipo L. 

Además, algunos autores sugieren que, en situación de déficit de NO, la 

activación de los VGCCs de tipo T podría verse incrementada. Puesto que la 

disfunción endotelial es una característica subyacente de las enfermedades 

cardiovasculares, los antagonistas de los VGCCs de tipo T podrían 

convertirse en una alternativa terapéutica en dichas enfermedades. 
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Las enfermedades cardiovasculares constituyen actualmente la 

principal causa de muerte a nivel mundial. En España, alrededor de 120.000 

personas murieron por causas cardiovasculares en 2020, lo que supone casi el 

25 % de las muertes totales del país. La hipertensión arterial es un importante 

factor de riesgo de mortalidad global y está relacionada con enfermedades 

cardiovasculares, como la aterosclerosis o el infarto de miocardio, 

contribuyendo directamente al aumento del riesgo de sufrir ictus, cardiopatía 

isquémica y otras enfermedades cardiovasculares. Además, se considera un 

factor de riesgo para el desarrollo de estas enfermedades junto con otros 

factores como las dislipidemias, el tabaquismo, los malos hábitos 

alimentarios, el consumo de alcohol, el sedentarismo, la obesidad, la diabetes, 

la edad avanzada o los antecedentes familiares. 

La hipertensión constituye, hoy en día, un problema de salud pública 

mundial que, según cifras de la OMS, causa alrededor de 9 millones de 

muertes al año, y su incidencia va en aumento. El número de casos ha pasado 

de 594 millones en 1975 a 1.130 millones en 2015, afectando 

aproximadamente a 1.300 millones de personas en 2021. La prevalencia de la 

hipertensión aumenta con la edad y provoca una afectación sistémica 

secundaria con efectos renales, cerebrovasculares y cardíacos. Se ha 

demostrado que un control adecuado de la hipertensión reduce la tasa de 

infartos de miocardio en un 24 % y la mortalidad por ictus en un 42 %. 

La hipertensión presenta diferencias entre hombres y mujeres. Los 

hombres antes de los sesenta años poseen mayor incidencia de hipertensión 

en comparación con las mujeres. El hecho de que las mujeres posean menor 

incidencia de hipertensión durante la edad fértil se ha relacionado con la 
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elevada concentración de estrógenos que poseen, que aumentan la liberación 

de NO endotelial, reduciendo así la resistencia periférica y la presión arterial. 

Sin embargo, tras la menopausia y la consiguiente disminución de los niveles 

plasmáticos de estrógenos, el riesgo de estas enfermedades es mayor en las 

mujeres que en los hombres de la misma edad. 

En las enfermedades cardiovasculares, como la hipertensión, la 

disfunción vascular se produce debido a diversos mecanismos 

desencadenantes, entre ellos el estrés oxidativo y las vías relacionadas con el 

calcio. Una actividad elevada de los canales de calcio puede provocar una 

vasoconstricción excesiva e hipertensión. Los bloqueantes de los VGCCs de 

tipo L, como las DHP, se utilizan para tratar la hipertensión y constituyen un 

tratamiento efectivo, sin embargo, uno de los efectos secundarios principales 

es la generación de edema maleolar periférico, lo que obliga a muchos 

pacientes a interrumpir el tratamiento. El edema producido por los 

bloqueantes de los VGCCs tipo L se produce debido a la inhibición de la 

respuesta miogénica, que da lugar a una mayor dilatación de los vasos 

precapilares y por tanto a un aumento de la presión hidrostática del capilar. 

Ya que los VGCCs de tipo T tienen una función minoritaria en el tono 

miogénico, se esperaría que los bloqueantes de estos canales fueran buenos 

candidatos para tratar la hipertensión sin ocasionar edemas como efecto 

secundario. Un mejor conocimiento de la función de los VGCCs de tipo T en 

el músculo liso vascular y las células endoteliales, así como en otros órganos 

diana, constituye la base para el desarrollo racional de nuevos fármacos 

antihipertensivos con menos efectos secundarios. De hecho, diversos estudios 

clínicos ponen de manifiesto que el tratamiento combinado con bloqueantes 
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de los VGCCs de tipo L y T demuestra ser más eficaz que el uso de 

bloqueantes convencionales de tipo L por sí solos. 

Por último, los estrógenos pueden inhibir los VGCCs de tipo L, por lo 

que no sería extraño que también pudieran tener algún efecto sobre los 

VGCCs de tipo T, hasta la fecha no descrito. Comprender el papel y la 

regulación de los VGCC de tipo T en los diferentes sexos podría conducir al 

desarrollo de nuevas terapias personalizadas para el tratamiento de la 

hipertensión u otras enfermedades cardiovasculares. 

 

Hipótesis y objetivos 

En condiciones fisiológicas, el NO podría modular a la baja la función 

de los VGCCs de tipo T. Por lo tanto, en presencia de disfunción endotelial, 

que cursa principalmente con un déficit de liberación de NO, estos canales 

podrían volverse más activos. Dado que nuestra hipótesis es que su función 

es principalmente vasoconstrictora, podrían empeorar el pronóstico de la 

hipertensión. Además, el papel de los VGCCs de tipo T podría variar en 

función del sexo, como se ha demostrado con los VGCC de tipo L. 

El objetivo general de esta tesis es determinar la función vascular y la 

expresión de los VGCCs tipo T en condiciones fisiológicas y en la 

hipertensión, así como si el sexo puede modular esta función. Los objetivos 

específicos son: 1. Determinar la implicación de los VGCCs tipo T en la 

respuesta contráctil a la fenilefrina y a la angiotensina II en aorta y arteria 

renal de conejos sanos. Evaluar si la ausencia de NO influye en la respuesta 

α1-adrenérgica. 2. Investigar el papel de los VGCCs de tipo T en la respuesta 



 ________________________________________________________________  Resumen 

 

 

relajante dependiente e independiente del endotelio en aorta y arteria renal de 

conejos sanos. 3. Analizar los niveles de expresión proteica de los VGCCs de 

tipo T en aorta y arteria renal de conejos sanos, y explorar la posible 

colocalización entre las proteínas de los VGCCs de tipo T y la eNOS. 4. 

Examinar si la función y la expresión de los VGCCs de tipo T están alteradas 

en un modelo de hipertensión y determinar si estas alteraciones están influidas 

por el sexo. 

Material y métodos 

Para conseguir la primera parte del objetivo general, es decir, 

determinar la función vascular y la expresión de los VGCCs tipo T en 

condiciones fisiológicas, se utilizaron conejos macho de 15 semanas de edad. 

Para estudiar el papel de los VGCCs tipo T en la hipertensión, se utilizó el 

modelo SHR y su control normotenso de ratas WKY. Para comprobar si el 

sexo afectaba la función de estos canales en la hipertensión, el estudio se 

realizó tanto en machos como en hembras. 

Empleamos el sistema no invasivo NIBP CODA 8 para medir la 

tensión arterial en ratas. Para el estudio de la reactividad vascular, la aorta y 

la arteria renal de conejo se montaron en un baño de órganos, mientras que la 

arteria renal de rata se montó en un miógrafo de alambre. Se construyeron 

curvas concentración-respuesta para fenilefrina, angiotensina II, acetilcolina 

y nitroprusiato sódico. Para las dos últimas sustancias se realizó una 

precontracción de las arterias con noradrenalina. Se evaluó la implicación de 

los VGCCs de tipo T y del NO comparando las curvas sin incubar con las 

incubadas con cloruro de níquel, un bloqueante de los VGCCs de tipo T y con 

L-NAME, un inhibidor de la NOS. Para explorar el papel modulador del NO 
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sobre los VGCCs de tipo T se incubaron conjuntamente cloruro de níquel y 

L-NAME y se compararon las curvas de concentración-respuesta resultantes 

con las obtenidas en presencia de L-NAME. 

Por otro lado, se analizó la expresión proteica por Western blot 

utilizando anticuerpos específicos para Cav3.1 y Cav3.2. La localización de 

estos dos subtipos en el endotelio, así como su posible colocalización con la 

eNOS se determinó mediante inmunohistoquímica en segmentos de arteria 

renal de conejo fijados, capturando las imágenes con un aumento digital de 

2,5x y un seccionamiento óptico de 0,5 μm utilizando el software LAS X 

(Leica, Alemania). 

Para los estudios de expresión génica, se utilizaron arterias 

intrarenales de machos y hembras WKY y SHR. Tras el aislamiento, las 

arterias se conservaron en solución de trizol. A continuación, se llevó a cabo 

un análisis RT-PCR utilizando ensayos de expresión génica TaqMan 

prediseñados para los genes diana CaV3.1, CaV3.2 y Nos3, así como para el 

gen de referencia Gapdh. Para la RT-PCR se empleó el kit de transcripción 

inversa de ADNc de alta capacidad y el sistema de PCR en tiempo real 

QuantStudio 5. 

Los experimentos de citometría de flujo se llevaron a cabo utilizando 

el citómetro FACSAria III de BD Biosciences, con adquisición y análisis de 

datos realizados mediante BD FACS Suite y el software FLOWJO V.10.1. Se 

emplearon los fluorocromos DAF-FM Diacetato, Dihidrorodamina 123 y 

Dihidroetidio. 
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Para determinar la concentración de nitratos y nitritos en el plasma de 

rata, se empleó un kit comercial de ensayo colorimétrico de nitratos/nitritos 

de Cayman Chemical, EE.UU. 

Los análisis estadísticos se realizaron con Microsoft Excel (versión 

2401) y GraphPad Prism 9.0.2 (GraphPad Software Inc.). Para la 

comparación de los distintos grupos y condiciones experimentales, se 

generaron valores P mediante análisis de la varianza (ANOVA) de una o dos 

vías o la prueba t de Student. 

Resultados 

Realizamos curvas concentración-respuesta a la fenilefrina en 

presencia de L-NAME para examinar si existía liberación de NO en respuesta 

a la estimulación del receptor α1-adrenérgico en aorta y arteria renal de 

conejos sanos. L-NAME potenció la respuesta contráctil a la fenilefrina tanto 

en aorta como en arteria renal, aumentando la pCE50 y la Emax, lo que indica 

que el NO atenúa la contracción adrenérgica en estos dos lechos vasculares. 

Posteriormente, para analizar si existía participación de los VGCCs de tipo T 

en la respuesta contráctil a la fenilefrina y a la angiotensina II, realizamos 

curvas concentración-respuesta a estos agonistas en presencia de cloruro de 

níquel, bloqueante de estos canales. En ambos casos las curvas concentración-

respuesta se desplazaron a la derecha, indicando que los VGCCs tipo T 

participan en la contracción inducida por estos agonistas. Además, para 

comprobar la hipótesis de que el NO podría modular la actividad de los 

VGCC de tipo T, se realizaron curvas concentración-respuesta a la fenilefrina 

en presencia L-NAME y cloruro de níquel. Los resultados mostraron que, en 
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ausencia de NO, la contribución de los VGCCs de tipo T en esta respuesta 

aumentaba significativamente sólo en arteria renal.  

Además, se llevaron a cabo experimentos adicionales para investigar 

el papel de los VGCCs de tipo T en la relajación arterial, tanto dependiente 

como independiente del endotelio. En la aorta, el cloruro de níquel no tuvo 

ningún efecto sobre la relajación a la acetilcolina o al nitroprusiato sódico. 

Sin embargo, en la arteria renal, el cloruro de níquel redujo la respuesta a la 

acetilcolina, pero no al nitroprusiato sódico, lo que podría indicar la 

participación de los VGCCs de tipo T en la relajación dependiente del 

endotelio en este lecho vascular. Para estudiar si los VGCCs tipo T 

participaban en la relajación a la acetilcolina siguiendo una vía similar a la 

del NO, se realizaron los experimentos en presencia de L-NAME y de 

L-NAME más cloruro de níquel. Los resultados mostraron un bloqueo similar 

de la relajación a la acetilcolina al incubar con cloruro de níquel y con 

L-NAME. Además, la co-incubación de ambos bloqueantes fue semejante a 

la de cloruro de níquel y L-NAME por separado, lo que sugiere que la 

relajación mediada por los VGCCs tipo T podría compartir la misma vía 

vasodilatadora que el NO. 

Mediante western blot, examinamos la expresión proteica de los 

subtipos CaV3.1 y CaV3.2 en aorta y arteria renal de conejos sanos. Nuestros 

resultados no revelaron diferencias significativas en la expresión proteica 

entre ambos vasos. Por otro lado, los resultados obtenidos mediante 

inmunohistoquímica indicaron que ambos subtipos se localizaban en las 

células endoteliales de arteria renal de conejo y que existía una colocalización 

entre CaV3.1 y eNOS en el citoplasma de estas células.  
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Basándonos en nuestros hallazgos en arterias de conejos sanos, en 

particular el aumento de la actividad de los VGCCs de tipo T y su modulación 

por el NO en la arteria renal, nos centramos en este lecho vascular para 

estudiar el papel de estos canales en la hipertensión. El estudio se realizó tanto 

en machos como en hembras del modelo SHR, tomando como control 

normotenso la cepa WKY. 

Para comprobar los niveles de estrés oxidativo del modelo, medimos 

diferentes indicadores de éste en leucocitos circulantes de plasma de rata por 

citometría de flujo. Nuestros resultados mostraron que los machos del grupo 

SHR presentaban mayores indicadores de estrés oxidativo en células 

sanguíneas, en comparación con las hembras del grupo SHR. Estos resultados 

sugieren que el tejido vascular de los machos hipertensos estaría más 

expuesto al estrés oxidativo que las hembras del mismo grupo.  

Para comprobar si la hipertensión provocaba disfunción vascular en el 

modelo SHR, se realizaron curvas concentración-respuesta a la acetilcolina y 

al nitroprusiato sódico en arteria renal de ratas macho y hembra WKY y SHR. 

Los resultados mostraron que la arteria renal procedente del modelo SHR 

presentaba disfunción endotelial, tanto en machos como en hembras, sin 

afectación de la capacidad vasodilatadora independiente de endotelio. Por 

otro lado, se realizaron curvas concentración-respuesta a la fenilefrina en los 

grupos de estudio. Los resultados mostraron que la hipertensión no modificó 

la respuesta contráctil a la fenilefrina en machos, pero sí en hembras, donde 

observamos una mayor sensibilidad en SHR. Para analizar si existía 

liberación de NO en respuesta a la fenilefrina, se realizaron las curvas en 

presencia de L-NAME. Los resultados mostraron que la producción de NO 
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en respuesta a este agonista era escasa en las ratas WKY macho, encontrando 

sólo diferencias significativas en un punto de la curva, mientras que en las 

ratas WKY hembras se observó un desplazamiento a la izquierda en presencia 

de L-NAME. La hipertensión redujo la liberación de NO en respuesta a la 

fenilefrina en ambos sexos. 

Para estudiar la implicación de los VGCCs de tipo T en la respuesta a 

la fenilefrina en función del sexo y en la hipertensión, se realizaron curvas 

concentración-respuesta a este agonista en presencia de cloruro de níquel. 

Asimismo, para comprobar la hipótesis de que el NO podría modular la 

actividad de los VGCC de tipo T, se realizaron curvas concentración-

respuesta a la fenilefrina en presencia L-NAME y cloruro de níquel en arteria 

renal de ratas macho y hembra WKY y SHR. Nuestros resultados mostraron 

que los VGCCs de tipo T contribuyen a la contracción inducida por fenilefrina 

en arteria renal de ratas tanto en macho como en hembra. La hipertensión 

aumentó la participación de los VGCCs de tipo T sólo en hembra. En ausencia 

de NO, la participación de los VGCCs de tipo T aumentó en hembras WKY. 

En el grupo SHR y en los machos WKY, la incubación con L-NAME no 

potenció el bloqueo por cloruro de níquel, en consonancia con la poca 

liberación de NO en respuesta a la fenilefrina en estos grupos. 

Además, medimos la expresión génica de los subtipos predominantes 

en territorio vascular de los VGCCs de tipo T (CaV3.1 y CaV3.2) y Nos3 en 

arterias intrarrenales de rata de los grupos WKY y SHR, tanto machos como 

hembras, mediante RT-PCR. La expresión a nivel de ARNm tanto de CaV3.1 

como de CaV3.2 fue significativamente mayor en los machos SHR comparado 

con las ratas WKY del mismo sexo, mientras que en hembras fue 
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significativamente menor en SHR comparado con las ratas WKY. Por otro 

lado, la expresión de Nos3 fue significativamente mayor en los machos SHR 

comparado con las ratas WKY del mismo sexo. En hembras, no se observaron 

cambios en la expresión génica de Nos3. Por último, los resultaros mostraron 

una correlación positiva entre la expresión génica de CaV3.1 y CaV3.2 con la 

de Nos3.  

En general, estos resultados indican un papel distinto para los VGCCs 

de tipo T dependiendo del sexo y una regulación en respuesta a la hipertensión 

también distinta entre machos y hembras. 

Discusión 

La regulación del tono vascular a través de los VGCCs de tipo T es 

compleja. Inicialmente se relacionó la función del subtipo CaV3.1 con la 

vasoconstricción y la del CaV3.2 con la vasodilatación. Sin embargo, modelos 

murinos deficientes en CaV3.1 o CaV3.2 han demostrado que ambos subtipos 

participarían tanto en la vasoconstricción como en la vasodilatación, 

dependiendo del lecho vascular.  

