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Summary 

The insertion of mouse renin gene (Ren-2) into the genome of normotensive rats causes a 

spontaneous rise of blood pressure (BP), leading to an angiotensin II (Ang II)-dependent form 

of hypertension in transgenic (mRen-2)27 rats (TGR). However, enhanced sympathetic BP 

component was demonstrated in heterozygous TGR aged 20 weeks. In the present study we 

used another model, i.e. Cyp1a1-Ren-2 transgenic rats (iTGR) in which hypertension can be 

induced by natural xenobiotic indole-3 carbinol (I3C) added to the diet. We investigated 

whether the development of high blood pressure (BP) in 5-month-old iTGR animals fed I3C 

diet for 10 days is solely due to enhanced Ang II-dependent vasoconstriction or whether 

enhanced sympathetic vasoconstriction also participates in BP maintenance in this form of 

hypertension. Using acute sequential blockade of renin-angotensin system (RAS), 

sympathetic nervous system (SNS) and NO synthase (NOS) we have demonstrated that the 

observed gradual increase of BP in iTGR fed I3C diet was entirely due to the augmentation of 

Ang II-dependent BP component without significant changes of sympathetic BP component. 

Thus, the hypertension in iTGR resembles to that of homozygous TGR in which high BP was 

entirely dependent on Ang II-dependent vasoconstriction. Moreover, our measurements of 

acute BP response to Rho kinase inhibitor fasudil in animals subjected to a combined 

blockade of RAS, SNS and NOS indicated the attenuation of basal calcium sensitization in 

both iTGR and homozygous TGR. 
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 Chronic infusion of angiotensin II (Ang II) causes hypertension in rats (Brown et al. 

1981, Fink et al. 1987). Although Ang II-dependent vasoconstriction plays an important role 

in this form of experimental hypertension, enhanced sympathoexcitation also participates in 

later stages of Ang II-induced hypertension (Kline et al. 1990).  

 The insertion of mouse renin gene (Ren-2) into rat genome produced two interesting 

models of Ang II-dependent hypertension. Transgenic (mRen-2)27 rats (TGR) with 

spontaneous hypertension development are based upon Sprague Dawley rats (Mullins et al. 

1990), whereas Cyp1a1-Ren-2 transgenic rats (iTGR) with inducible hypertension are based 

upon Fischer 344 rats (Kantachuvesiri et al. 2001). High blood pressure (BP) develops 

spontaneously in TGR, whereas hypertension is elicited in iTGR by feeding a diet containing 

natural xenobiotic indole-3 carbinol (I3C). 

 Our previous studies in TGR indicated that the enhanced Ang II-dependent BP 

component can be found not only in homozygous animals but also in heterozygous TGR 

during the earlier stages of hypertension development, i.e. in animals younger than 10 weeks 

of age (Vaněčková et al. 2012). The importance of sympathetic vasoconstriction in BP 

maintenance is increasing with age in heterozygous TGR and this BP component becomes 

dominant at 20 weeks of age (Vaněčková et al. 2012). The presumed mechanism responsible 

for this sympathoexcitation seems to be the stimulation of certain brain centers (including 

rostral ventrolateral medulla, RVLM) by angiotensin II (Andreatta et al. 1988). Indeed, 

chronic intracerebro-ventricular infusion of the blockers of renin-angiotensin system (losartan 

or aliskiren) lowered BP of adult heterozygous TGR aged 4 months by the reduction of 

sympathetic BP component (Zicha et al. 2018). 

 Vascular smooth muscle contraction is dependent on both calcium influx (through 

L type voltage-gated Ca2+ channels) and calcium sensitization (mediated by Rho kinase 

pathway) (for review see Zicha et al. 2014a). Endogenous Ang II seems to augment calcium 



sensitization because chronic captopril treatment attenuated BP reduction elicited by the acute 

administration of Rho kinase inhibitor fasudil (Brunová et al. 2015). Our recent study 

demonstrated augmented BP response to fasudil in homozygous TGR (Vaněčková et al. 

2019). 

