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Summary 

Most anesthetics induce characteristic hemodynamic changes 

leading to blood pressure (BP) reduction but the role of renin-

angiotensin system (RAS), sympathetic nervous system (SNS) 

and nitric oxide (NO) synthesis in this BP reduction is unknown. 

We therefore studied the influence of four widely used 

anesthetics – pentobarbital (P), isoflurane (ISO), ketamine-

xylazine (KX) and chloralose-urethane (CU) – on the participation 

of these vasoactive systems in BP maintenance. BP effects 

elicited by the acute sequential blockade of RAS (captopril), SNS 

(pentolinium) and NO synthase (L-NAME) were compared in 

conscious and anesthetized Wistar or spontaneously hypertensive 

rats (SHR). Except for pentobarbital all studied anesthetics 

evidenced by diminished BP responses to pentolinium. The 

absolute pentolinium-induced BP changes were always greater in 

SHR than Wistar rats. KX anesthesia eliminated BP response to 

pentolinium and considerably enhanced BP response to NO 

synthase inhibition in SHR. In both rat strains the anesthesia with 

ISO or CU augmented BP response to captopril, decreased BP 

response to pentolinium and attenuated BP response to NO 

synthase inhibition. In conclusion, pentobarbital anesthesia had a 

modest influence on BP level and its maintenance by the above 

vasoactive systems. Isoflurane and chloralose-urethane 

anesthesia may be used in cardiovascular experiments if 

substantial BP decrease due to altered contribution of RAS, SNS 

and NO to BP regulation does not interfere with the respective 

research aim. Major BP reduction (namely in SHR) due to a 

complete SNS absence is a major drawback of ketamine-xylazine 

anesthesia. 
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Introduction 
 

Most anesthetics cause distinct cardiovascular 
changes (Flecknell 2009) which include blood pressure 
(BP) decrease and alterations of heart rate (HR), cardiac 
output or stroke volume (Vidt et al. 1959, Salgado and 
Krieger 1976, Walker et al. 1983, Wixson et al. 1987, 
Janssen et al. 2004). Although almost all anesthetics 
lower BP in the rat, the hemodynamic mechanisms are 
dependent on the type of anesthetics used. Thus, ether 
anesthesia increases cardiac output and decreases 
systemic vascular resistance, while chloralose-urethane 
anesthesia lowers cardiac output without significant 
changes in systemic vascular resistance (Salgado and 
Krieger 1976, Smith and Hutchins 1980). The 
hemodynamic response to anesthesia might also differ in 
hypertensive animals, e.g. in spontaneously hypertensive 
rats (SHR) (Hall et al. 1976). Thus, pentobarbital or 
isoflurane anesthesia lowers cardiac output and decreases 
systemic vascular resistance in normotensive rats, 
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whereas in SHR BP reduction is due to cardiac output 
reduction (Smith and Hutchins 1980, Seyde et al. 1987).  

Much less attention has been paid to the 
influence of various anesthetics on the contribution of 
principal vasoactive systems to BP maintenance (Miller 
et al. 1983, Aisaka et al. 1991, Wang et al. 1991). Central 
nervous effects of most anesthetics suggest attenuation of 
sympathetic tone. Therefore we studied the impact of four 
commonly used anesthetics (pentobarbital, isoflurane, 
ketamine-xylazine or chloralose-urethane) on BP and HR 
of normotensive Wistar rats. We compared the 
participation of renin-angiotensin system (RAS), 
sympathetic nervous system (SNS) and nitric oxide (NO) 
in BP control of conscious and anesthetized rats. We also 
evaluated if these four types of anesthesia have a different 
influence on vasoactive system participation in SHR, 
since the contribution of the above vasoactive systems to 
BP maintenance is different in conscious normotensive 
and hypertensive animals (Zicha et al. 2001, Paulis et al. 
2007, Behuliak et al. 2011). On the basis of information 
obtained we can consider which type of anesthesia would 
be appropriate for particular cardiovascular studies that 
cannot be performed in conscious animals. 
 
Materials and Methods 
 
Animals 

The experiments were carried out in 20-week-
old male Wistar rats and SHR (n=50 in each strain). All 
animals had a free access to water and ST1 rat chow 
(containing 1 % NaCl) and were housed under standard 
laboratory conditions (23±1 °C; 12 h light-dark cycle). 
Procedures and experimental protocols, which were 
approved by the Ethical Committee of the Institute of 
Physiology AS CR, conform to European Convention on 
Animal Protection and Guidelines on Research Animal 
Use.  