Nuestros resultados ponen de manifiesto que los VGCCs de tipo T 

participan tanto en la vasoconstricción α1-adrenérgica como en la respuesta a 

la angiotensina II en aorta y en arteria renal de conejo en condiciones 

fisiológicas. En ausencia de NO, la participación de los VGCCs de tipo T en 

respuesta a la estimulación α1-adrenérgica aumenta significativamente en 

arteria renal, pero no en aorta. Además, estos canales también participan en 

la vasodilatación a la acetilcolina en arteria renal. Por tanto, podemos concluir 

que los VGCCs de tipo T poseen un efecto contráctil en aorta y arteria renal, 

pero, además, en esta última también modulan la relajación dependiente de 
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endotelio. Por otro lado, hemos comprobado por microscopía confocal que 

existe una colocalización endotelial entre CaV3.1 y eNOS en arteria renal de 

conejo, por lo que posiblemente la entrada de calcio a través de los CaV3.1 

active la eNOS provocando la relajación del vaso. Asimismo, observamos que 

el bloqueo de la vasodilatación a la acetilcolina con L-NAME es similar al 

que se produce en presencia de cloruro de níquel, y que la co-incubación con 

ambos bloqueantes ofrece una respuesta semejante a la que obtenemos al 

incubar cada bloqueante por separado, lo cual afianza la hipótesis de que el 

NO y los VGCCs tipo T podrían compartir la misma vía para mediar la 

relajación. En este sentido, otros investigadores han indicado que los VGCCs 

de tipo T pueden desempeñar un papel importante en la vasodilatación 

mediada por NO, y su relación con éste parece variar en función del lecho 

vascular. 

Nuestros resultados en conejos sanos sugieren que los VGCCs de tipo 

T desempeñan un papel contráctil en aorta y arteria renal, y en esta última, 

con un efecto que se hace más pronunciado en ausencia de NO. También son 

necesarios para la relajación inducida por la acetilcolina en la arteria renal. 

CaV3.1 y CaV3.2 están presentes en el territorio vascular y se expresan en el 

endotelio, donde CaV3.1 se colocaliza con eNOS. Debido a que la función de 

los VGCCs de tipo T parece ser más relevante en arteria renal, decidimos 

centrarnos en este lecho vascular para estudiar el papel de estos canales en la 

hipertensión en ambos sexos. Para ello, utilizamos el modelo de rata 

espontáneamente hipertensa (SHR) y realizamos el estudio tanto en machos 

como en hembras. 
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Nuestros resultados de citometría mostraron que los niveles de H2O2 

y ONOO- en machos SHR se encontraban elevados, sin cambios en los 

niveles de O2
- y NO, posiblemente debido a su consumo en la reacción para 

formar ONOO-. En las hembras SHR, no encontramos cambios con respecto 

a las ratas WKY, lo que sugiere que el sexo femenino podría proporcionar 

protección frente al estrés oxidativo inducido por la hipertensión. Sin 

embargo, a nivel endotelial, la hipertensión causó disfunción en la arteria 

renal de ambos sexos, en línea con los resultados que presentan otros autores. 

A través de los experimentos de reactividad vascular, observamos que 

la hipertensión aumentó la sensibilidad a la fenilefrina sólo en las hembras, lo 

que apunta a un papel crucial del NO en la contracción adrenérgica para las 

hembras WKY, que se pierde en las SHR. La hipertensión también volvió más 

activos los VGCCs de tipo T en las hembras, sin afectar a los machos. Cuando 

se bloqueó la síntesis de NO con L-NAME, la participación de los VGCCs de 

tipo T aumentó en las hembras WKY, sin embargo, este aumento no se 

observó en el modelo SHR, ya que la liberación de NO estaba reducida en 

este grupo. En general, estos resultados ponen de manifiesto que la 

hipertensión aumenta la participación de los VGCCs de tipo T en la 

contracción adrenérgica en hembras probablemente por presentar menos 

liberación de NO, que actuaría inhibiendo estos canales.  

Por último, el aumento de estrés oxidativo que presentan los machos 

SHR también podría estar aumentando la expresión de CaV3.1 y CaV3.2, tal y 

como describen otros autores. La expresión génica aumentada de Nos3 en los 

machos hipertensos podría interpretarse como un intento de compensar la 

disminución en la biodisponibilidad de NO inducida por el estrés oxidativo 
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que sufre este grupo. Además, la correlación positiva entre la expresión 

génica de los dos subtipos de VGCCs de tipo T con la Nos3 podría explicar 

la mayor expresión génica tanto de VGCCs de tipo T como de Nos3 observada 

en los machos SHR. Paradójicamente esta sobreexpresión no se traduce en un 

aumento de participación vascular de los VGCCs de tipo T ni en un aumento 

de la liberación de NO.  

Por otra parte, en las hembras, disminuye la expresión génica de los 

VGCCs de tipo T pese a la mayor participación de éstos en la respuesta 

adrenérgica. Precisamente, esta podría ser la causa de tal infraexpresión, es 

decir, el aumento de actividad de los VGCCs de tipo T en las hembras 

hipertensas ejercería un efecto inhibitorio sobre la expresión génica de los 

Cav3.1 y Cav3.2 que explicaría la infraexpresión que presenta este grupo. Por 

último, la hipertensión no cambia la expresión génica de Nos3 en hembras, 

pese a la menor participación de NO. Este hallazgo indicaría la incapacidad 

en las hembras hipertensas para regular al alza la producción de NO endotelial 

que desembocaría en una disfunción endotelial y mayor sensibilidad a la 

fenilefrina.  

La función y modulación de los VGCC de tipo T en condiciones 

fisiológicas y en la hipertensión, especialmente sus efectos específicos por 

sexo y su relación con el NO, se han explorado en esta tesis doctoral, 

aportando nuevos conocimientos sobre su papel en la regulación del tono 

vascular. 
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1. Vascular tone regulation 

 

The vascular wall has three layers: the tunica intima, which consists 

of a monolayer of endothelial cells and an internal elastic lamina; the tunica 

media, formed by a smooth muscle cells layer and an external elastic lamina; 

and the tunica externa or adventitia, which contains perivascular adipose 

tissue cells, fibroblasts, collagen fibres, and nerve endings (see Figure 1). 

 

Figure 1. Vascular wall structure. Adapted from Zhao et al. (1). 

 

The tunica media of the vascular wall, composed mainly of smooth 

muscle cells, acts as an effector system in regulating vascular tone, facilitating 

contraction and relaxation in response to different stimuli. An increase in the 

cytosolic calcium (Ca2+) concentration initiates the contraction process. The 

Ca2+ binds to calmodulin to form the Ca2+-Calmodulin complex (2) which 
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activates myosin light chain kinase (MLCK). Once activated, MLCK 

phosphorylates the 20 KDa myosin light chain, which forms a ring around the 

neck of the myosin heavy chain, allowing actin to interact with it. This 

activates the ATPase activity of myosin, which cleaves the high-energy 

phosphate bonds of ATP, providing the energy necessary to produce the 

sliding of the actin filaments over the myosin filaments and leading to muscle 

contraction (3). 

The balance between the dilation and contraction of vascular smooth 

muscle determines the vascular tone. A combination of different substances, 

including hormones, platelet products, neurotransmitters, and endothelium-

derived vasoactive substances regulates this balance.  

 

1.1. Endothelium-mediated regulation 

 

For many years, the endothelium has been considered a monolayer of 

cells that had only a support function. However, it is now known to be 

involved in numerous functions, such as the regulation of coagulation, the 

formation, repair, and remodelling of blood vessels, the inflammatory 

response and vascular homeostasis, participating, together with smooth 

muscle, in the regulation of vascular tone. The endothelium regulates vascular 

tone by producing and releasing vasoactive substances capable of contracting 

or relaxing adjacent smooth muscle cells. In 1980, Furchgott and Zawadki 

demonstrated that the administration of acetylcholine and other muscarinic 

agents only produced relaxation in rabbit aortas in those provided with 

endothelium (4). They explained that this relaxation resulted from the 
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synthesis and release of an endothelial substance, which Furchgott named 

endothelium-derived relaxing factor. It was later discovered that this 

substance was nitric oxide (NO) (5).  

Likewise, the participation of the endothelium in the regulation of 

vascular tone is more complex than initially thought. Endothelial cells not 

only release vasodilator substances but also produce and release 

vasoconstrictor substances, known as endothelium-derived contractile 

factors, such as thromboxane A2 (TXA2), endothelin-1 (ET-1), angiotensin II 

(Ang II), and superoxide anion (O2
-). All these substances are synthesised and 

released by the endothelium in response to different stimuli, and their 

balanced production maintains vascular tone. However, in cardiovascular 

diseases that involve endothelial dysfunction, there is an imbalance in these 

substances, which mainly implies a loss of vasodilatory capacity. 

 

1.1.1. Nitric Oxide 

 

NO acts as a platelet antiaggregant and antioxidant, significantly 

inhibiting adhesion molecule proliferation, and is responsible for most of the 

atheroprotective properties attributed to the endothelium (6). NO is a gaseous 

substance synthesised from L-arginine by the endothelial nitric oxide 

synthase (eNOS), a reaction producing L-citrulline. Due to its small size and 

high lipophilicity, NO diffuses into smooth muscle cell membranes and binds 

to the soluble guanylate cyclase (sGC) (7), forming a metal-nitrosyl adduct 

that catalyses the conversion of guanosine triphosphate (GTP) to cyclic 

guanosine monophosphate (cGMP). Increased intracellular concentrations of 

cGMP activate protein kinase G (PKG), leading to multiple phosphorylation 
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of cellular proteins and decreasing intracellular concentration of Ca2+, causing 

vasodilation (see Figure 2) (8). The generation of NO by eNOS requires 

different cofactors, such as tetrahydrobiopterin (BH4), flavin adenine 

dinucleotide (FAD), and flavin mononucleotide (FMN) (9). 

 

Figure 2. The nitric oxide pathway in the vasculature. EC: endothelial cell; SMC: smooth 

muscle cell; CaM: calmodulin; sGC: soluble guanylate cyclase; GTP: guanosine 

triphosphate; cGMP: cyclic guanosine monophosphate; PKG: protein kinase G; MLCP: 

Myosin light chain phosphatase; pMLC: phosphor-Myosin light chain; MLC: Myosin light 

chain. Adapted from Oliveira-Paula et al.(8). Created by BioRender.com. 
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There are three different isoforms of NOS: neuronal (nNOS or NOS1), 

inducible (iNOS or NOS2), and endothelial (eNOS or NOS3). eNOS and 

nNOS are enzymes that depend on the formation of the Ca2+-Calmodulin 

complex for their activation. The formation of this complex is, in turn, 

dependent on an increase in intracellular Ca2+ concentration, which occurs in 

response to physical and chemical stimuli, such as shear stress, or the binding 

of agonists like acetylcholine or bradykinin to their corresponding receptors. 

On the other hand, iNOS is Ca2+ independent and is activated by 

proinflammatory cytokines and pathogen-related molecules (10). Although 

all three isoforms may be present in blood vessels, eNOS is the predominant 

enzyme in the endothelium. It is responsible for the production of most 

endothelium-derived NO under physiological conditions. For this reason, it 

plays a pivotal role in cardiovascular homeostasis (10). Multiple 

phosphorylation sites at tyrosine, serine, and threonine residues dynamically 

regulate eNOS activity (11). Phosphorylation of eNOS at Ser1177 leads to its 

activation at basal levels and in response to agonists (12).  

The primary metabolic pathway for eliminating NO involves the 

reaction of NO with the hemo group of haemoglobin. NO can diffuse into 

erythrocytes, originating nitrates by reacting with oxyhaemoglobin. This 

reaction limits the half-life of NO to only 10 seconds (13). Inhibition of NO 

synthesis and release is achieved through NOS inhibitors and analogues of 

L-arginine. There are two known endogenous inhibitors: 

NG, NG-dimethyl-L-arginine asymmetric (ADMA), and 

NG-monomethyl-L-arginine (L-NMMA) (14). The most critical exogenous 
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inhibitors are NG-nitro-L-arginine methyl ester (L-NAME) and 

NG-nitro-L-arginine (L-NOArg) (15).  

The production of NO occurs endogenously but can also be produced 

from several clinical compounds known as nitrovasodilators. These 

compounds, such as sodium nitroprusside, are clinically used in hypertensive 

crises, heart failure, or coronary ischemia, as well as to maintain hypotension 

during surgery. They exert their action by donating NO and causing relaxation 

of vascular smooth muscle (16). 

 

1.2. Sympathetic regulation 

 

Besides the endothelium, the function of vascular smooth muscle is 

also regulated by the sympathetic system, which innervates large arteries and 

arterioles (17) and plays a crucial role in the regulation of blood pressure and 

blood flow. External factors such as stress, trauma, bleeding, or pain can 

increase sympathetic activity and increase vascular resistance.  

Norepinephrine, the primary sympathetic neurotransmitter, acts on 

different types of adrenergic receptors: α1, α2, β1, and β2 (18). The 

α1-adrenergic receptors are in smooth muscle cells, and their activation 

contributes to an increase in intracellular Ca2+, provoking a vasoconstrictor 

response. The α2-adrenergic receptors are located presynaptically and 

postsynaptically at the sympathetic nerve. When activated at the presynaptic 

level, they increase the reuptake of noradrenaline released during sympathetic 

neurotransmission, reducing vasoconstriction (19). At the postsynaptic level, 

activation of α2-adrenergic receptors in smooth muscle decreases adenylate 

cyclase activity and cAMP release, increasing intracellular Ca2+ and causing 
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vasoconstriction. Conversely, stimulation of endothelial α2-adrenergic 

receptors reduces vasoconstriction by promoting NO release (20).  

On the other hand, activation of the β1 and β2-adrenergic receptors 

activates adenylate cyclase, promoting cAMP production, thus leading to a 

decrease in intracellular Ca2+ and vasodilation (21).  

 

2. Calcium and vascular homeostasis 

 

Ca2+ is a highly versatile signalling molecule that influences various 

cellular processes. Many pathways are involved in the Ca2+ regulation at the 

vasculature. Various types of Ca2+ channels in cell membranes enable Ca2+ to 

enter and leave the cytoplasm. In addition, Ca2+ stores, such as the 

sarcoplasmic reticulum (SR) in muscle cells and the mitochondria, allow 

intracellular Ca2+ release and reuptake. The coordinated action of all these 

cellular mechanisms is essential for vascular homeostasis.  

Endothelial vasodilation mostly depends on changes in intracellular Ca2+ 

concentration. For example, an increase in intracellular Ca2+ concentration 

can lead to: 1) binding of Ca2+-Calmodulin complex with eNOS  (22), 2) 

opening of Ca2+-activated K⁺ channels (KCa) (23) resulting in K⁺ efflux and 

subsequent hyperpolarisation in vascular smooth muscle, and 3) release 

prostaglandin via phospholipase A2-dependent cyclooxygenase pathway (24).  

In smooth muscle cells, Ca2+ channels located in SR membranes play a 

crucial role in controlling vascular reactivity. These cellular structures are 

endowed with transmembrane ion channels, termed ryanodine receptors 

(RyRs) and inositol-1,4,5-trisphosphate (IP3) receptors (IP3Rs), which 
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mediate the release of Ca2+ into the cytosol (25). Vascular RyRs mediate Ca2+ 

release from the SR through Ca2+ sparks that activate big conductance KCa 

(BKCa), leading to hyperpolarisation of smooth muscle cells and, thus, 

vasodilation (26).  

On the other hand, the activation of G protein-coupled receptors (GqPCR) 

is the canonical signalling pathway that stimulates phospholipase C (PLC), 

which hydrolyses membrane-associated phosphoinositide-4,5-bisphosphate 

(PIP2) into IP₃ and diacylglycerol (DAG). Many vasoconstrictors, such as 

norepinephrine, Ang II, and ET-1, activate their respective GqPCRs on the 

membrane of vascular smooth muscle cells. Next, IP3 binds to IP3R and 

releases Ca2+ to the cytosol. Furthermore, DAG stimulates protein kinase C 

(PKC), opening Ca2+ channels, which increases intracellular Ca2+ levels. This 

increase facilitates the formation of the Ca2+-calmodulin complex, promoting 

contraction by phosphorylating myosin light chain (MLC) through myosin 

light chain kinase (MLCK) (27) (see Figure 3).  
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Figure 3. Some of the vascular contraction and relaxation pathways that involve calcium. 