 On the other hand, there is no information on the possible participation of sympathetic 

vasoconstriction in the other model, i.e. inducible Cyp1a transgenic rats. Therefore, we 

studied the participation of renin-angiotensin system (RAS) and sympathetic nervous system 

(SNS) in BP maintenance of iTGR subjected to feeding I3C diet for 3 or 10 days. We also 

tried to evaluate Rho kinase-dependent calcium sensitization in normotensive and 

hypertensive iTGR. 

Adult male Cyp1a1 Ren-2 transgenic rats (iTGR) aged 5 months were housed at 23 oC 

under a 12 h light/dark cycle, given natural ingredient diet (0.4 % NaCl, SEMED, Prague) and 

tap water ad libitum. All rats used in this study were bred at the Institute of Clinical and 

Experimental Medicine from stock animals kindly supplied by Prof. John J. Mullins (Center 

for Cardiovascular Science, University of Edinburgh, UK). Hypertension was induced by 

feeding a diet containing xenobiotic indole-3 carbinol (I3C, 0.3%) for 10 days. The animals 

were studied either in the early stage of hypertension development (3 days of I3C diet 

feeding) or at the end of the experiment, i.e. after 10 days of I3C diet feeding. 

The participation of major vasoactive systems in BP maintenance (vasoactive balance) 

was studied using the changes of mean arterial pressure (MAP) elicited by the sequential 

blockade of major vasoconstrictor and vasodilator systems (RAS, SNS and NO) in conscious 

rats. One day prior to the determination of vasoactive balance, two polyethylene cannulas 

were implanted in 2.5 % isoflurane anesthesia (PE 50 for BP measurement in the left carotid 

artery, PE 10 for the infusion of drugs to the jugular vein) and were exteriorized in the 

interscapular region. On the evening before the experiment, I3C (100 mg/kg) was given by 



gastric gavage to prevent decreased I3C intake after the surgery. Next morning, blood 

pressure and heart rate were recorded using a pressure transducer and a multichannel recorder 

(ADInstruments, Bella Vista, Australia). We used a modified protocol of Minami et al. (1995) 

as modified in our lab (Kuneš et al. 2002). Briefly, baseline MAP levels were recorded after a 

30-min adaptation period in transparent measuring plastic cages. Then, we started with RAS 

blockade (captopril 10 mg/kg) which was followed 15 min later by ganglionic blockade of 

SNS (pentolinium 5 mg/kg). Thereafter, NO synthase (NOS) inhibitor (30 mg/kg L-NAME) 

was added and BP was monitored for further 20 min. Finally, the inhibition of Rho kinase 

pathway was induced by increasing doses of fasudil (1, 2, 4 and 4 mg/kg). All drugs (except 

fasudil) were purchased from Sigma (St Louis, Missouri, USA), dissolved in saline and 

administered as intravenous bolus injections in a volume of 1 ml/kg of body weight. Fasudil 

(HA-1077) was purchased from LC Laboratories, Woburn, MA, USA). 

The results are expressed as the mean ± SEM. The statistical differences were 

evaluated by one-way analysis of variance (ANOVA) (Instat, La Jolla, California, USA) 

followed by the Fisher LSD post-hoc test. P<0.05 values were considered to be statistically 

significant.  

All procedures and experimental protocols were approved by the Ethical Committee of 

the Institute of Physiology, Czech Academy of Sciences (Protocol Nr. 139/2013), and 

conform to the European Convention on Animal Protection and Guidelines on Research 

Animal Use (Directive 2010/63/EU). 

 A short-term feeding of iTGR animals with I3C diet for 3 days did not cause a 

significant BP increase, although there was a borderline augmentation of the Ang II-

dependent BP component (Fig. 1A). On the contrary, a significant BP elevation was observed 

in iTGR after feeding this diet for 10 days. At this stage of hypertension development the Ang 

II-dependent BP component was threefold increased (Fig. 1B). It should be noted that 



sympathetic BP component was not significantly changed during the entire experiment 

(Fig. 1C). There was a stepwise reduction of NO-dependent BP component which became 

significant in iTGR fed I3C for 10 days (Fig. 1D).  