 
Blood pressure measurement 

The animals were cannulated under isoflurane 
anesthesia 24 hours prior to the experiments on conscious 
rats. On the other hand, the effects of particular 
anesthesia (P, KX, ISO or CU) were studied in animals 
that were cannulated under the respective anesthesia just 
before the experiment. Carotid artery was cannulated 
with polyethylene catheter (PE 50) and connected to the 
measuring device consisting of MLT0380/D pressure 
transducers wired for QUAD Bridge and PowerLab/8SP 
(ADInstruments Ltd, Bella Vista, NSW, Australia). 

Jugular vein was cannulated with polyethylene catheter 
(PE 10) for the application of drugs. Catheters filled with 
heparin were tunneled under the skin and exteriorized in 
the interscapular region. All experiments were performed 
between 8:00 AM and 11:30 AM to reduce circadian BP 
variations.  

 
Anesthetics 

Doses of anesthetics were chosen according to 
Flecknell (2009). Pentobarbital (60 mg.kg-1, Sigma, 
St. Louis, USA) was injected intraperitoneally. A 
combination of ketamine (75 mg.kg-1, Narketan, 
Vétoquinol, Nymburk, Czech Republic) and xylazine 
(5 mg.kg-1, Rometar, Spofa, Prague, Czech Republic) was 
injected intramuscularly. A combination of urethane 
(500 mg.kg-1, Sigma) and chloralose (100 mg.kg-1, 
Sigma) was injected intraperitoneally. Isoflurane (Forane, 
Abbott, Queensborough, UK) was administered through a 
vaporizer (2 % in air). Anesthetized rats were kept under 
heating lamp and their body temperature was continually 
checked to avoid body temperature variations exceeding 
± 0.5 °C.  

 
The sequential blockade of RAS, SNS and NO synthase 
(NOS) 

Initial BP values were recorded just after BP 
stabilization. A sequential cumulative blockade of the 
principal vasoactive systems was performed according to 
a protocol of Minami et al. (1995) as described in details 
(Pintérová et al. 2010, Zicha et al. 2011, 2012). Initially, 
intravenous bolus of angiotensin-converting enzyme 
inhibitor captopril (10 mg.kg-1) was injected to block 
RAS. Fifteen minutes later, SNS was inhibited by 
ganglionic blocker pentolinium (5 mg.kg-1). After BP 
stabilization for 5 min, NOS inhibitor NG-nitro-L-
arginine methyl ester (L-NAME, 30 mg.kg-1) was given 
and BP was monitored for 20 min (Fig. 1). All drugs 
purchased from Sigma were dissolved in saline (0.9 % 
NaCl) and given as an intravenous bolus in a volume of 
1 ml.kg-1 body weight. The used drug doses elicited 
maximal BP effects (Zicha et al. 2006). Vasoactive 
system participation in BP maintenance was evaluated on 
the basis of BP changes, which were elicited by the 
sequential blockade of particular vasoconstrictor and 
vasodilator systems. Our experimental protocol used in 
this study was designed to minimize the compensatory 
interactions between vasoactive systems in conscious 
rats, in which the reversed sequence of SNS and RAS 
blockade (pentolinium injection followed by captopril 
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administration) yielded similar BP effects as the used 
sequence (captopril followed by pentolinium (Table 1). 
Nevertheless, in this study we have also evaluated direct 
BP effects of SNS blockade by pentolinium (applied 
without previous RAS blockade by captopril) in 
conscious rats and in rats anesthetized with pentobarbital, 
isoflurane or chloralose-urethane.  

 
 
 

 
 
Fig. 1. Representative authentic recordings of blood pressure 
changes in conscious Wistar rats and spontaneously hypertensive 
rats (SHR) during the sequential blockade of RAS by captopril 
(10 mg.kg-1), SNS by pentolinium (5 mg.kg-1) and NOS by  
L-NAME (30 mg.kg-1). 

 
 

Table 1. Mean arterial pressure (MAP) and its response to RAS 
and SNS blockade (in both sequences of inhibitor administration) 
and to NO synthase blockade in conscious normotensive Wistar 
rats and spontaneously hypertensive rats (SHR). 
 