EC: endothelial cell; SMC: smooth muscle cell; SR: sarcoplasmic reticulum; PLA2: 

phospholipase A2; AA: arachidonic acid; COX: cyclooxygenase; PGH2: prostaglandin H2; 

PGIS: prostacyclin synthase; PGI2: Prostacyclin; AC: adenylyl cyclase; ATP: adenosine 

triphosphate; AMPc: cyclic adenosine monophosphate; PKA: protein kinase A; GqPCR: G 

protein-coupled receptors; PLC: phospholipase C; PIP2: phosphoinositide-4,5-

bisphosphate; IP3: inositol-1,4,5-trisphosphate; IP3R: inositol-1,4,5-trisphosphate 

receptor; DAG: diacylglycerol; PKC: protein kinase C; CaM: calmodulin; MLCK: Myosin 

light chain kinase; MLC: Myosin light chain; pMLC: phosphor-Myosin light chain; eNOS: 

endothelial nitric oxide synthase; NO: nitric oxide; sGC: soluble guanylate cyclase; GTP: 

guanosine triphosphate; cGMP: cyclic guanosine monophosphate; PKG: protein kinase G; 

RyR: ryanodine receptor; Cavx: voltage gated calcium channels; KCa: calcium-activated 

potassium channels. Created by BioRender.com. 
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2.1. Voltage-gated calcium channels 

 

The main Ca2+ influx in vascular smooth muscle cells is via voltage-gated 

Ca2+ channels (VGCCs). These channels are transmembrane proteins located 

in the plasma membrane that open in response to membrane depolarisations, 

allowing the entry of Ca2+ in favour of their electrochemical gradient. This is 

an essential mechanism of myogenic vasoconstriction in resistance arteries. 

VGCCs are widely expressed among excitable cells and show a great 

diversity of electrophysiological properties, allowing them to influence many 

physiological functions (28).  

Since their discovery in 1953, different subtypes of VGCCs have been 

characterised. Each subtype shares a common subunit composition consisting 

of a pore-forming subunit CaVα1, plus auxiliary subunits CaVβ, CaVα2δ and, 

in some cases, CaVγ. The structure of the CaVα1 subunit includes four repeat 

domains (I-IV), each with six transmembrane segments. The domains are 

linked by intracellular loops subject to splicing and modulation by protein 

kinase A (PKA) and protein kinase C (PKC), which can phosphorylate the 

channel. Electrophysiological studies using vertebrate VGCCs have shown 

that the CaVα1 subunit largely determines the pharmacological and 

biophysical properties of CaV
 currents (29,30).  

Molecular cloning studies have identified distinct genes encoding the 

channel pore-forming CaVα1 subunit, assigned to three main families: CaV1, 

CaV2, and CaV3. These families are divided into two major groups: those 

activated by high voltage due to their activation at stronger depolarising 

voltages, which include L-, P/Q-, N-, and R-type VGCCs (CaV1 and CaV2, 

respectively) and activated by low voltage, due to their activation at more 
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hyperpolarised voltages, which include T-type VGCCs (CaV3) (28,31) (Table 

1). The first gene sequenced was CACNA1S (S, for skeletal muscle); they 

were then named alphabetically according to their discovery. Currently, there 

is no evidence that CaV3 possesses auxiliary subunits in native systems (32). 

However, some studies suggest that auxiliary subunits of L-type VGCCs may 

modulate the functions of T-type VGCCs (33). 

Table 1. Voltage-Gated Calcium Channels subtypes. 

Voltage 
Major 

Family 
Family Subtype 

α₁ 

subunit 
Gene 

 

 

High-

voltage 

activation 

 

CaV1 

 

L 

 

 

CaV1.1 α₁S CACNA1S 

CaV1.2 α₁C CACNA1C 

CaV1.3 α₁D CACNA1D 

CaV1.4 α₁F CACNA1F 

 

CaV2 

 

N, P/Q 

and R 

CaV2.1 α₁A CACNA1A 

CaV2.2 α₁B CACNA1B 

CaV2.3 α₁E CACNA1E 

Low-

voltage 

activation 

 

CaV3 

 

T 

CaV3.1 α₁G CACNA1G 

CaV3.2 α₁H CACNA1H 

CaV3.3 α₁I CACNA1I 

 

Over the years, L-type VGCCs have been considered the main Ca2+ 

influx pathway into the vascular smooth muscle cell. In fact, Ca2+ influx 

through L-type VGCCs is the main mediator of the myogenic response, 

defined as the intrinsic ability of vascular smooth muscle to contract or relax 
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in response to changes in intraluminal pressure (34). Once the muscle cell 

depolarises, Ca2+ influx occurs mainly through L-type VGCCs, leading to 

vasoconstriction. Specifically, the CaV1.2 subtype is key in maintaining blood 

pressure (29).  

As mentioned above, the CaVα1 subunit, forming the channel pore, 

determines the properties of the different types of VGCCs. These properties 

have defined different current subtypes, depending on their activation at low 

or high voltages, their inactivation kinetics, which can be long or transient 

(L- or T-type), and their sensitivity to dihydropyridines (DHPs). DHPs block 

L-type VGCCs; therefore, these channels are known as DHP-sensitive 

channels, and their blockade with these drugs is currently an effective 

antihypertensive treatment. N-type VGCCs appear to be present only in 

neuronal cells, whereas the other VGCCs types have been identified in many 

cell types, including vascular smooth muscle and endothelial cells. In addition 

to CaV1.2, it has been suggested that P/Q- and T-type VGCCs are also 

involved in blood vessel contraction in both rodents and humans (35–38). The 

main VGCCs involved in Ca2+ influx in vascular smooth muscle cells are L- 

and T-type VGCCs. The greater or lesser abundance in the different 

populations of these channels varies along the vascular tree, with L-type 

VGCCs being predominant; however, T-type VGCCs are emerging as 

important contributors to myogenic tone (39). 
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2.2.T-type voltage-gated calcium channels 

 

Numerous studies in the last decades describe the expression of T-type 

VGCCs in addition to L-type VGCCs in different vascular beds of various 

species (37,39–42). The activation of these channels occurs at lower 

depolarisation levels compared to L-type channels. They open between -70 

and -60 mV, with a peak current between -30 and -10 mV, whereas the resting 

membrane potential of smooth muscle cells in most vascular beds during 

physiological pressures ranges between -60 mV and -35 mV. Currently, 

T-type VGCCs are classified into three subtypes: CaV3.1, CaV3.2, and CaV3.3. 

These channels exhibit faster activation and deactivation than L-type VGCCs 

and are relatively insensitive to DHP or other high-voltage currents (43). 

Among the three subtypes, the CaV3.1 has the fastest inactivation kinetics 

(CaV3.1 ˃ CaV3.2 ˃ CaV3.3) (44). The low activation threshold, not far from 

the resting potential of most excitable cells, and their fast kinetics, make 

T-type VGCCs key modulators of cellular excitability and pacemaking (45). 

T-type VGCCs are mainly expressed in the central and peripheral 

nervous system, where they are required for repetitive firing of the action 

potential (43). They are also expressed in the heart and found in both the 

sinoatrial and atrioventricular nodes, suggesting that these channels play a 

role in pacemaking (46,47). At the molecular level, T-type VGCCs transcripts 

and proteins have been found in smooth muscle cells of various vascular beds 

and species, including humans (37,39–42). Several studies have also reported 

the expression T-type VGCCs in the endothelium of cerebral and mesenteric 

arteries and even in the pulmonary microvasculature (40,41,48). Particularly, 

CaV3.1 and CaV3.2 are the main subtypes of T-type VGCCs in the 
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cardiovascular system. Although CaV3.3 mRNA has been detected in vascular 

smooth muscle cells (49), this type is more enriched in the brain (50). It has 

been suggested that T-type VGCCs may have a more prominent contractile 

effect on smaller arterioles than larger arteries (51). 

Emergent evidence points toward a contribution of T-type VGCCs in 

smooth muscle contractility and the maintenance of arterial tone (37,39,41). 

For instance, CaV3.1 currents are thought to be crucial in the constriction of 

cerebral and mesenteric vessels, as well as renal arterioles (40,41,52,53). In 

mesenteric arteries from CaV3.1 deficient mice (CaV3.1-/-), myogenic tone 

was found to be decreased, particularly at lower intraluminal pressures (20 - 

60 mm Hg), in which T-type VGCCs are known to be active (54). In fact, the 

lack of CaV3.1 coincided with a reduction in systolic blood pressure (SBP), 

diastolic blood pressure (DBP), and, therefore, mean arterial pressure (MAP) 

(54).  

The myogenic response involves constriction and dilation of blood 

vessels in response to changes in intraluminal pressure, contributing to the 

mechanism of autoregulation of blood flow. Both L- and T-type VGCCs are 

involved in this response, with L-type playing a predominant role. In recent 

years, studies have increasingly demonstrated the involvement of T-type 

VGCCs in the myogenic response in some vascular beds, especially 

resistance vascular beds. Although the implication of T-type VGCCs on 

myogenic tone appears to be vascular bed-dependent, their contribution 

remains unclear (55). In specific vascular beds, such as the cerebral and 

mesenteric arteries, T-type VGCCs contribute to the regulation of myogenic 

tone at lower pressures (40 - 80 mmHg) (37,54,56,57). Overall, the 
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contribution of T-type VGCCs to the myogenic response appears to be minor 

compared to the participation of L-type VGCCs.  

The contribution of T-type VGCCs in vascular tone regulation seems 

to increase especially in the absence of NO. It could, therefore, become a 

therapeutic target in cardiovascular diseases with endothelial dysfunction and 

NO deficiency. In this regard, previous studies in rodents have shown that NO 

deficiency engages T-type VGCCs (58,59), causing vasospasm (60,61). 

Therefore, blockade of T-type VGCCs may suppress vasospasm without 

affecting myogenic tone. The mechanism can imply NO-cGMP signalling 

pathway (60) or involve O2
- (59,62). Therefore, in the absence of NO, levels 

of O2
- would increase and activate T-type VGCCs, contributing to a 

hypertensive state. This vascular oxidative stress caused by increased O2
-  can 

lead to endothelial dysfunction, as has been previously demonstrated by our 

group (63). In fact, in an oxidative stress mice model, increased vascular tone 

was observed compared to non-hypertensive mice, which may be related to a 

higher expression and contribution of T-type VGCCs over L-type VGCCs 

(62). 

On the other hand, recent research is focused on understanding the 

mechanisms that control T-type VGCCs activity in vasodilation. Chen et al. 

(64) reported the first evidence of vasodilation mediated by CaV currents since 

they observed abnormal relaxation in coronary arteries from CaV3.2 deficient 

(CaV3.2-/-) mice when exposed to both independent and dependent 

endothelium vasodilator agents. From then on, other researchers have 

investigated the possible role of these channels in vasodilation. Some authors 
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have linked the CaV3.2 subtype to vasodilation mediated by BKca (65–67) or 

NO release (52,68).  

In summary, T-type VGCCs play a complex and diversified role in the 

vascular system, contributing to myogenic tone, vasodilation, and 

vasoconstriction. Thus, a more complete knowledge of the role of these 

channels and their modulation in physiological and pathological conditions is 

the first step towards understanding the pharmacological application of T-type 

VGCCs blockers in the treatment of cardiovascular diseases. 

 

3. Cardiovascular diseases 

 

Cardiovascular diseases are a group of disorders that affect the heart and 

blood vessels. They are currently the leading cause of morbidity and mortality 

in developed societies and continue to be the leading cause of death 

worldwide. According to the World Health Organization (WHO), 20.5 million 

people died due to these diseases in 2021, representing for nearly 34 % of the 

deaths recorded worldwide (69). In Spain, around 120 thousand people died 

because of cardiovascular causes in 2020, accounting for almost 25 % of 

deaths in our country (70). The incidence of cardiovascular diseases is 

increasing, and it is predicted that there will be more than 23 million deaths 

due to this cause by 2030.  

Moreover, cardiovascular diseases represent a significant economic 

impact on healthcare systems. In 2021, cardiovascular diseases cost the 

economy of the European Union 282 billion euros (71), while in Spain, the 

economic impact of these diseases increased by 20 % between 2014 and 2020, 

from 6.4 billion euros to 7.7 billion euros (72).  



 ______________________________________________________________ Introduction 

 

19 

Arterial hypertension is a significant risk factor for global mortality and 

morbidity. It has been widely linked to cardiovascular diseases such as 

atherosclerosis, acute myocardial infarction, and cardiomyopathy (73,74). 

Blood pressure control rates are poor worldwide and remain far from 

satisfactory. As a result, hypertension continues to be the leading preventable 

cause of cardiovascular disease and all-cause mortality globally. 

Hypertension directly contributes to stroke, ischemic heart disease, and other 

cardiovascular diseases (73). Indeed, hypertension is considered, along with 

dyslipidaemia, smoking, poor eating habits, alcohol consumption, sedentary 

lifestyle, obesity, diabetes, advanced age, or family history, a risk factor for 

the development of cardiovascular disease. 

 

3.1. Arterial hypertension 

 

Blood pressure is defined as the pressure that blood exerts on the walls 

of the arteries. It is referred to as hypertension when this pressure exceeds 

normal limits, in which the heart may experience difficulties pumping blood 

(75). SBP normal values are equal to or less than 120 mm Hg. DBP normal 

values are equal to or less than 80 mm Hg (75). When SBP is 120 to 129 mm 

Hg and DBP between 80-90 mm Hg, the patient has high blood pressure, and 

increased values are classified as hypertension, which can be divided into 

(76): 

• Grade 1 hypertension: SBP between 130-139 mm Hg and DBP 

between 80-89 mm Hg.  

• Grade 2 hypertension: SBP is 140 mm Hg or higher, and DBP is 

90 mm Hg or higher.  
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MAP and pulse pressure (PP) are two markers of cardiovascular risk 

when they are elevated (77). MAP is the average pressure in the arteries 

during a cardiac cycle and reflects the constant perfusion that the tissues 

receive. It is calculated by adding one-third of the pulse pressure to the 

diastolic pressure. PP is calculated as the difference between the SBP and 

DBP (78). Studies in the last decades have considered PP as an independent 

cardiovascular risk factor and suggest that values above 10 mm Hg over 

normal values (40 - 50 mm Hg) increase the risk of cardiovascular accidents 

by around 20 % (78). In addition, the relationship between elevated PP and 

endothelial dysfunction has been demonstrated (79), which constitutes the 

initial and essential step for the development of cardiovascular diseases and 

even some metabolic diseases, such as type II diabetes mellitus.  

According to the WHO, hypertension causes 9 million deaths per year. 

It is a growing public health problem, with the number of cases increasing 

from 594 million people in 1975 to 1.13 billion in 2015. In 2021, an estimated 

1.3 billion people around the world between the ages of 30 and 80 suffered 

from hypertension. One of the global targets for non-communicable diseases 

is precisely to reduce the prevalence of hypertension by 25 % by 2025 

(compared with 2010) (75).  

The prevalence of hypertension increases with age and causes 

secondary systemic involvement with renal, cerebrovascular, and cardiac 

effects (80). The recorded prevalence of hypertension stood at 16.5 % of the 

Spanish population in 2016, being higher in women (17.3 %) than in men 

(15.7 %) (81). However, a cross-sectional study conducted in Spain on the 

adult population estimated a prevalence of 42.6 %, higher in men (49.9 %) 
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than in women (37.1 %). Underdiagnosis is exceptionally high in age groups 

between 18 and 30 years of age, with 84.1 % of patients with undiagnosed 

hypertension (82). 88 % of patients with diagnosed hypertension were 

receiving pharmacological treatment, but only 30 % were well-controlled 

(82). It has been shown that correct control of hypertension reduces the rate 

of myocardial infarction by 24 % and mortality attributed to stroke by 42 % 

(83,84). 

Hypertension indirectly aggravates heart failure and kidney dysfunction, 

with significant global differences between men and women (74). The 

prevalence, awareness, treatment, and control of hypertension vary 

significantly by gender. Men before the age of sixty have a higher incidence 

of hypertension compared to women (85). One of the reasons why women 

have a lower incidence of hypertension may be due to the high concentration 

of oestrogens which increase endothelial NO release, thereby reducing 

peripheral resistance and blood pressure (86). This effect is mainly attributed 

to oestradiol during the fertile age; however, after menopause and the 

subsequent decrease in plasma oestradiol levels, the risk of these diseases 

becomes higher in women than in men of the same age (87).  

To get a better understanding of the vascular pathophysiological 

mechanisms that underlie hypertension, animal models such as the 

spontaneously hypertensive rat (SHR) are commonly used. The SHR model 

represents a well-studied animal model of hypertension. Unlike other models, 

these rats develop hypertension spontaneously and exhibit cardiovascular 

features specific to heart failure caused by hypertension, which is established 
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when the rats are between 9 and 12 weeks of age. After 16 months of age, the 

difference in blood pressure between sexes disappears (88). 

Researchers at Kyoto University developed the SHR model in 1963 

by selecting and crossbreeding Wistar strain rats with elevated blood pressure. 

The Wistar-Kyoto (WKY) strain of rats from which this model was developed 

was the normotensive control of SHR (89). In 1989, sex differences were 

identified in the development of blood pressure in this model (90). Similar to 

humans, males exhibit higher blood pressure than females. Mechanisms 

contributing to sex differences in blood pressure control range from 

adrenergic receptor regulation, which differs between males and females, to 

the renin-angiotensin system, oxidative stress, NO bioavailability, and 

immune cells (91). 