BP response to the dose-dependent inhibition of Rho kinase pathway by fasudil was 

similar in iTGR controls and iTGR fed I3C diet for three days, but we observed the 

attenuation of this response in iTGR fed I3C diet for 10 days (Fig. 2). This attenuation was 

significant only at the highest dose of fasudil. When we analyzed the relationship between 

particular BP components and basal BP, we observed a highly significant correlation of 

captopril-induced MAP changes with basal MAP (Fig 3A) but there was no significant 

correlation of basal MAP with either pentolinium-induced MAP changes (Fig 3B) or with 

MAP changes elicited by NOS blockade with L-NAME (Fig. 3C). On the other hand, the 

correlation of L-NAME-induced MAP changes with those elicited by the highest fasudil dose 

was highly significant (Fig. 3D). 

 Our study confirmed that hypertension induced by the increased Ren-2 expression in 

iTGR fed a diet with 0.3 % indole-3 carbinol is fully dependent on the increased Ang II-

dependent vasoconstriction (Vaňourková et al. 2006, Williams et al. 2010). On the contrary, 

no augmentation of sympathetic BP component was observed during 10 days of I3C diet 

feeding. Thus, we failed to prove the hypothesis that high levels of circulating Ang II would 

penetrate into the brain to cause sympathoexcitation, although increased sympathetic tone 

seems to be the major mechanism of high BP in other hypertensive models (Zicha et al. 2001, 

Kuneš et al. 2002, Pecháňová et al. 2004, Zicha et al. 2014b). It is true that we did not 

observe the increased sympathetic BP component in TGR before the age of 20 weeks 

(Vaněčková et al. 2012). Nevertheless, the onset of hypertension in TGR is not as fast as that 

in iTGR fed I3C diet. Howard et al. (2005), Vaňourková et al. (2006) or Husková et al. 

(2010), who utilized tail-cuff method or radiotelemetry for BP measurement, reported highly 



significant BP elevation already during the first two days of I3C diet feeding. However, in our 

study there was a considerably slower BP rise, reaching hypertensive values after 10 days of 

I3C diet feeding. 

 As far as calcium sensitization of iTGR is concerned, we have studied BP response to 

fasudil in animals subjected to a complete blockade of RAS, SNS and NOS. Under such 

conditions fasudil elicited greater BP reduction in normotensive Hannover Sprague Dawley 

controls than in hypertensive TGR. These findings indicate attenuated calcium sensitization 

not only in TGR (Behuliak et al. 2017, Vaněčková et al. 2019) but also in iTGR (this study). 

 It remains to be determined whether i) the circulating Ang II levels in iTGR were not 

high enough to stimulate brain centers, ii) the exposure of brain centers to penetrating Ang II 

was not long enough, or iii) Fischer 344 rats are less sensitive to central Ang II effects than 

Sprague Dawley animals. The alternative experiments could evaluate a possibility to 

counteract hypertension development in iTGR by brain RAS blockade, e.g. by 

intracerebroventricular infusion of AT1 receptor blocker losartan. 
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Fig. 1. The participation of renin-angiotensin system (RAS), sympathetic nervous system 

(SNS) and nitric oxide (NO) in BP maintenance in Cyp1a1 Ren-2 transgenic rats (iTGR) fed a 

diet containing indole-3 carbinol (0.3 % I3C) for 3 or 10 days. Basal MAP level in conscious 

rats (A) as well as MAP changes elicited by the acute RAS blockade with captopril (capto, B), 

SNS blockade with pentolinium (pento, C) and blockade of NO synthase with L-NAME (D) 

were recorded in conscious cannulated rats. Significant differences: * p<0.05 vs. controls, (*) 

p<0.10 vs. controls, @ p<0.05 vs. iTGR fed I3C diet for 3 days. Data are mean ± SEM. 

Number of animals is shown in the respective columns. 

Fig. 2. The changes of mean arterial pressure (MAP) elicited by intravenous injection of 

increasing cumulative doses of fasudil to iTGR animals which were subjected to the 

sequential blockade of RAS, SNS, NOS prior to fasudil administration. Significant difference: 

* p<0.05 vs. controls. Data are mean ± SEM. 

Fig. 3. The correlations of basal MAP with MAP response to acute RAS blockade by 

captopril (capto, A), MAP response to acute SNS blockade by pentolinium (pento, B) and 

acute NOS blockade by L-NAME (C) as well as the correlation of MAP changes elicited by 

acute NOS blockade by L-NAME with those induced by the highest fasudil dose (fasu, D). 

  



 

  



 

 

 



 