 Wistar SHR 

Captopril followed by Pentolinium 
Basal MAP 112±3  191±3* 
Delta MAP captopril -12±2 -9±5 
Delta MAP pentolinium -47±2 -87±5* 
Delta MAP L-NAME 101±2 99±4 
Final MAP 154±4 194±3* 

Pentolinium followed by Captopril 
Basal MAP 121±2 181±3* 
Delta MAP pentolinium  -47±2 -85±6* 
Delta MAP captopril -16±2 -16±1 
Delta MAP L-NAME 73±7 92±3 
Final MAP 132±6 180±2* 

 
Data are means ± SEM (4-6 animals per group). * P<0.05 as 
compared to Wistar rats.  

 

Statistical analysis 
The data were expressed as mean ± SEM. The 

effects of the drugs were analyzed as absolute BP 
changes in mm Hg as well as relative BP changes in 
percentage of baseline BP. The same approach was used 
for the evaluation of HR changes. ANOVA with post-hoc 
Bonferroni test were used for the multiple group 
comparison. The data were considered significant at 
P<0.05 level. 
 
Results 
 
BP effects of particular anesthetics in Wistar and SHR 
animals 

Baseline mean arterial pressure (MAP) of 
conscious Wistar rats was 112±3 mm Hg and it did not 
change significantly under pentobarbital anesthesia, but it 
was moderately lowered during ISO or CU anesthesia 
(Fig. 2A). Baseline HR in all anesthetized groups did not 
differ significantly from the values in conscious rats 
(Fig. 2B). 

 
 

 
 
Fig. 2. Mean arterial pressure (MAP) and heart rate (HR) in 
conscious rats (CON) as well as in Wistar and SHR animals 
anesthetized with pentobarbital (P), isoflurane (ISO), ketamine-
xylazine (KX) or chloralose-urethane (CU). Data are means ± 
SEM, n=6 per group. ANOVA F4,27 =20.31 (P<0.001), 5.53 
(P<0.002), 45.60 (P<0.001) and 23.68 (P<0.001) for panels  
A-D. *P<0.05; **P<0.01; ***P<0.001 as compared to conscious 
rats (Bonferroni post-hoc test). 
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MAP of conscious SHR (191±3 mm Hg) was 
elevated compared to conscious Wistar rats and this 
difference was preserved under all forms of anesthesia 
used (Fig. 2C). The magnitude of absolute MAP changes 
induced by particular types of anesthesia was greater in 
SHR than in Wistar rats (Fig. 2). However, the relative 
MAP changes (in percentage of baseline MAP of 
conscious rats) were similar in both strain except of those 
induced by KX anesthesia which were still greater in 
SHR than in Wistar rats (–41±1 vs. –11±3 %, p<0.001). 
KX was the only anesthetic which lowered HR of SHR as 
compared to conscious SHR (Fig. 2D). 

 
The contribution of RAS, SNS and NO to BP maintenance 
in anesthetized Wistar rats 

The small captopril-induced MAP changes in 
conscious Wistar rats were significantly augmented under 
ISO or CU anesthesia (Fig. 3A), indicating enhanced 
contribution of RAS to BP maintenance in these 
anesthetized animals. The same was also true for the 
relative captopril-induced MAP changes (conscious  

–10±2 % vs. ISO –29±3 and CU –43±2 % of baseline 
MAP). The relative pentolinium-induced MAP changes 
in P-anesthetized rats (–40±2 %) were similar as in 
conscious rats (–46±3 %), suggesting unaltered 
contribution of SNS to BP maintenance under 
pentobarbital anesthesia. Under ISO or CU anesthesia the 
participation of SNS was significantly attenuated, 
whereas KX anesthesia completely abolished SNS 
participation in BP maintenance (Fig. 3B). MAP response 
to NOS inhibition was attenuated in all anesthetized 
groups as compared with conscious animals. However,  
L-NAME-induced MAP changes were moderately 
attenuated under P and KX anesthesia but severely 
suppressed under ISO and CU anesthesia (Fig. 3C). 
 