Oxidative stress plays a crucial role in the pathogenesis of 

hypertension. It is involved in several chronic diseases, and its relationship 

with hypertension is bidirectional: it is both a cause and a consequence of this 

condition. Oxidative stress is associated with endothelial dysfunction, 

inflammation, cell migration, and angiogenesis, among other processes, 

which play an important role in vascular remodelling during hypertension 

(92). Reactive oxygen species (ROS) are a group of oxygen-derived 

molecules generated during the oxidative processes of normal metabolism in 

the mitochondria. The main molecules that form these species are O2
- and its 

derivatives, hydrogen peroxide (H2O2) and hydroxyl radical (OH-) (93). 

Under physiological conditions, O2
- is removed by the enzyme superoxide 

dismutase (SOD), which converts O2
- into H2O2, which is broken down into 

water and O2 due to the action of antioxidant enzymes, such as catalase, 
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glutathione peroxidase or thioredoxin peroxidase (94). Oxidative stress 

occurs when an increase in ROS production generates an imbalance between 

the antioxidant and prooxidant systems  (95). ROS originate from various 

enzymes, such as xanthine oxidase, cyclooxygenase, lipoxygenase, 

cytochrome P450 monooxygenase, as well as uncoupled eNOS or the 

mitochondrial electron transport chain. The primary source of O2
- vascular is 

NADPH oxidase (NOX) (95). NOX is an enzyme that reduces oxygen to O2
-, 

which reacts with NO to form peroxynitrites (ONOO-), decreasing NO 

bioavailability and inducing endothelial dysfunction (94). It has also been 

shown that peroxynitrites can inactivate prostacyclin by nitration of tyrosine 

(96), leading to increased production of vasoconstrictor agents such as TXA2 

or prostaglandins, thus increasing vascular tone and favouring a hypertensive 

state. In addition, O2
- can convert into OH-, one of the most toxic ROS at the 

cellular level (94), and can catalyse the reaction of vasoconstrictor 

prostanoids (96). 

In diseases such as hypertension, vascular dysfunction is present, and 

various mechanisms can trigger it. Not only is oxidative stress responsible for 

vascular alterations, but other mechanisms related to calcium can also be 

implicated. The role of calcium channels is essential to controlling vascular 

tone, and the elevated activity in these channels could lead to excessive 

vasoconstriction and, eventually, hypertension. Therefore, L-type VGCCs 

blockers, such as DHPs, constitute a pharmacological group commonly used 

in treating hypertension, either in monotherapy or combined with other 

antihypertensive drugs (97). However, one of the most common adverse 

effects is the production of peripheral malleolar oedema due to increased 
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transcapillary filtration. The most widespread theory is that a disproportionate 

decrease in arteriolar versus venular resistance would increase hydrostatic 

pressure in the capillary circulation and drive fluid displacement into the 

interstitial compartment. On numerous occasions, the appearance of this 

oedema leads to discontinuation or non-adherence to treatment (98).  

A better understanding of the role of T-type VGCCs in vascular 

smooth muscle and endothelial cells, as well as in other target organs under 

pathophysiological conditions, forms the basis for the rational development 

of new, safer, and more effective antihypertensive drugs that block T-type 

VGCCs. 

 

3.2. T-type VGCCs in hypertension  

 

Numerous studies in recent years have pointed to T-type VGCCs as 

emergent contributors to the maintenance of myogenic tone and blood 

pressure in low ranges (40 to 80 mm Hg) (37,39,54). Despite their interest 

and potential clinical application, the function of T-type VGCCs is still 

unknown. Recent research suggests that T-type VGCCs blockers could be 

used as a pharmacological tool to reverse the vasoconstriction caused by 

endothelial dysfunction that underlies cardiovascular disease (60). The 

advantage of T-type over L-type VGCCs blockers is that the latter would 

influence basal myogenic tone, whereas T-type appears to be minority and 

activated under certain circumstances such as NO deficit. Consequently, since 

myogenic tone is mediated by L-type VGCCs involved in the autoregulation 

of blood flow to tissues, L-type VGCCs blockers cause complications such as 
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peripheral malleolar oedema. Hence, in the context of decreased NO 

bioavailability, a common feature of cardiovascular disease, blockade of 

T-type VGCCs may offer a new pathway that opposes vasospasm of small 

arteries. Furthermore, clinical trials have shown that targeting T-type VGCCs 

in addition to L-type VGCCs by using blockers such as benidipine and 

efonidipine is more effective than using only L-type VGCCs blockers like 

amlodipine for the treatment of hypertension. The combination of L- and 

T-type VGCCs blockers showed a reduction in blood pressure and an 

improvement in arterial stiffness and endothelial function, and appears to 

have a protective effect against hypertensive glomerular injury, in contrast to 

L-type VGCCs blockers (99–103). These studies are consistent with the idea 

that T-type VGCCs blockers have less capacity to cause peripheral oedema 

because they have a similar vasodilator effect on pre- and post-capillary 

vessels. In fact, in a study carried out in the SHR model, the authors 

demonstrate that, at antihypertensive doses, oedema formation is significantly 

lower in rats treated with mibefradil, an L- and T-type VGCCs blocker, than 

in rats treated with nifedipine, an L-type blocker (104).  

As mentioned above, there are differences in the development and 

incidence of hypertension between men and women; however, there are 

currently no personalised treatments available based on sex. It has been 

proposed that oestrogens may down-regulate L-type VGCCs and thus prevent 

excess vasoconstriction through an endothelium-independent process (105). 

Specifically, 17β-oestradiol has been shown to exert vasorelaxant effects on 

the vascular smooth muscle cells from mesenteric arteries via inhibition of 

Ca2+ influx through L-type VGCCs (106). Furthermore, at the brain level, a 
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relationship between oestradiol and L-type VGCCs has been established 

(107). Based on this background, it is not unexpected that oestrogens may 

regulate T-type VGCCs activity and thus vascular tone, contributing to a 

lower risk of developing cardiovascular diseases. So far, little is known about 

whether the vascular role of T-type VGCCs is modulated by oestrogens, and 

more studies are needed in this field. 

The role of T-type VGCCs in the vascular territory and the 

mechanisms by which the function of these channels is modulated are still 

unknown. Therefore, a detailed understanding of the mechanisms underlying 

blood pressure regulation may greatly facilitate the development of new 

therapies that lack or minimise the typical side effects of DHPs. To reach this 

point, it is first necessary to elucidate the physiological function of these 

channels in endothelial and smooth muscle cells, to know how their function 

is regulated, if it is altered in diseases such as hypertension, that cause 

endothelial dysfunction and low levels of NO, or if its function changes 

depending on sex. All of this is analysed in this doctoral thesis to shed light 

on the complex role of T-type VGCCs on vascular tone. 
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Hypothesis 

 

Under physiological conditions, NO could act as a modulator of the 

function of T-type VGCCs. Therefore, in the presence of endothelial 

dysfunction due to NO deficiency, these channels could become more active 

and, since we hypothesise that their function is mainly vasoconstrictor, 

worsen the prognosis of hypertension. Moreover, the role of T-type VGCCs 

could vary depending on sex, as has been demonstrated for L-type VGCCs. 

 

Aims 

 

This thesis aims to determine the vascular function and expression of 

T-type VGCCs under physiological conditions and in hypertension, where we 

also study possible sex modulation. 

 

Specific aims:  

 

1. Determine the involvement of T-type VGCCs in the contractile 

response to phenylephrine and angiotensin II in the aorta and renal 

artery of healthy rabbits and assess whether the absence of NO 

influences the α1-adrenergic response.  
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2. Investigate the role of T-type VGCCs in the endothelium-dependent 

and -independent relaxation responses in the aorta and renal artery of 

healthy rabbits.  

 

3. Analyse the protein expression levels of T-type VGCCs in the aorta 

and renal artery of healthy rabbits, and explore potential 

colocalization between T-type VGCCs and eNOS. 

 

4. Examine whether the function and expression of T-type VGCCs are 

altered in a model of hypertension, and determine if these alterations 

are influenced by sex.
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1. Experimental animal models 

 

Since this thesis focuses on the vascular function of T-type VGCCs, 

we have used rabbits and rats as widely validated models for the study of 

cardiovascular disease. All animals were housed in the Central Research Unit 

of the Faculty of Medicine, University of Valencia and procedures were 

approved by the Institutional Animal Care and Use Committee of the 

University of Valencia in compliance with the European Union directive 

2010/63 on protecting animals for scientific purposes.  

The first procedure for rabbits was authorised under the designation 

2020/VSC/PEA/0056 type 2, for the project entitled "Utility of intracellular 

calcium homeostasis stabilisation in the control of fibrillatory processes 

(Prometeo/2018/078)" developed by the Experimental Cardiac 

Electrophysiology group (GRELCA), Department of Physiology, University 

of Valencia. The second procedure for the SHR model was authorised under 

the designation 2021/VSC/VSC/PEA/0264 type 2, entitled “Vascular effect 

of T-type voltage-dependent calcium channels in a rat model of arterial 

hypertension” developed by the Vascular Function Research Group, 

INCLIVA and Department of Physiology, University of Valencia. 

 Rabbits 

To study the function and expression of T-type VGCCs (CaV3.1 and 

CaV3.2) at the vasculature under physiological conditions, we employed 15-

week-old male White New Zealand rabbits (Oryctolagus cuniculus) with an 

average weight of 3.8 ± 0.2 kg.  The rabbits were sourced from San Bernardo 

Laboratories S.L. (Navarra, Spain) and were housed in individual cages at a 
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stable temperature of 23 °C, with 12-h light-dark cycles, and were fed ad 

libitum. Rabbits were sacrificed by intravenous injection of sodium thiopental 

(60 mg/kg) with 800 IU of sodium heparin into the marginal vein of the ear. 

Removal of the abdominal aorta and renal artery was performed by abdominal 

laparotomy. Artery samples were used for vascular reactivity, 

immunohistochemistry and protein expression experiments. 

 Rats 

To elucidate whether T-type VGCCs function is altered at the vasculature 

with hypertension and whether sex can modulate this alteration, we used 16-

week-old male and female SHR and their respective control WKY. The rats 

were obtained from Charles River Laboratories S.A. (Barcelona, Spain) and 

housed in groups of four rats per cage, separated by sex and experimental 

group. The animals remained at a stable temperature of 23 °C, with 12-h light-

dark cycles, and were fed ad libitum. The rats were sacrificed by overdose of 

the halogenated anaesthetic isoflurane (IsofloR), which was administered by 

inhalation using a rodent induction chamber and having previously 

administered buprenorphine as an analgesic. Anaesthesia monitoring was 

based on verifying the absence or presence of the reflex response. 

Subsequently, blood was collected and placed in EDTA tubes for cytometry 

studies and quantifying plasma nitrates and nitrites. The aorta and renal 

arteries were dissected for vascular reactivity studies. Some samples were 

snap-frozen in liquid nitrogen and stored at -80°C until processing for gene 

expression experiments. 
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2. Measurement of blood pressure in the tail of the rat 

 

To measure blood pressure in rats, a non-invasive system was used 

with the NIBP CODA 8 equipment (Kent Scientific Corporation), based on 

the tail-cuff technique originally described by Buñag (108). The indirect 

measurement of blood pressure in rats with this technique is similar to the 

measurement of blood pressure with a sphygmomanometer in humans. The 

device uses a volume pressure recording (VPR) sensor that allows 

continuous, real-time observation of the blood pressure of rats. The VPR 

sensor incorporates a differential pressure transducer specially designed to 

measure SBP and DBP, thus enabling the determination of the blood volume 

in the tail of rodents.  

During blood pressure measurements, each rat was placed in a tube-

shaped holder facing the open end, allowing it to enter freely. The holder was 

kept on a heating platform throughout the experiment to maintain the 

temperature at or above 32 ºC. The cuffs were placed by inserting the tail 

through the occlusion cuff and passing through the VPR-Cuff, the sensor that 

measures blood pressure (see Figure 4).  
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Upon completion of the measurement, the animals were placed back 

in their cages. Blood pressure readings were recorded five times daily for two 

weeks. To ensure the reliability of the data, the animals were acclimated to 

the process by being placed in the stand for at least 15 minutes a day, for a 

minimum of three consecutive days, prior to testing. The system provides 

SBP, DBP, and MAP values and we calculate PP. 

 

3. Study of vascular reactivity 

 

Dissected arteries were cleaned in a Petri dish with cold saline solution 

(NaCl 0.9 %) under microscopy, removing the perivascular adipose tissue.  

The aorta and renal artery from rabbit were cut into 3 mm rings and mounted 

in an organ bath system. Two stainless steel L-shaped pins (150 μm diameter) 

were introduced through the lumen of the ring. One pin was fixedly attached 

Figure 4. Instruments for the measurement of rat blood pressure by tail-cuff technique. 
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to the wall of the organ bath, and the other was connected to a force transducer 

moving parallel to the first one (see Figure 5).  

 

 
Figure 5. Organ bath scheme. Image of the equipment used for vascular reactivity 

assessment. 

 

Each vascular segment was introduced into an organ bath containing 4 ml 

of physiological Krebs solution (NaCl 115 mM; KCl 4.6 mM; MgCl2·6 H2O 

1.2 mM; CaCl2 2.5 mM; NaHCO3 25 mM; glucose 11.1mM and EDTA 

disodium 0.01 mM) equilibrated with a gaseous mixture (95 % O2 and 5 % 

CO2) providing a pH between 7.3 - 7.4. A micrometre screw attached to the 

force transducer allows applying the appropriate passive tension to the 

vascular ring by pulling the pins apart. The temperature of the solution 

remained at 37 ºC during the experiment. Isometric tension changes were 

Force transducer

Artery ring

37ºC

Drug
addition

LabChart
Software

Acquisition system

Gases

95% O₂
5% CO₂
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recorded by a PowerLab 8/30 data acquisition system (AD Instruments) using 

LabChart 7 software.  

Before analysing the response of the arterial rings to the different stimuli, 

a preliminary test was performed with rings of similar length and diameter to 

the experimental ones to determine the optimal basal tension for each type of 

artery. For this purpose, potassium chloride (KCl)-induced contraction (60 

mM) was recorded after exposing the arterial rings to various basal tensions 

(1, 2, 3, and 4 g). The passive tension at which the highest contractile response 

to KCl was obtained was considered the optimal basal tension, which was 3 

g for the rabbit aorta and 1 g for the renal artery.  

Rat renal arteries were mounted on a wire myograph (620M DMT-Danis 

Myo Technologies) (see Figure 6), a technique that enables us to work with 

vessels of a calibre between 60 µm and 10 mm internal diameter. The arteries 

were cut into rings of 2 mm in length, and two wires of 40 μm diameter were 

introduced, attached to each of the platforms of the myograph. One platform 

was fixed and connected to an isometric tension transducer that records the 

changes in tension produced; the other one was attached to a micrometre 

screw, allowing modification of vessel stretching. Both were immersed in 5 

mL of Krebs solution at 37 ºC, with carbogen mixture maintaining the pH at 

around 7.35. The transducer was connected to a PowerLab 8/35 data 

acquisition system (AD Instruments), and changes in tension were recorded 

with LabChart 7 software.  
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The basal tension for each myograph-mounted ring was obtained through 

a normalization based on Laplace's Law, which was performed using 

MyoNORM software.  

Before all experimental protocols, the functional integrity of the 

endothelium was tested by acetylcholine-induced relaxation (10-7 - 10-6 M) in 

rings previously contracted with noradrenaline (10-7 - 3x10-7 M). Rings that 

did not relax more than 40 % were not included in the study. The contractile 

capacity of vascular smooth muscle was tested by its response to KCl (60 

mM). 

3.1. Concentration-response curves 

 

Concentration-response curves were constructed for phenylephrine (10-9 

- 3x10-5 M), angiotensin II (10-11 - 3x10-7 M), acetylcholine (10-9 - 10-5 M), 

Wire myograph

Acquisition system

LabChart software

Artery ring

Figure 6. Wire myograph system. Image of the equipment used for vascular reactivity 

assessment and image of a renal artery mounted on a wire myograph. 
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and sodium nitroprusside (10-9 - 3x10-6 M). In the latter two cases, arteries 

were previously contracted with noradrenalin (10-7 - 10-6 M).  

To evaluate the participation of T-type VGCCs, control curves were 

performed and incubated with nickel chloride (5x10-5 M), a blocker of T-type 

VGCCs, specifically the CaV3.2 subtype (109). In addition, arteries were also 

incubated with L-NAME (10-4 M), a NOS inhibitor, and concentration-

response curves were performed in the presence of L-NAME plus nickel 

chloride to study whether NO had a modulatory function on T-type VGCCs.  

The curves performed in the presence of nickel chloride and L-NAME 

were performed after an incubation period with these drugs of 30 minutes. 

 

4. Study of protein expression 

 

For the study of protein expression, we performed the Western blot 

technique, which allows us to separate proteins based on the molecular weight 

and identify them with specific antibodies. 

 

4.1. Incubation of samples 

 

Rabbit aortic and renal segments, about 5 mm in length, were incubated 

in the organ baths for 30 minutes in the absence (control) and presence of 

nickel chloride (5x10-5 M). Then, samples were snap-frozen in liquid nitrogen 

and stored at -80º C until further processing. 
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4.2. Sample processing 

 

The arterial tissue (50 mg of rabbit arteries) was immersed in a 1.5 mL 

microtube with lysis buffer (0.125 M Tris-HCl, pH 6.8, 2 % SDS, 19 % 

glycerol and 1 % (v/v) proteases inhibitor) and homogenised by mechanical 

friction with sterile pistils. The homogenates were kept at -20 °C overnight 

and centrifuged the following day at 10,000 rpm for 20 minutes at 4 °C. Then, 

supernatant was collected, and protein concentration was determined by the 

bicinchoninic acid method using a bovine serum albumin (BSA) standard 

curve.  

 

4.3. Separation and transfer of proteins 

 

For each assay, samples (40-60 μg) were diluted with 4x Laemmli Sample 

buffer (Bio-Rad, USA) in a 3:1 ratio. 10 % β-mercaptoethanol (Sigma-

Aldrich, USA) was previously added to the 4X Laemmli Sample buffer. 

Samples were heated by boiling the mixture at 70 °C in a heating block for 

10 minutes to ensure proper denaturation.  

Proteins were separated by denaturing SDS-PAGE (sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis). For this purpose, the samples 

were loaded on Stain-Free gels (Bio-Rad, USA), prepared with a 

polyacrylamide gradient of 4-15 % or 7.5 %, depending on the molecular 

weight of the target protein. A protein standard (Precision Plus Protein Dual 

Colour, Bio-Rad, USA) was used for molecular weight estimation on SDS-

PAGE gels and western blots. Electrophoresis was performed in the Mini-

PROTEAN® Tetra Cell system (Bio-Rad, USA), which contained migration 
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buffer (25 mM Tris, 192 mM glycine and 0.1 % SDS, pH 8.3), and a constant 

voltage of 140 V was applied for 50 minutes.  

After electrophoresis, the separated proteins in the gel were transferred to 

a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, USA) previously 

activated with methanol. A transfer buffer (25 mM Tris, 192 mM Glycine and 

5 % Methanol) was used, and a constant voltage of 100 V was applied for 40 

minutes to ensure the transfer proteins larger than 200 KDa, and 70 V for 30 

minutes for those with lower molecular weight. Throughout the transfer 

process, the system was maintained at 4 ºC. 

To perform the immunodetection, the membranes were incubated with 

a blocking buffer to prevent nonspecific binding, composed of 5 % BSA or 

skimmed milk in TBS-Tween20 (Tris-Cl 20 mM, NaCl 150 mM, Tween20 

0.1 %, pH 7.5). Blocking was performed under gentle agitation for 1 hour at 

room temperature. After blocking, the membranes were incubated with the 

primary antibodies at the concentrations and conditions described in Table 2. 

The following day, the membranes were washed with TBS-Tween20 (three 

times for 5 minutes), blocked for 10 minutes with blocking solution, and 

incubated for 1 hour at room temperature with proper secondary antibodies 

diluted in blocking buffer: IRDye Donkey anti-rabbit 680RD (1:10,000, cat 

#925-680731, LI-COR) and Donkey anti-mouse 800WC (1:10,000, cat #925-

32212, LI-COR). Finally, the membranes were washed with TBS-Tween20 

(three times for 5 minutes) to remove excess secondary antibodies. Proteins 

were imaged through an Amersham ImageQuant 800 Fluor scanner (GE 

Healthcare) incorporating 700- 800 nm infrared emission filters. Each 

membrane was simultaneously imaged for both 680RD and 800WC 

fluorophores, and fluorescence was quantified using ImageJ software 
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(National Institutes of Health, Bethesda, MD, USA). In this thesis, the target 

protein was normalised to the total protein using Stain-Free imaging 

technology, which utilises a polyacrylamide gel containing a proprietary 

trihalo compound to make proteins fluorescent directly in the gel, allowing 

immediate visualisation during electrophoresis and western blotting. 

Normalisation to total protein has less variability and a greater normalisation 

range (110). 

Table 2. Primary antibodies used to detect each target protein. 

 

 

5. Immunohistochemistry  

 

5.1. Immunostaining 

 

For the localization of T-type VGCCs in endothelium, 

immunohistochemistry was used, whereby arterial segments were fixed and 

stained to detect the protein of interest. Arterial segments were fixed in 4 % 

paraformaldehyde for 1 hour at RTº. Subsequently, the paraformaldehyde was 

Primary antibody Reference Company Conditions 

CaV3.1 anti-

rabbit 

PA599755 Invitrogen 1:250 in TBST- 5 % 

skimmed milk, 4 ºC, 

O/N. 

CaV3.2 anti-

mouse 

MA5-45397 Invitrogen 1:250 in TBST- 5 % 

skimmed milk, 4 ºC, 

O/N. 

O/N: Overnight; RTº: room temperature. 
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removed, and the segments were washed with phosphate-buffered saline (PBS, 

P4417-50TAB, MERCK, Germany) three times for 5 minutes. Then, the 

segments were cut, obtaining 2 strips for each arterial segment. The strips 

were stored at 4 ºC in PBS in a 96-well plate until use. 

Strips were then incubated in blocking buffer (BB) containing 1 % bovine 

serum albumin (A3059, Sigma), 0.05 % Tween20 (Sigma, P2287) and 0.5 % 

Triton X-100 (T8532, Sigma) diluted in PBS for 2 hours at room temperature. 

Then, they were incubated with the primary antibodies at concentrations and 

conditions described in Table 3. After incubation, the strips were washed with 

PBS and incubated with secondary antibodies at concentrations and 

conditions described in Table 3. In addition, Hoechst 33342 (1:1,000, H3570, 

Invitrogen) was added for staining of cell nuclei. After incubation, strips were 

washed with PBS (three times for 5 minutes) and kept in PBS until slide 

preparation. 

Table 3. Primary and secondary antibodies used to detect each of the target proteins. 

Concentration and incubation conditions for each of them. 

Target 

protein 

Primary antibody Secondary antibody 

CaV3.1 
CaV3.1 anti-rabbit PA599755 

(Invitrogen), 1:200 in BB, 

4ºC, 24 h. 

AF-488 Goat anti-rabbit, 

A11008 (Invitrogen), 1:1,000 in 

BB, RTº, 2 h. 

CaV3.2 
CaV3.2 anti-mouse MA5-

45397 (Invitrogen), 1:200 in 

BB, 4 ºC, 24 h. 

AF-647 Goat anti-mouse, 

A21235 (Invitrogen), 1:1,000 in 

BB, RTº, 2 h. 

eNOS 
eNOS anti-mouse, ab76198 

(Abcam), 1:200 in BB, 4 ºC, 

24 h.  

AF-647 Goat anti-mouse, 

A21235 (Invitrogen), 1:1,000 in 

BB, RTº, 2 h. 

RTº: room temperature; BB: blocking buffer. 
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For mounting strips, a drop of mounting medium (SlowFade™ Glass 

Soft-set, S36917, Invitrogen) was placed in the centre of a slide (25 x 70 mm). 

The strip was dipped into the mounting medium and flattened with the help 

of forceps, leaving the endothelial monolayer on top of the strip. Finally, a 

coverslip (22 x 22 mm) was placed over the immersed sample by pressing 

gently, and the edges were sealed with nail polish. The slides were stored at 4 

ºC until analysis under confocal microscopy. 

 

5.2. Imaging of staining samples  

 

Slides were excited at 405 nm, 488 nm and 683 nm, and the emitted 

fluorescence was acquired through an oil immersion objective (40×/1.30 

objective; working distance 0.24 mm; Leica, Germany) using a line scanning 

confocal microscope (TCS-SP8 Leica, Germany). The images were captured 

using digital magnification at 2.5x and optical sectioning in 0.5 μm 

increments. This was accomplished using LAS X software (Leica, Germany), 

and reconstruction of the images was performed using ImageJ software. 

 

6. Study of gene expression 

 

6.1. Sample processing 

 

Intrarenal arteries from both male and female WKY and SHR groups were 

used for gene expression experiments. After isolation and removal of renal 

tissue and perivascular fat with RNase-free surgical tools (treated with 
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RNaseZap®, Ambion), the arteries were immersed in microtubes containing 

300 μL of Trizol solution to preserve the messenger RNA (mRNA) present in 

the tissues. They were then snap-frozen and stored at -80 ºC until use.  

The total RNA extraction protocol followed the method described by 

Chomczynski and Sacchi (111). Vascular tissue was homogenised using 

sterile RNaseZap-treated pestles® for mechanical friction. After 

homogenisation, microtubes were centrifuged at 3,000 rpm for 5 minutes at 4 

°C, and the supernatant was collected and placed in another sterile microtube. 

Then, chloroform was added (in a ratio of 200 μL chloroform: 1mL Trizol) 

and thoroughly mixed by gentle shaking. Centrifugation was repeated at 

13,000 rpm for 15 minutes at 4 °C, to separate the mixture into a lower 

phenol-chloroform, an interphase and a colourless upper aqueous phase. The 

upper aqueous phase containing the RNA was transferred to a new sterile 

microtube.  

To precipitate RNA, 150 μL of isopropanol and 2 μL of glycogen were 

added to each microtube, mixed by pipetting, and incubated overnight at -20 

ºC. The following day, samples were centrifuged at 13,000 rpm for 15 minutes 

at 4 °C, the supernatant was discarded, and the pellet was washed with 300 

μL of 75 % ethanol. Samples were briefly vortexed to separate the pellet from 

the microtube wall and centrifuged again at 13,000 rpm for 15 minutes at 

4 ºC. Finally, the supernatant was removed, and the pellet was resuspended 

with PCR-grade water. 
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6.2. Total RNA quality 

 

The quality of total RNA was evaluated by examining concentration and 

purity using the NanoDrop spectrophotometer. 1 μL of the sample was added 

to obtain its absorbance, from which the system automatically estimates the 

RNA concentration from the included data. The absorbance is measured at 

260 nm, the wavelength that nucleic acids absorb most intensely. The amount 

of light absorbed is proportional to the amount of nucleic acids in the sample. 

This technique provides information about the total RNA concentration 

of the sample as well as two ratios, 260/280 and 260/230. The 260/280 ratio 

reflects the RNA purity, with the recommended range being between 1.8 and 

2.1. A lower ratio may indicate the presence of proteins or other contaminants 

that absorb at 280 nm. The 260/230 ratio serves as a secondary measure of 

nucleic acid purity. While nucleic acids are measured at 260 nm, contaminants 

introduced during isolation are measured at 230 nm. Ideally, the 260/230 ratio 

should fall between 2.0 and 2.2. A lower ratio may suggest the presence of 

contaminants that absorb at 230 nm, such as phenols. 

 

6.3. Reverse transcription polymerase chain reaction (RT-PCR) 

 

The first step for RT-PCR was the acquisition of complementary DNA 

(cDNA) from total RNA in a reverse transcription process that requires the 

use of specific DNA polymerases. We used the "High-Capacity cDNA 

Reverse Transcription Kit" manufactured by Thermo Fisher Scientific, 

following the reverse transcription method. The amplification and detection 
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of the PCR product was performed in a Bio-Rad T100 Thermal CyclerTM. The 

reaction was carried out under the following conditions:  

1. 10 minutes at 25 ºC  

2. 120 minutes at 37 ºC  

3. 10 minutes at 85 ºC  

4. ∞ at 4 ºC  

The synthesised cDNA was stored at -20 °C. 

Once the cDNA was generated, specific DNA sequences were selectively 

amplified by real-time polymerase chain reaction (RT-PCR) using TaqMan® 

Gene Expression Assays probes (Applied Biosystems®, Foster City, CA) 

according to the manufacturer’s recommendations.  

Predesigned TaqMan gene expression assays from ThermoFisher 

Scientific were used for the quantification of selected target genes: CaV3.1, 

CaV3.2, and Nos3 (Rn01299126_m1, Rn01460348_m1, and 

Rn07312037_g1, respectively) and endogenous housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (Rn01775763_g1). RT-

PCR was carried out using the High Capacity cDNA Reverse Transcription 

Kit (ref. 4368814, Applied Biosystems) and the QuantStudio 5 Real-Time 

PCR System (Thermo Fisher Scientific) with the following conditions:  

1. 2 minutes at 50 ºC  

2. 2 minutes at 95 ºC  

3. PCR (x 40):  

a. 1 second at 95 ºC  

b. 20 seconds at 60 ºC  
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Samples were run in triplicate, and fold changes were generated for 

each sample by calculating 2−ΔΔCt (112). 

Relative expression: 2-ΔΔCt 

ΔΔCt: [Ct of X studied gene -Ct Gapdh] - [Ct X control -Ct Gapdh], 

in our case X is CaV3.1, CaV3.2, and Nos3. 

Ct comparison equation was applied to calculate the gene expression 

difference between male and female WKY and SHR groups. The control 

group (male WKY rats) takes the value of 2-∆∆Ct as 1. 

 

7. Measurement of ROS production in leukocyte population by flow 

cytometry 

 

Cytometry is a multiparametric cell analysis method that allows the 

measurement of certain physical and chemical characteristics of cells or 

particles suspended in a fluid. Our flow cytometry assays were conducted 

using the FACSAria III cytometer (BD Biosciences). The data acquisition on 

the cytometer was facilitated through the use of BD FACS Suite software, 

while the subsequent off-line data analysis was performed with FLOWJO 

V.10.1 software. 

We used different fluorochromes to measure intracellular ROS levels in 

leukocytes, which can reflect cardiovascular oxidative stress. 
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The fluorochromes used in this thesis were: 

 

1. DAF-FM Diacetate (4-amino-5-methylamino)-2',7'- 

difluorofluorescein diacetate) is a reagent used to detect and quantify 

low concentrations of NO. It does not fluoresce until it reacts with 

NO, forming a fluorescent benzotriazole, which gives this probe 

specificity for detecting NO levels in the cells under study (113,114). 

 

2. DHR 123 (Dihydrorhodamine 1,2,3) is an uncharged, non-fluorescent 

ROS indicator, which can passively diffuse across membranes. There, 

it is oxidised to cationic rhodamine 1,2,3, emitting green fluorescence. 

It is activated by several reactive oxygen species, which include H2O2 

and ONOO- (115,116). 

3. O2
- is specifically detected with DHE (dihydroethidium) also called 

hydroethidine (HE). This fluorescent probe shows blue fluorescence 

in the cytosol until it is selectively oxidised and hydroxylated by O2
- 

to 2-OH-ethidium, emitting red fluorescence when it intercalates into 

the DNA of the cell nucleus (117).  

During the cytometry experiments, blue (488 nm), violet (405 nm), and 

red (635 nm) lasers were used. DAF and DHR 123 fluorescence were 

collected on a 530/30 505LP filter and DHE fluorescence on a 700/54 665LP 

filter. 

Whole blood was extracted from the rats by cannulation of the portal vein 

and introduced into a tube with EDTA. The tubes were transported to the 
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cytometry service of the Central Research Unit of the University of Valencia, 

where the experimental protocol was followed:  

1. For each marker, as well as for its positive and negative controls, 50 

μL of whole blood was separated into separate 12x75 mm cytometry 

tubes, which were treated with 2 μL of Brilliant Violet 421™ anti-rat 

CD45 conjugate (BD Biosciences) and incubated 15 minutes at RT 

and in the dark, with the aim of performing leukocyte labelling.  

 

2. On the other hand, to obtain peripheral blood mononuclear cells 

(MNCs), the red blood cell (RBC) lysis separation method was 

employed using eBioscience™ 10x erythrocyte lysis buffer 

(Invitrogen, Thermo Fisher Scientific). This buffer was added to each 

of the tubes with the CD45-labeled blood in a total volume of 5 mL. 

Once the blood was lysed, 300 μL of it was added to each cytometry 

tube.  

 

3. DAF-FM DA (1 µM), DHR 123 (100 μM), or DHE (2.5 μg/mL) 

diluted in DMSO was added to each tube. Samples were incubated at 

37 °C for 30 minutes in the dark with the corresponding fluorochrome. 

For each experimental group, the mean ± SEM of four replicates was 

determined.  

Before starting the experiments, the fluorochromes were tested using both 

positive and negative controls. Negative controls did not include any 

fluorochrome to eliminate the possibility of autofluorescence. For positive 

controls, tubes were pre-treated with inducers for 30 minutes. The inducers 

used were NOR-1 (16 μg/mL), a NO generator; tert-butyl hydroperoxide 
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(t-BHP) (100 μM), an H2O2 generator; and plumbagin (Pb) (2.4 μg/mL) to 

induce an increase in O2
-. 

The events acquired per sample were 10,500 cells as a stop condition, with a 

slow flow rate to avoid the occurrence of doublets. 

 

8. Measurement of plasma levels of nitrates and nitrites  

 

NO is synthesised in biological systems by the NOS enzyme complex, 

which acts on molecular oxygen, arginine, and NADPH to produce, in 

addition to NO, citrulline and NADP⁺. The measurement of plasma nitrate 

and nitrite concentrations has been shown to reflect NO synthesis (118) (see 

Figure 7). 

 

To determine the concentration of nitrate and nitrite in rat plasma, we used 

a commercially available Nitrate/Nitrite Colourimetric Assay Kit (#780001, 

Cayman Chemical, USA). This kit offers a two-step method that ensures 

precise measurement of total nitrate and nitrite concentration in the sample. 