The contribution of RAS, SNS and NO to BP maintenance 
in anesthetized SHR 

MAP changes elicited in SHR by the blockade 
of particular vasoconstrictor and vasodilator systems 
were qualitatively similar as those observed in 
normotensive Wistar rats measured under the same 

 
 
Fig. 3. MAP responses to RAS blockade by captopril, to SNS blockade by pentolinium and NOS blockade by L-NAME in conscious and 
anesthetized Wistar and SHR animals. For abbreviations and other legend see Figure 2. ANOVA F4,27 =4.54 (P=0.006), 30.28 (P<0.001), 
35.01 (P<0.001), 16.99 (P<0.001), 48.03 (P<0.001) and 222.55 (P<0.001) for panels A-F. *P<0.05; **P<0.01; ***P<0.001 as 
compared to conscious rats (Bonferroni post-hoc test). 
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conditions (Fig. 3). The most striking quantitative strain 
difference was the augmented magnitude of absolute 
pentolinium-induced MAP responses in SHR groups 
which was proportional to the elevation of their basal 
MAP (Figs 3B vs. 3E). Nevertheless, no significant 
differences in the relative contribution of SNS to BP 
maintenance were found between SHR and Wistar rats. 
A greater absolute captopril-induced MAP changes were 
found in CU-anesthetized SHR compared to Wistar rats 
(Fig. 3A vs. 3D). The absolute L-NAME-induced MAP 
changes in most groups of SHR were similar to those 
found in Wistar rats (Figs 3C vs. 3F) but an abnormally 
high BP response to L-NAME was observed in  
KX-anesthetized SHR.  

Table 2 shows that both isoflurane and 
chloralose-urethane anesthesia diminished SNS-
dependent BP component even if pentolinium was 
administered without preceding RAS blockade by 
captopril. This is evident in both SHR and Wistar rats. On 
the other hand, pentobarbital anesthesia did not modify 
significantly the contribution of SNS to BP maintenance 
(Table 2). 

 
Discussion 
 

Our comparison of conscious rats with animals 
subjected to four different widely used anesthetics 
revealed numerous changes in BP level as well as in the 
involvement of major vasoactive systems in BP 
maintenance, which were often dependent on the type of 
anesthesia used (Table 3). All anesthetics except for 

pentobarbital lowered BP in normotensive and 
hypertensive rats due to the attenuation of SNS 
contribution to BP maintenance. The absolute (but not the 
relative) pentolinium-induced BP changes were more 
pronounced in SHR, which are characterized by enhanced 
SNS activity (Head 1989, Pintérová et al. 2011). No 
significant BP response to ganglionic blockade by 
pentolinium was observed in KX-anesthetized rats of 
both strains because the central effects of α2-adrenoceptor 
agonist xylazine (Hsu 1981, Guimarães and Moura 2001) 
completely abolished sympathetic outflow in animals 
subjected to this type of anesthesia. In addition, a 
pronounced BP reduction in KX-anesthetized SHR 
(Fig. 2D) can also be partially attributed to a major 
reduction of HR and cardiac output (Saha et al. 2007). 
 
 
Table 3. The influence of different anesthetics on mean arterial 
pressure (MAP) and on the role of principle vasoactive systems 
(renin-angiotensin system – RAS, sympathetic nervous system – 
SNS and nitric oxide – NO) in BP maintenance of Wistar/SHR 
animals. 
 

Anesthetic  MAP RAS SNS NO 

Pentobarbital =/= =/= =/= ↓/↓ 

Isoflurane ↓/↓ ↑/↑ ↓/↓ ↓/↓ 
Ketamine-xylazine ↓/↓ =/↑ ↓/↓ ↓/↑ 
Chloralose-urethane ↓/↓ ↑/↑ ↓/↓ ↓/↓ 

 
 
Pentobarbital anesthesia seems to cause smaller 

hemodynamic changes than the other anesthetics because 

Table 2. Mean arterial pressure (MAP) response to SNS blockade (without previous RAS blockade) in conscious and anesthetized 
normotensive Wistar rats and spontaneously hypertensive rats (SHR). 
 