The first step is the conversion of the nitrate in the sample to nitrite by the 

addition of the enzyme nitrate reductase. In the second step, Griess reagent is 

Figure 7. Nitrate and nitrite formation reactions. 
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added to convert nitrites into a purple azo compound acting as a chromophore, 

whose absorbance is measured to determine the concentration (see Figure 8). 

 

9. Statistics analysis  

 

The results for blood pressure and levels of ROS in circulating 

leukocytes are presented as the mean ± standard error of the means (SEM). 

The results of flow cytometry experiments are expressed as fluorescent 

arbitrary units (f.a.u.). Protein expression results are normalised to total 

protein and expressed in absolute fluorescence units. The results for protein 

expression experiments and measurements of plasmatic nitrates and nitrites 

are presented as the mean ± standard deviation (SD). 

For vascular reactivity experiments, the results are presented as the mean 

± SEM. Vasodilation is expressed as a percentage of relaxation (%) relative 

Figure 8. Colourimetric assay reaction resulting in the purple azo product that acts as a 

chromophore. 
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to noradrenaline-induced contraction. Vasoconstriction is expressed as a 

percentage of contraction (%) relative to the value of maximal contraction to 

KCl (60 mM) for each vascular segment. The pEC50 (-logarithm of the molar 

concentration at which half of the maximum effect occurs) was determined 

by nonlinear regression analysis from each concentration-response curve. The 

area under the curve (AUC) was calculated for each concentration-response 

curve to phenylephrine performed in the absence and presence of L-NAME, 

nickel chloride, and the combination of both, and expressed as arbitrary units 

(a.u.).  

Statistical analyses were conducted using Microsoft Excel (version 2401) and 

GraphPad Prism 9.0.2 (GraphPad Software Inc.). For multiple comparisons 

between the different groups and experimental conditions P value was 

analysed by using one-way or two-way analysis of variance (ANOVA) or 

Student's t-test, where P<0.05 was considered statistically significant. 

Statistically significant differences were indicated in the graphs with asterisks 

by using * for P<0.05, ** for P<0.01, *** for P<0.001, and **** for 

P<0.0001. 
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1. Study of the physiological function of T-type VGCCs 

and their modulation by NO in healthy male rabbit 

vessels 

 

1.1. Endothelial NO production in response to phenylephrine in the 

aorta and renal artery of healthy rabbits 

 

Concentration-response curves to phenylephrine (10-9 - 3x10-5 M) in the 

absence and presence of L-NAME (10-4 M) were performed to evaluate NO 

production in response to α1-adrenergic receptor stimulation in the aorta and 

renal artery. In both arteries, L-NAME potentiated contractile response to 

phenylephrine, increasing pEC50 and Emax (see Figure 9 and Table 4). These 

results indicated that endothelium modulates the contractile response to 

phenylephrine through NO release in the two vascular beds studied.  
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Figure 9. Concentration-response curve to phenylephrine (PHE) in rabbit aorta and 

renal artery in the absence (control) and presence of L-NAME (10-4 M). n=9-12. 

*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to control at the same 

concentration. Data are means ± SEM. 
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Table 4. Values of pEC50 ± standard error of the means (SEM) and Emax ± SEM of 

concentration-response curves to phenylephrine in rabbit aorta and renal artery in the 

absence (control) and presence of L-NAME (10-4 M), nickel chloride (NiCl2) (5x10-5 M), or 

the combination of both. 

 

Phenylephrine n pEC50 ± SEM Emax ± SEM 

Aorta 

    Control 12 6.55 ± 0.08 162.25 ± 8.90 

    L-NAME 10-4 M 9 6.82 ± 0.09* 196.56 ± 9.13* 

    NiCl2 5x10-5 M 7 6.20 ± 0.07* 135.14 ± 7.20** 

    L-NAME 10-4 M 

+    NiCl2 5x10-5 M      
7 6.29 ± 0.13# 154.00 ± 5.37# 

Renal artery 

    Control 12 6.34 ± 0.08   145.08 ± 5.49 

    L-NAME 10-4 M 12 6.64 ± 0.06* 176.08 ± 7.59* 

    NiCl2 5x10-5 M 8 5.56 ± 0.14*   125.13 ± 15.04 

    L-NAME 10-4 M 

+    NiCl2 5x10-5 M 
7 5.40 ± 0.06# 96.71 ± 23.25# 

 

n= number of animals. *P<0.05; **P<0.01 compared to control. #P<0.05 compared to           

L-NAME 10-4 M. 
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1.2. Involvement of T-type VGCCs in the contractile response to 

phenylephrine in the aorta and renal artery of healthy rabbits in 

the absence and presence of NO  

 

In order to evaluate the involvement of T-type VGCCs, concentration-

response curves to phenylephrine (10-9 - 3x10-5 M) were performed in the 

absence and presence of nickel chloride (5x10-5 M), a T-type VGCCs blocker. 

Contractile response curves to phenylephrine were significantly right-shifted 

in the presence of this blocker, indicating that calcium influx through T-type 

VGCCs contributes to the contraction induced by phenylephrine in the two 

vascular beds studied (see Figures 10A and 11A and Table 4 in section 1.1).   

In addition, to study whether NO modulates the activity of these channels, 

concentration-response curves to phenylephrine (10-9 - 3x10-5 M) were 

performed in the presence of L-NAME (10-4 M) and the combination of 

L-NAME plus nickel chloride (5x10-5 M) (see Figures 10B and 11B, and 

Table 4 in section 1.1). To quantify this effect, i.e., whether nickel chloride-

induced blockade was greater in the absence of NO, the area under the curve 

(AUC) was calculated from each individual concentration-response curve to 

phenylephrine. Then, the ΔAUC was determined by subtracting the AUC of 

the control phenylephrine curve from the phenylephrine curve incubated with 

nickel chloride (AUC 1). This value indicated the involvement of T-type 

VGCCs in the presence of NO. Next, the ΔAUC between phenylephrine 

curves in the presence of L-NAME and the additional presence of nickel 

chloride (AUC 2) was also calculated to indicate the involvement of T-type 

VGCCs in the absence of NO. The AUC 1 and AUC 2 values were then 
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compared and plotted as a bar graph to evaluate the participation of T-type 

VGCCs in each experimental condition (see Figures 10 and 11, and Table 5).  

 
Figure 10. Concentration-response curve to phenylephrine (PHE) in rabbit aorta in (A) 

absence (control) and presence of nickel chloride (5x10-5 M); (B) presence of L-NAME (10-4 

M), absence (control) and presence of nickel chloride (NiCl2) (5x10-5 M). (C) Participation 

of T-type VGCCs in the response to PHE in the absence and presence of L-NAME (10-4 M) 

represented as AUC 1 and AUC 2 respectively. n=7-12. *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001 compared to control curve. Data are means ± SEM. 
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Figure 11. Concentration-response curve to phenylephrine (PHE) in rabbit renal artery in 

(A) absence (control) and presence of nickel chloride (5x10-5 M); (B) presence of L-NAME 

(10-4 M), absence (control) and presence of nickel chloride (5x10-5 M). (C) Participation of 

T-type VGCCs in the response to PHE in the absence and presence of L-NAME (10-4 M) 

represented as AUC 1 and AUC 2 respectively. n=7-12. *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001 compared to control curve. Data are means ± SEM. 
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Table 5. Values of the area under the curve (AUC) ± standard error of the means (SEM) of 

concentration-response curves to phenylephrine in rabbit aorta and renal artery. 

Phenylephrine AUC ± SEM 

Aorta 

    AUC 1 110.20 ± 28.22 

    AUC 2 149.20 ± 27.02 

Renal artery 

    AUC 1 131.00 ± 30.56 

    AUC 2 278.3 ± 33.8* 

 

AUC 1: Difference between AUCs of phenylephrine control curve and phenylephrine curve 

with nickel chloride (5x10-5M); AUC 2: difference between AUCs of phenylephrine curve 

with L-NAME (10-4 M) and phenylephrine curve with L-NAME (10-4 M) plus nickel chloride 

(5x10-5 M). *P<0.05 compared to AUC 1. 

 

The results showed a slight non-significant increase in AUC 2 

compared to AUC 1 in the aorta. However, in the renal artery, there was a 

significant increase in AUC 2 compared to AUC 1, indicating that in the 

absence of NO, the participation of T-type VGCCs increased.  
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1.3. Involvement of T-type VGCCs in the contractile response to 

angiotensin II in the aorta and renal artery of healthy rabbits 

 

To evaluate the involvement of T-type VGCCs, concentration-response 

curves to angiotensin II (10-11 - 3x10-7 M) were performed in the absence and 

presence of nickel chloride (5x10-5 M). Contractile response curves to 

angiotensin II were significantly right-shifted in the presence of this blocker, 

practically abolishing the contraction, indicating that calcium influx through 

T-type VGCCs contributes to the contraction induced by angiotensin II in 

both the aorta and the renal artery of healthy rabbits (see Figure 12).   

 

Figure 12. Concentration-response curve to angiotensin II in rabbit aorta and renal artery 

in the absence (control) and presence of nickel chloride (5x10-5 M). n=6-12. *P<0.05; 

****P<0.0001 compared to control at the same concentration. Data are means ± SEM. 
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1.4.Involvement of T-type VGCCs in the endothelium-dependent and 

independent relaxation in the aorta and renal artery of healthy 

rabbits  

 

To study the involvement of T-type VGCCs in endothelium-dependent 

and -independent relaxation, concentration-response curves to acetylcholine 

(10-9 - 3x10-5 M) and sodium nitroprusside (10-11 - 10-5 M) were performed in 

the absence and presence of nickel chloride (5x10-5 M), in arterial rings 

precontracted with noradrenaline (10-7 M).  

Results in the aorta showed that the addition of nickel chloride did not 

affect the response to acetylcholine and sodium nitroprusside (see Figure 13). 

However, in the renal artery, nickel chloride attenuated the relaxant response 

to acetylcholine but not to sodium nitroprusside (see Figure 14), indicating 

that calcium influx through T-type VGCCs is probably required to activate 

eNOS and cause endothelium-dependent relaxation. 

On the other hand, to test whether T-type-mediated relaxation follows the 

NO pathway, we performed concentration-response curves to acetylcholine 

(10-9 - 3x10-5 M) in the presence of L-NAME (10-4 M) to block NO synthesis. 

The results show that in the presence of L-NAME (10-4 M), the block of 

relaxation to acetylcholine is similar to that with nickel chloride (5x10-5 M). 

Moreover, blocking the acetylcholine-dependent relaxation with L-NAME 

(10-4 M) plus nickel chloride (5x10-5 M) yields the same blocking effect as 

with L-NAME (10-4 M) or with nickel chloride (5x10-5 M) alone (see Figure 

15), which may indicate that T type-mediated relaxation to acetylcholine may 

follow the same pathway as that mediated by NO. 
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Figure 13. Concentration-response curve (A) to acetylcholine (ACh) and (B) to sodium 

nitroprusside (NPS) in rabbit aorta in the absence (control) and presence of nickel chloride 

(5x10-5 M). n=5-9. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to control 

at the same concentration Data are means ± SEM. 
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Figure 14. Concentration-response curve (A) to acetylcholine (Ach) and (B) to sodium 

nitroprusside (NPS) in rabbit renal artery in the absence (control) and presence of nickel 

chloride (5x10-5 M). n=5-8. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to 

control at the same concentration. Data are means ± SEM. 



Results  __________________________________________________________________  

 68 

  

Figure 15. Concentration-response curve to acetylcholine (Ach) in rabbit renal artery (A) in 

the absence (control) and presence of nickel chloride (5x10-5 M) and L-NAME (10-4 M); (B) 

in the presence of nickel chloride (5x10-5 M) and nickel chloride (5x10-5 M) plus L-NAME 

(10-4 M). n=6-8. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to control at 

the same concentration. Data are means ± SEM. 
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1.5. Protein expression of T-type VGCCs in the aorta and renal artery 

of healthy rabbits 

 

We measured the protein expression of the two main subtypes of T-type 

VGCCs at the vasculature (CaV3.1 and CaV3.2) by Western Blot in the aorta 

and renal artery of rabbits. Our results showed no significant differences in 

the protein expression of both subtypes of T-type VGCCs between these 

vessels (see Figure 16).  

 

  

Figure 16. Protein expression of CaV3.1 and CaV3.2 in the aorta and renal artery of healthy 

rabbits. n=5-7 Results normalised to total protein and expressed in absolute fluorescence 

units. 
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1.6. Localisation of CaV3.1 and CaV3.2 in rabbit renal endothelial 

cells  

 

In endothelium-dependent vasodilation experiments, it was observed that 

T-type VGCCs showed higher involvement in the renal artery compared to 

the aorta. Therefore, we aimed to use immunohistochemistry to demonstrate 

the localisation of T-type VGCC subtypes CaV3.1 and CaV3.2 in the 

endothelium of the renal artery. Additionally, we sought to establish whether 

either of these subtypes colocalised with eNOS.  

Confocal laser-scanning microscopy showed clear and punctate 

expression of both subtypes in the cytoplasm of endothelial cells, with CaV3.2 

also expressed in the nucleus (see Figure 17).  
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Figure 17: Representative confocal microscopy images of rabbit renal endothelial cells 

stained for CaV3.1 (green) and CaV3.2 (red). Nuclei was staining with Hoechst (blue). White 

arrows indicate expression of Cav3.2 in the cell nucleus. Images are representative of 3 

independent experiments. Scale bar 10 μm.  
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Interestingly, co-localization of eNOS and CaV3.1 was confirmed in 

endothelial cells (see Figure 18). However, co-localization of eNOS and 

CaV3.2 was not observed (data not shown). This observation may reflect the 

physiological role of CaV3.1 in eNOS activation in the renal artery. 

 

 

Figure 18. Representative confocal laser-scanning microscopy image of rabbit renal 

endothelial cells stained for Cav3.1 (green) and eNOS (red). Nuclei were stained with 

Hoechst (blue). White arrows point to co-localization (yellow). Images are representative of 

3 independent experiments. Scale bar 15 μm and 8 μm for zoom image. 
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Based on the findings from healthy rabbit arteries, which highlighted 

the increased activity of T-type VGCCs and their possible modulation by NO 

in the renal artery, we decided to focus on this vascular bed and study the role 

of these channels in hypertension. Thus, we chose the SHR model and, as a 

control, the normotensive WKY rats. In addition, the sex variable was 

introduced, and therefore, the results are presented in both males and females.  
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2. Characterization of the SHR experimental model 

 

2.1. Weight of animals and organs 

 

Data on organ weights are expressed in relation to the body weight of the 

animal (see Table 6). No significant differences were found in the organ 

weights among the different study groups.  

Table 6. Mean weight of animals (g) ± standard error of the means (SEM) and mean weight 

of organs relative to animal weight (%) ± SEM. n= 8 animals per group. 

*P<0.05 compared to male SHR. 

  

Group Rat weight Liver Heart 

Right 

kidney 

Left 

kidney 

Male 

WKY 
316.625 ± 4.33 3.76 ± 0.17 0.44 ± 0.03 0.39 ± 0.01 0.39 ± 0.01 

Male 

SHR 
314.125 ± 4.34 4.02 ± 0.10 0.45 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 

Female 

WKY 
207.25 ± 2.23 3.93 ± 0.53 0.52 ± 0.05 0.31 ± 0.04 0.37 ± 0.01 

Female 

SHR 
182.875 ± 1.09 4.82 ± 0.17* 0.56 ± 0.01 0.37 ± 0.01 0.38 ± 0.01 
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2.2. Blood pressure  

 

Both male and female SHR showed higher values of SBP, DBP, and MAP 

than WKY, with no significant differences in pulse pressure (see Figure 19). 

 

 

 

 

Figure 19. Systolic, diastolic, mean and pulse pressure (mmHg) values of male and female 

WKY and SHR groups. n= 8 per group. Bars represent mean ± SEM. *P<0.05 compared to 

male WKY; ***P<0.001; ****P<0.0001 compared to WKY of the same sex. 

 

gend. 
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2.3. Oxidative stress in leukocytes 

 

To test whether the vascular tissue of the SHR model might be more 

exposed to oxidative stress than that of WKY rats, we measured basal 

intracellular levels of ROS in circulating white blood cells (leukocytes, 

neutrophils, lymphocytes and monocytes) by flow cytometry. 

DHR123 fluorochromes were used to quantify ONOO- and H2O2, DHE to 

quantify O2
- production and DAF to quantify NO. 

Our results indicated that in male SHR, there was an increased production 

of H2O2 and ONOO- in both leukocytes and neutrophils (see Figure 20). 

Together these results indicate that the vascular tissue of male SHR would be 

more exposed to oxidative stress than that of WKY and female SHR. 
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Figure 20. Bar graphs summarising levels of H2O2, ONOO- and O2
- as well as intracellular 

NO for white blood cells studied, measured by using the fluorescence markers DHR 123, 

DHE and DAF, respectively. n= 6-8 per group. Bars represent mean ± SEM. *P<0.05; 

***P<0.005; ****P<0.001.  
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2.4. Plasma levels of nitrates and nitrites 

 

The results obtained in the quantification of nitrates and nitrites in rat 

plasma showed no significant differences between WKY and SHR groups 

(153.50 ± 11.50 for male WKY; 159.27 ± 37.78 for male SHR; 148.48 ± 30.22 

for female WKY and 126.83 ± 9.36 for female SHR). These results indicate 

that hypertension did not alter plasma NO levels. 

 

2.5. Vasodilation in the renal artery of WKY and SHR groups 

 

To study endothelium-dependent and -independent relaxant capacity, 

concentration-response curves to acetylcholine (10-9 - 10-5 M) and sodium 

nitroprusside (10-9 - 10-5 M) were performed in renal artery segments 

precontracted with noradrenaline (10-7 M). 

The results showed less relaxation to acetylcholine in the SHR model 

compared to WKY rats, both in females and males, with no change in 

nitroprusside-induced relaxation. These results indicate that the SHR model 

at 16 weeks of age exhibited endothelial dysfunction, whereas the capacity of 

smooth muscle to dilate was not affected (see Figures 21 and 22).  
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Figure 21. Concentration-response curve (A) to acetylcholine (Ach) and (B) to sodium 

nitroprusside (NPS) in renal artery of male WKY and SHR groups. n=8. *P<0.05; 

**P<0.01; ***P<0.001 compared to male WKY. Data are shown as mean ± SEM. 
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Figure 22. Concentration-response curve (A) to acetylcholine Ach) and (B) to sodium 

nitroprusside (NPS) in renal artery of female WKY and SHR groups. n=8. *P<0.05; 

**P<0.01; ***P<0.001 compared to male WKY. Data are shown as mean ± SEM. 
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2.6. Vascular smooth muscle contractile response in the renal artery 

of WKY and SHR groups  

 

To study whether hypertension affected the contractile capacity of 

vascular smooth muscle, the response to KCl (60 mM), a nonspecific 

contractile agent that produces depolarisation of the muscle cell with 

consequent calcium influx and contraction, was measured. The results 

showed that hypertension did not affect this response (see Figure 23). In 

addition, female rats showed a lower response to KCl-induced contraction 

compared to male rats. 

 

 

Figure 23. Contraction (mg) induced by KCl (60 mM) in the renal artery of male and female 

WKY and SHR groups. n=8 per group. Data are shown as mean ± SEM. *P<0.05 compared 

to male WKY. 
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2.7. Contractile response to phenylephrine in the renal artery of 

WKY and SHR groups 

 

Concentration-response curves to phenylephrine (10-9- 3x10-5 M) were 

performed to evaluate whether hypertension increases α1-adrenergic 

contraction. The results showed a greater response in the SHR model 

compared with the WKY group, only in female rats, with no significant 

differences between WKY and SHR in males (see Figure 24).  

 

Figure 24. Concentration-response curve to phenylephrine (PHE) in renal artery of (A) male 

and (B) female WKY and SHR. n=8. Data are shown as mean ± SEM. *P<0.05; **P<0.01 

compared to female WKY. 
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2.8. Endothelial NO release in response to phenylephrine in the renal 

artery of WKY and SHR groups. 

 

Concentration-response curves to phenylephrine (10-9 - 10-4 M) in the 

absence and presence of L-NAME (10-4 M) were performed to evaluate NO 

release by α1-adrenergic stimulation.  

In male WKY, L-NAME potentiated only at 10-7 M, whereas, in female 

WKY, a significant left-shift in the contractile response to phenylephrine was 

found, indicating NO release in response to this agonist. In the SHR, this 

increase did not occur, indicating that the SHR model decreases NO 

production in response to phenylephrine (see Figure 25). 



Results  __________________________________________________________________  

 84 

   

Figure 25. Concentration-response curve to phenylephrine (PHE) in renal artery of male 

WKY and SHR (A and B respectively) and female WKY and SHR (C and D respectively) rats, 

in the absence (control) and in the presence of L-NAME (10-4M). n=7-8. Data are shown as 

mean ± SEM. *P<0.05; **P<0.01; ***P<0.001 compared to the control curve. 
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3. Study of the function of T-type VGCCs in a model of 

hypertension. Differences between sexes 

 

3.1. Involvement of T-type VGCCs in phenylephrine-induced 

contraction in the renal artery of WKY and SHR groups  

 

To study whether T-type VGCCs participated in phenylephrine-induced 

contraction in the rat renal artery, concentration-response curves to this 

agonist (10-9 - 10-4 M) were performed in the absence and presence of nickel 

chloride (5x10-5 M) in arteries of WKY and SHR groups, both male and 

female. 

Contractile response curves to phenylephrine were significantly right-

shifted in the presence of this blocker, indicating that there is a calcium influx 

through T-type VGCCs contributing to contraction in response to 

phenylephrine in the rat renal artery of WKY and SHR in both sexes (See 

Figures 26 and 27, and Table 7). 

In order to assess whether the involvement of these channels was greater 

in hypertension, the AUC from the phenylephrine control curve and 

phenylephrine with nickel chloride curve were calculated for both the WKY 

and SHR groups. AUC tended to be higher in male SHR than in male WKY 

(AUC = 285.1 ± 44.95 a.u. for WKY vs AUC = 371.70 ± 30.69 a.u. for the 

SHR, P=0.1142). Despite finding an increased, no significant differences 

were found, indicating that hypertension does not increase the participation 

of T-type VGCCs in male rats (Figure 26). However, in females, the results 

obtained showed a significant increase in the participation of T-type VGCCs 
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in hypertension (AUC = 314.10 ± 84.23 a.u. for WKY vs AUC = 556.70 ± 

75.51 a.u. for the SHR, P=0.0336) (see Figure 27). 

Figure 26. Concentration-response curve to phenylephrine (PHE) in the renal artery of male 

(A) WKY and (B) SHR in the absence (control) and presence of nickel chloride (5x10 -5M). 

(C) The bar graph shows the ΔAUC from PHE curves indicating the involvement of T-type 

VGCCs in response to phenylephrine in male WKY and SHR groups. n=8. **P<0.01 

****P<0.0001 compared to the control curve. 
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Figure 27. Concentration-response curve to phenylephrine (PHE) in the renal artery of 

female (A) WKY and (B) SHR in the absence (control) and presence of nickel chloride (5x10-5 

M). (C) The bar graph shows the ΔAUC from PHE curves indicating the involvement of 

T-type VGCCs in response to phenylephrine in female WKY and SHR groups. n=7-8. 

*P<0.05; **P<0.01 ****P<0.0001 compared to the control curve. 
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Table 7. Values of pEC50 ± standard error of the mean (SEM) and Emax ± SEM of 

concentration-response curves to phenylephrine in the renal artery of male and female WKY 

and SHR groups in the absence and presence of nickel chloride (NiCl2) (5x10-5 M). 

 

Phenylephrine n pEC50 ± SEM Emax ± SEM 

Male WKY  

    Control 8 6.34 ± 0.08 185.20 ± 14.50 

    NiCl2 5x10-5 M 8 6.02 ± 0.12* 65.90 ± 28.18* 

Male SHR  

    Control 8 6.43 ± 0.07 190.33 ± 11.03 

    NiCl2 5x10-5 M 8 5.73 ± 0.12* 45.02 ± 19.46* 

Female WKY  

    Control 8 5.84 ± 0.08 234.14 ± 19.34 

    NiCl2 5x10-5 M 8 5.91 ± 0.24 79.25 ± 40.70* 

Female SHR     

    Control 7 6.11 ± 0.15 278.29 ± 25.09 

    NiCl2 5x10-5 M 7 5.66 ± 0.17* 74.25 ± 16.15* 

n= number of animals. *P<0.05 compared to control of the same group. 
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These results indicate that, as previously observed in the aorta and renal 

artery of healthy male rabbits, T-type VGCCs participate in α1-adrenergic 

contractions in rat renal arteries of both sexes. Moreover, hypertension 

significantly increases the involvement of T-type VGCCs in response to 

phenylephrine only in females, probably because the decrease in NO release 

induced by hypertension was more intense in female than in male. 

 

3.2. Involvement of T-type VGCCs in phenylephrine-induced 

contraction in the renal artery of WKY and SHR groups in the 

absence of NO. 

 

Our results in healthy rabbit renal arteries showed that in the absence of 

NO, these channels became more active, increasing calcium influx for 

phenylephrine-induced contraction. To test whether this was reproduced in 

the rat renal artery and whether it was affected by sex or hypertension, 

concentration-response curves were performed for phenylephrine (10-9 - 

3x10-5 M) in the presence of L-NAME (10-4 M) plus nickel chloride (5x10-9 

M). ΔAUCs were calculated as described above (see section 1.2). The values 

are shown in Figures 28, 29, 30 and 31, and in Table 8.  
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Figure 28. Concentration-response curve to phenylephrine (PHE) in the renal artery of male 

WKY rat in (A) absence (control) and presence of nickel chloride (5x10-5 M); (B) in presence 

of L-NAME (10-4 M), absence (control) and presence of nickel chloride (5x10-5M). (C) 

Participation of T-type VGCCs in the response to PHE in the absence and presence of  

L-NAME (10-4 M) represented as bars. n=8. Data are shown as mean ± SEM. **P<0.01; 

****P<0.0001 compared to control curve of the same group.  
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Figure 29. Concentration-response curve to phenylephrine (PHE) in the renal artery of male 

SHR in (A) absence (control) and presence of nickel chloride (5x10-5 M); (B) in the presence 

of L-NAME (10-4 M), absence (control) and presence of nickel chloride (5x10-5M). (C) 

Participation of T-type VGCCs in the response to PHE in the absence and presence of 

L-NAME (10-4 M) represented as bars. n=8. Data are shown as mean ± SEM. **P<0.01; 

****P<0.0001 compared to control curve of the same group.  
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Figure 30. Concentration-response curve to phenylephrine (PHE) in the renal artery of 

female WKY rat in (A) absence (control) and presence of nickel chloride (5x10-5 M); (B) in 

the presence of L-NAME (10-4 M), absence (control) and presence of nickel chloride (5x10-5 

M). (C) Participation of T-type VGCCs in the response to PHE in the absence and presence 

of L-NAME (10-4 M) represented as bars. n=8. Data are shown as mean ± SEM. **P<0.01; 

****P<0.0001 compared to the control curve of the same group. *P<0.05 compared to WKY 

in the absence of L-NAME (10-4 M). 
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Figure 31. Concentration-response curve to phenylephrine (PHE) in the renal artery of 

female SHR in (A) absence (control) and presence of nickel chloride (5x10-5 M); (B) in the 

presence of L-NAME (10-4 M), absence (control) and presence of nickel chloride (5x10-5M). 

(C) Participation of T-type VGCCs in the response to PHE in the absence and presence of 

L-NAME (10-4 M) represented as bars. n=7. Data are shown as mean ± SEM. **P<0.01; 

***P<0.001; ****P<0.0001 compared to control curve of the same group.  



Results  __________________________________________________________________  

 94 

Table 8. Values of the area under the curve (AUC) ± standard error of the means (SEM) of 

the concentration-response curves to phenylephrine in the renal artery of male and female 

WKY and SHR groups. 

Phenylephrine AUC ± SEM 

Male WKY   

  AUC 1 285.10 ± 45.00 

  AUC 2 366.90 ± 48.70 

Male SHR   

  AUC 1 371.70 ± 30.70 

  AUC 2 394.50 ± 33.08 

Female WKY   

  AUC 1 316.80 ± 83.41 

  AUC 2 551.10 ± 49.41* 

Female SHR   

 AUC 1 556.70 ± 75.51 

 AUC 2 516.10 ± 62.90 

AUC 1: the difference between AUCs of phenylephrine control curve and phenylephrine 

curve with nickel chloride (5x10-5 M); AUC 2: the difference between AUCs of phenylephrine 

curve with L-NAME (10-4 M) and phenylephrine curve with L-NAME (10-4 M) plus nickel 

chloride (5x10-5 M).  *P<0.05 compared to AUC 1. 
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Our results indicated that, in the absence of NO, there was a slight 

trend to increase the T-type VGCCs participation in male WKY. This trend 

became significant in female WKY (P=0.017). The presence of L-NAME did 

not affect the nickel chloride blockade in SHR groups of both sexes. This was 

expected because the renal artery of the SHR group did not show NO release 

in response to phenylephrine, as indicated in Figure 25 (see section 2.8).  

 

3.3. Study of CaV3.1, CaV3.2, and Nos3 gene expression in intrarenal 

arteries of WKY and SHR of both sexes.  

 

We measured the gene expression of the two main subtypes of T-type 

VGCCs at the vasculature (CaV3.1 and CaV3.2) and Nos3 by RT-PCR in rat 

intrarenal arteries of male and female, WKY and SHR groups. 

Relative mRNA expression of both CaV3.1 and CaV3.2 was significantly 

higher in arteries of male SHR compared with WKY (P=0.009 and P=0.029 

for CaV3.1 and CaV3.2, respectively) (see Figure 32). In contrast, in females, 

the results showed a significant decrease in the expression of both CaV3.1 and 

CaV3.2 in SHR compared to WKY (P=0.044 and P=0.023, for CaV3.1 and 

CaV3.2, respectively) (see Figure 33).  

Regarding Nos3 gene expression, the results showed a significant 

increase in the intrarenal arteries of male SHR compared to WKY 

(P=0.0013). However, this increase was not observed in females (see Figure 

34). 
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Figure 32. Relative mRNA expression of CaV3.1 and CaV3.2 genes in intrarenal arteries of 

male WKY and SHR groups. n=6-8. Data are shown as mean ± SEM. *P<0.05; **P<0.005 

compared to WKY. 

Figure 33. Relative mRNA expression of CaV3.1 and CaV3.2 genes in intrarenal arteries of 

female WKY and SHR groups. n=6-8. Data are shown as mean ± SEM. *P<0.05 compared 

to WKY. 
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Furthermore, we found a positive correlation between the Ct values of 

the two subtypes of T-type VGCCs (CaV3.1 and CaV3.2) and the Ct of Nos3 

(see Figure 35).  

Figure 34. Relative mRNA expression of Nos3 in intrarenal arteries of male and 

female WKY and SHR. n=6-8. Data are shown as mean ± SEM. **P<0.005 compared 

to WKY. 
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Taken together, these findings indicate different vascular mechanisms of sex-

specific adaptation in response to hypertension. 

Figure 35. Correlation between Ct of T-type VGCCs subtypes (CaV3.1 and CaV3.2) 

and Ct of Nos3 in rat intrarenal arteries (male and female, WKY and SHR groups). 

n=8 per group. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION



 

 

  



 _______________________________________________________________ Discussion 

 

101 

1. Advantages and limitations of the experimental procedure. 

 

The present thesis explores the role of T-type VGCCs in vascular tone, 

mainly by studying vascular reactivity using organ baths and wire myography. 

Both techniques allow to measure the isometric response of isolated vessels 

to different pharmacological agents to understand the signalling pathways 

controlling vascular tone. Also, these techniques maintain the integrity of the 

isolated vessel for an extended period of time by providing the desired 

physiological conditions while measuring the response. In general, multiple 

rings of the same vessel can be prepared and studied simultaneously, and 

results can be obtained in real time. Furthermore, isolating the vessel from the 

living organism means that vascular function can be assessed independently 

of systemic influences, such as mechanical loading from blood pressure or 

neurohumoral regulation. However, functional results need to be interpreted 

carefully as the isolated vessel does not necessarily reflect the in vivo 

situation precisely because of the absence of the aforementioned systemic 

influences.  

Regarding the animals used in this thesis, it should be noted that both the 

rabbit (under physiological conditions) and the SHR (under pathological 

conditions) are models that have been widely validated in cardiovascular 

research (119–122). For instance, SHR mimics essential features of human 

hypertension and suffers complications arising from the hypertensive state, 

such as endothelial dysfunction, hypertrophy, and heart failure, as they appear 

in humans (123,124). However, animal models generally have limitations, 

such as genetic variability, differences in response to agonists, or exact 

replication of human conditions. Although the SHR model offers insights into 
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essential hypertension mechanisms, it may not fully represent all forms of 

hypertension observed in humans. 

Finally, it is important to bear in mind that the use of nickel chloride as a 

tool to investigate T-type VGCCs function offers several advantages over 

other blockers of these channels, such as its availability and cost-

effectiveness. Nickel chloride is considered a selective blocker of T-type 

VGCCs (109,125). Nevertheless, the compound has limitations due to its 

heavy metal nature, so it can be toxic to cells and, in addition to blocking 

T-type VGCCs, it could react with other channels or receptors, complicating 

the interpretation of the experimental results. In this sense, previous 

experiments performed by our group showed that the blockade with nickel 

chloride (5x10-5 M) is similar and comparable to NNC 55-0396 (10-6 M), a 

selective blocker of T-type VGCCs (126) (see thesis annexes), so we can 

assume that the effects observed in our experiments with nickel chloride can 

be attributed to the function of T-type VGCCs. 
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2. Role of T-type VGCCs in the aorta and renal artery of healthy 

male rabbits. 

 

The regulation of vascular tone by T-type VGCCs is complex. It was 

initially hypothesised that the CaV3.1 subtype might mediate vasoconstriction 

(52,127), whereas the CaV3.2 subtype might be involved in vasodilation 

(64,67). Upon reviewing the literature, it is apparent that the statement 

mentioned above may not be entirely accurate, and further evidence is 

necessary to deepen our comprehension of the vascular function of these 

channels.  

It has been shown that the blockade of T-type VGCCs with nickel chloride 

reduces the angiotensin II-induced increase in intracellular Ca2+ and its 

contraction via AT1 receptors in human subcutaneous arteries (128). Other 

authors also described that angiotensin II mediated its contractile effect by 

increasing the activity of CaV3 currents in rat renal efferent and afferent 

arterioles (129). Furthermore, it has been described that the application of 

mibefradil, a T-type VGCC blocker, abolishes vasoconstriction after 

stimulation with high potassium concentrations and significantly inhibits 

contraction of U46619, the thromboxane A2 analogue, in mouse renal efferent 

arterioles (52). In this regard, other researchers described that mibefradil, as 

well as pimozide, both blockers of T-type VGCCs, inhibited vasoconstriction 

induced by high potassium concentrations in afferent arterioles expressing 

both L-type and T-type VGCCs, and also in efferent arterioles, which 

expressed exclusively T-type VGCCs (101). Consequently, based on these 

studies, we could suggest that the role of T-type VGCCs is vasoconstrictor.  
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Murine models deficient in CaV3.1 or CaV3.2 offer controversial results. 

In this regard, Hansen et al. (38) showed that the maximum contraction 

induced by phenylephrine was lower in mesenteric arteries of CaV3.1-/- mice 

compared to WT, both groups having similar responses to high potassium 

concentrations, which would suggest a vasoconstrictor role of these channels. 

However, another study conducted by El-Lakany et al. (54) concludes that 

the deletion of the CaV3.1 gene does not affect phenylephrine-induced 

contraction in the mesenteric artery. These differences could be due to the 

type of experimental technique, as Hansen et al. (38) used a perfusion set-up 

to measure changes in luminal diameter and a wire myograph to measure the 

isometric contraction, whereas El-Lakany et al. (54) used a pressure 

myograph. In other vascular beds, such as in the intrarenal arteries of mice, it 

has been described that phenylephrine produces a greater contraction in 

CaV3.1-/- mice compared to WT (38). This suggests that calcium entry through 

CaV3.1 may be associated with vasodilation in intrarenal arteries. Similarly, 

in the mesenteric artery of CaV3.1-/- mice, norepinephrine produced a greater 

contraction compared to WT (39). Therefore, depending on the vascular bed, 

CaV3.1 could be involved in both vasocontraction and vasodilation.  

Regarding murine models deficient in CaV3.2, Thuesen et al. (127) 

showed that CaV3.2 was involved in the dilatation of renal postglomerular 

blood vessels since the contractile response induced by potassium chloride 

was significantly increased in the efferent arterioles of CaV3.2-/- mice without 

differences in the response of afferent arterioles. No differences were found 

in the contraction in either efferent or afferent arterioles of CaV3.1-/- mice 

compared with WT. These results support the idea that CaV3.1 and CaV3.2 

may have different roles in the regulation of vascular reactivity. 
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The first report of CaV3 current-mediated vasodilation came from Chen 

et al. (64), who demonstrated that, in the coronary artery of CaV3.2-/- mice 

with unaltered vasoconstrictor responses, the response to acetylcholine 

produced contraction rather than relaxation and the response to sodium 

nitroprusside was reduced, similarly to incubation with nickel chloride in 

arteries of WT mice. The authors proposed that this relaxation mechanism 

involves BKCa channels. According to this hypothesis, other studies in rat 

cerebral and mouse mesenteric arteries propose that CaV3.2 could induce Ca2+ 

sparks through the RyRs, leading to the activation of BKCa and promoting 

vasodilation (65,67,130,131).  

With this thesis, we demonstrated that T-type VGCCs have a dual role, 

vasoconstrictor and vasodilator, depending on the vascular bed. 

Phenylephrine exerts its effect by activating α1-adrenergic receptors (132), 

while angiotensin II  activates AT1 receptors (133), both mainly found in 

vascular smooth muscle cells. Incubation with nickel chloride reduced 

phenylephrine-induced contraction, indicating that T-type VGCCs participate 

in Ca2+ entry responsible for α1-adrenergic contraction in the aorta and renal 

artery. Similarly, nickel chloride reduced angiotensin II-induced contraction, 

indicating that these channels are also involved in the AT1 stimulation and 

contraction in both the aorta and renal artery. This blockade, in the case of 

angiotensin II, practically abolishes the contractile response. For this reason, 

we continued the experimental protocol only with phenylephrine. 

It is also important to consider here that the release of NO impacts the 

function of T-type VGCCs. In this regard, Howitt et al. (59) described that 

acute and chronic NO inhibition by L-NAME increased the contribution of 
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T-type VGCCs to vascular tone in mouse arteries. Hence, a decrease in NO 

bioavailability, as occurs during cardiovascular diseases, would lead to an 

increase in the contribution of T-type VGCCs, which, considering their 

vasoconstrictor function, could increase peripheral resistances and have an 

impact on blood pressure and cardiac output. Therefore, one of the objectives 

of this thesis was to study whether T-type VGCCs became more active in the 

absence of NO. To that end, we first verified that there was indeed NO release 

in response to phenylephrine, as occurs in most vascular beds (134–136). As 

expected, both the aorta and renal artery increased α1-adrenergic response in 

the presence of L-NAME, indicating that NO attenuates the contraction of 

phenylephrine in these vascular beds.  

Blockade of T-type VGCCs with nickel chloride in the presence of 

L-NAME was used to test the function of these channels in the absence of 

NO. Interestingly, our results indicate a higher involvement of T-type VGCCs 

in the absence of NO in the rabbit renal artery but not in the aorta. An 

increasing number of studies support the idea that T-type VGCCs are 

responsible for maintaining tone in smaller calibre vessels 

(37,41,53,59,137,138). Therefore, this regulatory mechanism seems to 

become more important as the vessel diameter decreases, which would 

explain why we did not observe differences in the aorta. Thus, here, we 

demonstrate for the first time that, even in a non-resistance vessel, such as the 

renal artery, T-type VGCCs significantly contribute to the response to 

α1-adrenergic stimulation, which is further potentiated in the absence of NO. 

As well as vasoconstriction, T-type VGCCs have been shown to 

contribute to vasodilation. Therefore, to study the involvement of T-type 
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VGCCs in vasodilation, we performed concentration-response curves to 

endothelium-dependent and -independent agonists. We used acetylcholine, 

which activates muscarinic receptors located on endothelial cells, producing 

vasodilation (4), and sodium nitroprusside, a NO donor, that induces 

endothelium-independent vasodilation, indicating the relaxant capacity of 

smooth muscle (139). Based on our results, T-type VGCCs are not involved 

in vasodilation in the rabbit aorta. In contrast, they are required for 

endothelium-dependent vasodilation in the rabbit renal artery, probably by 

mediating the Ca2+ influx necessary to activate eNOS. In order to test this 

hypothesis, we conducted experiments using L-NAME, and the blockade of 

the acetylcholine-induced vasodilation was similar to that obtained with 

nickel chloride. Moreover, the co-incubation with both L-NAME and nickel 

chloride did not show a greater inhibition than when each one was applied 

separately. This suggests that both L-NAME and nickel chloride reduce 

acetylcholine-induced vasodilation by affecting the same pathway. As a 

result, it is plausible that the influx of Ca2+ necessary to activate eNOS in the 

rat renal artery occurs through T-type VGCCs. In this sense, it has been 

proposed that the opening of CaV3.1 triggers an increase in intracellular Ca2+ 

concentration in the vicinity of eNOS, which could activate the enzyme and 

promote vasodilation (68).  Indeed, our results showed that CaV3.1 and eNOS 

are colocalised. 

Given that in the renal artery, T-type VGCCs seem to have a more 

important modulatory role than in the aorta, we wanted to demonstrate the 

expression of T-type VGCCs subtypes (CaV3.1 and CaV3.2) in the renal artery 

endothelial cells by immunohistochemistry, finding that CaV3.1 was located 

in the cytoplasm and CaV3.2 is predominantly expressed in the nucleus of 
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endothelial cells. Other studies have also described the expression of T-type 

VGCC in the endothelium of other vascular beds (40,41,48,131).  

As we demonstrated in this thesis, previous studies have reported that 

CaV3.1 colocalises with eNOS in the endothelium of mouse mesenteric 

arteries, and that could modulate endothelium-dependent vasodilation (68). 

Furthermore, evidence in humans shows that blocking T-type VGCCs 

improves endothelial function through a NO-related mechanism (140). The 

results of this randomised controlled trial indicate a significant increase in 

endothelium-dependent dilation, while dilation in response to a NO donor 

remained unchanged. 

In summary, T-type VGCCs participate in the α1-adrenergic response 

of the aorta and renal artery of healthy rabbits, having a vasoconstrictor role 

that is enhanced in the absence of NO only in the renal artery. Moreover, 

endothelium-dependent-vasodilation requires activation of eNOS by Ca2+ 

through T-type VGCCs in the renal artery. Even though the renal artery is not 

a resistance vessel, CaV3.1 and CaV3.2 are expressed in the endothelium, 

where CaV3.1 colocalises with eNOS underlying the disruption of healthy 

vasodilation observed when T-type VGCCs are blocked. 
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3. Involvement of T-type VGCCs in arterial hypertension. 

Differences by sex. 

 

To determine whether the function and expression of T-type VGCCs were 

modified by hypertension and whether sex could vary this function, we 

decided to focus on the renal artery based on our findings in rabbit arteries. 

The SHR model serves as a valuable experimental approach in studies 

exploring the pathophysiologic mechanisms of hypertension (141). We used 

male and female SHR and normotensive WKY rats at 16 weeks of age. At this 

age, hypertension is already established in the SHR model (142). Our results 

confirmed a significant increase in SBP, DBP, and MAP of both male and 

female SHR, compared with WKY rats of the same sex, as previously 

described (143–145). We also noticed a trend towards increased PP in female 

SHR. Hypertension can increase plasma NO levels (146,147), which may be 

due to inflammation linked to an increased iNOS; however, we did not find 

differences in plasma NO levels between WKY and SHR groups. 

On the other hand, we set out to measure basal intracellular levels of ROS 

and NO in circulating leukocytes by flow cytometry. Our results showed that 

H2O2
 and ONOO- production was increased in male SHR in both leukocytes 

and neutrophils. It is likely that no changes in O2
- and NO levels were 

observed due to their consumption in the reaction to form ONOO-.  

Several authors describe an increase in the oxidative environment of the 

SHR model compared to WKY in other tissues such as bone marrow (148), 

aorta (149–151), mesenteric artery, and kidney (152), among others. In 

addition, it has been described that the O2
- increases vasoconstriction by 

releasing IP3, which is enhanced in the SHR model (153). Thus, hypertension 
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could increase vascular sensitivity to oxidative stress, contributing to disease 

progression. In females, no significant differences in oxidative stress were 

observed between the SHR model and WKY rats. It has been previously 

reported that the SHR model shows variations in oxidative stress depending 

on sex (154–158). Male SHR exhibits higher renal O2
- production and H2O2 

levels than females of the same group (154,157,158) and has increased all 

measures of ROS production in response to chronic infusion with angiotensin 

II (155). Other authors describe that oxidative stress reduces eNOS activity 

in the inner renal medulla of SHR through decreased levels of BH4, a cofactor 

for NOS activation, which would lead to a worsening of hypertension in male 

rats but not in females (159). Our results show higher oxidative stress in 

hypertensive males, suggesting that the female sex may provide protection 

against hypertension-induced oxidative stress; however, this does not 

translate into an improvement in vascular function since hypertension 

induced endothelial dysfunction in both sexes. 

The endothelial dysfunction found in the renal artery of the SHR model 

likely contributes to the increase in blood pressure seen around 9-12 weeks 

of age in SHR (160,161). Hypertension did not affect receptor-independent 

contraction to KCl, but increased phenylephrine-induced contraction only in 

females. This may reflect the essential role of NO in α1-adrenergic contraction 

for females.  

Following the hypothesis that T-type VGCCs are up-regulated in 

situations of low NO bioavailability (58–60), as demonstrated previously in 

rabbit renal artery, we tested this in the SHR model in both sexes. Our results 

suggest that T-type VGCCs participate in α1-adrenergic contraction in rat 

renal artery. Furthermore, we noticed a greater involvement of T-type VGCCs 
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in female SHR, which does not occur in males. These discrepancies between 

both sexes could be linked to the reduced NO levels in the female SHR 

compared to WKY. If NO has an inhibitory effect on the function of T-type 

VGCCs, lower NO levels in SHR would make these channels more active. In 

this regard, we showed that additional blockage of NO synthesis with 

L-NAME increased the involvement of T-type VGCCs in the response to 

phenylephrine in female WKY but not in male WKY or SHR groups, since 

the contribution of NO in these groups was reduced.  

In male SHR, the elevated gene expression of the two subtypes of T-type 

VGCCs studied could be attributed to the higher oxidative stress observed in 

this group. According to other authors, oxidative stress could up-regulate the 

gene expression of T-type VGCCs. For instance, the connexin 40-deficient 

mouse, which exhibits hypertension caused by increased activity of the renin-

angiotensin system and presents high levels of oxidative stress due to NOX 

enzyme activation, shows a higher expression of T-type VGCCs than 

normotensive mice (62). These authors described that increased oxidative 

stress would enhance the contribution of T-type VGCCs over L-type VGCCs 

in the maintenance of myogenic tone. However, they did not perform the 

study in females. Studies are usually performed in male animals, so the effects 

in females are unknown. Our results show that the expression of T-type 

VGCCs changes with hypertension differently according to sex since we 

found an underexpression of CaV3.1 and CaV3.2 in female SHR. 

Nevertheless, this reduced expression does not translate into reduced activity, 

as we found an increased involvement of these channels in female SHR. 

Precisely, this could be the cause of such underexpression, i.e., the increased 

activity of T-type VGCCs in hypertensive females would exert an inhibitory 
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effect on CaV3.1 and CaV3.2 gene expression that would explain the gene 

underexpression shown in this group. 

On the other hand, Nos3 overexpression observed in male SHR could 

represent a compensatory mechanism against oxidative stress. However, this 

mechanism may not be sufficient to reverse the endothelial dysfunction in this 

group, possibly due to the involvement of other mechanisms. In contrast, 

hypertension does not change Nos3 expression in females despite the lower 

NO involvement. This finding would indicate the inability of hypertensive 

females to up-regulate Nos3 gene expression, leading to endothelial 

dysfunction and increased sensitivity to phenylephrine.  

Finally, we found a positive correlation between the gene expression 

of the two subtypes of T-type VGCCs and Nos3, which represents another 

explanation for the increased expression of T-type VGCCs and eNOS 

observed in male SHR. Moreover, if there is a modulation between CaV3.1 

and CaV3.2 by NO or vice versa, an increase in T-type gene expression could 

lead to a compensatory increase in eNOS to form more NO to control excess 

vasoconstriction due to the activity of these channels.  
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4. Final considerations. 

 

The vascular role of T-type VGCCs is complex. These channels allow 

calcium to enter endothelial and muscle cells, and their function is essential 

for regulating α1-adrenergic contraction in the aorta and renal artery under 

physiological conditions. Moreover, in the renal artery, T-type VGCCs are 

involved in the endothelium-dependent relaxation with colocalisation of 

CaV3.1 and eNOS in the endothelium. In hypertension, T-type VGCCs exhibit 

increased activity only in females, suggesting a sex-specific modulation of 

these channels. The regulation of T-type VGCCs could be affected by NO, 

and their gene expression could be modified differently in response to 

hypertension and depending on sex. Although there is still much to be 

explored about the function of the T-type VGCCs and their relationship with 

NO, this doctoral thesis provides new insight into the role of T-type VGCCs 

in regulating vascular tone.
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Conclusions 

 

1. T-type VGCCs participate in the vasoconstriction induced by 

phenylephrine and angiotensin II in the aorta and renal artery of male 

healthy rabbits. T-type VGCCs become more active in the absence of 

NO in response to α1-adrenergic stimulation only in the renal artery.  

 

2. T-type VGCCs are involved in endothelium-dependent vasodilation, 

without affecting endothelium-independent vasodilation, in the renal 

artery of male healthy rabbits. 

 

3. T-type VGCCs are expressed in both the aorta and renal artery of male 

healthy rabbits. CaV3.1 colocalises with eNOS in the endothelium of 

the renal artery. 

 

4. Hypertension induces endothelial dysfunction and decreases NO 

release in response to α1-adrenergic stimulation in rat renal artery of 

both sexes, especially in females, where there is an evident increase 

in the involvement of T-type VGCCs.  
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Annexe I: Supplementary data 

 

 

 

 

Supplementary Figure 1: Concentration-response curve to phenylephrine in the rabbit renal 

artery in the absence (control) and presence of nickel chloride (5x10-5 M) and NNC 55-0396 

(10-6 M). n=6. Data are shown as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001 compared 

to control.  
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Supplementary Figure 2: Concentration-response curve to acetylcholine in the rabbit renal 

artery in the absence (control) and presence of nickel chloride (5x10-5 M) and NNC 55-0396 

(10-6 M). n=6. Data are shown as mean ± SEM. *P<0.05; **P<0.01; **P<0.01; ***P<0.001 

compared to control. 
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