 Conscious Pentobarbital Isoflurane Chloralose-urethane F3,19 ratio 

Wistar n = 6 5 6 6  
Basal MAP 
 

121±2 119±9 93±6* 62±3* 27.3 
P<0.0001 

Delta MAP pentolinium -47±2 -53±9 -36±5 -17±5* 8.4 
P<0.005 

      

SHR n = 6 6 6 5  
Basal MAP 
 

181±3 187±4 134±2* 123±9* 45.3 
P<0.0001 

Delta MAP pentolinium -85±6 -94±5 -54±2* -64±8* 11.8 
P<0.001 

 
Data are means ± SEM. Significantly different (P<0.05): * vs. conscious rats. 
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basal BP as well as BP responses to the SNS and RAS 
blockade were not altered as compared to conscious 
animals. A decreased BP response to NOS inhibition 
pointed to the only vasoactive system by which our  
pentobarbital-anesthetized rats differed from conscious 
animals. This difference may be caused by anesthesia-
induced alterations of NO synthesis and/or NO release 
(Toda et al. 2007). Nevertheless, ganglionic blockade by 
pentolinium caused a similar BP reduction but a 
considerably greater HR reduction in P-anesthetized rats 
as compared to conscious animals of both strains (Fig. 4). 
Therefore we assume that a decrease in HR and cardiac 
output was compensated by the rise of systemic 
resistance due to the attenuation of NO-dependent 
vasodilatation and/or due to the enhancement of 
remaining vasoconstrictor systems such as endothelin, 
vasopressin etc. Pentolinium-induced HR reduction in 
rats anesthetized with P, ISO or CU (Fig. 4) represents an 
important hemodynamic difference compared to 
conscious animals in which ganglionic blockade caused 
only a non-significant HR changes. These effects of the 
above mentioned anesthetics were significant only in 
SHR but not in Wistar rats (Fig. 4). 

 
 

 
 
Fig. 4. Relative HR changes after SNS blockade by pentolinium in 
conscious (CON) Wistar and SHR animals and in rats 
anesthetized with pentobarbital (P), isoflurane (ISO), ketamine-
xylazine (KX) or chloralose-urethane (CU). Relative changes are 
expressed in percentage of baseline MAP values. Data are means 
± SEM, n=6 per group. ANOVA F4,27 =6.43 (P<0.001) and 12.31 
(P<0.001) for panels A and B.***P<0.001 as compared to 
conscious rats (Bonferroni post-hoc test). 

 
 
The anesthetics used in our study influenced the 

involvement of RAS in BP regulating mechanisms 
similarly in hypertensive and normotensive rats. There 
was usually a mild enhancement of RAS contribution to 
BP maintenance in anesthetized rats as it was reported by 
Miller et al. (1983). However, under CU anesthesia the 

acute RAS blockade by captopril caused a more 
pronounced BP fall in SHR than in Wistar rats. It is 
possible that this anesthesia may potentiate the 
importance of RAS more in SHR than in Wistar rats. 

The anesthesia with ISO or CU lowered BP due 
to a considerable reduction of SNS contribution to BP 
maintenance, whereas RAS contribution was slightly 
augmented. This was accompanied by a pronounced 
attenuation of BP response to NOS inhibition in both rat 
strains. In both ISO- and CU-anesthetized rats there is a 
major reduction of residual MAP (recorded after a 
combined RAS and SNS blockade), indicating a profound 
relaxation of resistance vessels. Such a relaxation is 
present in both Wistar and SHR, but the difference in 
residual MAP between these normotensive and 
hypertensive rats is still preserved. This observation 
suggests a considerable attenuation of vascular tone due 
to the action of these two anesthetics at the level of 
vascular smooth muscle. We have made a similar 
observation in SHR pretreated with pertussis toxin to 
inactivate inhibitory G proteins and α2-adrenoceptor-
mediated signal transmission (Pintérová et al. 2010). This 
intervention caused BP reduction, attenuation of SNS 
contribution and enhancement of RAS contribution to BP 
maintenance. 

Although there is a scarce information about 
chloralose-urethane effects on vascular smooth muscle, 
several studies (Yamazaki et al. 1998, Stekiel et al. 1999, 
Stekiel et al. 2001) indicated that isoflurane caused a 
hyperpolarization of vascular smooth muscle in resistance 
vessels leading to a decreased vascular tone. This ISO-
induced hyperpolarization of vascular smooth muscle has 
two distinct components. A more important mechanism is 
the central neural inhibition of excitatory sympathetic 
output which is augmented in SHR; the additional 
component is based upon a peripheral neurally and non-
neurally mediated hyperpolarization of vascular smooth 
muscle that is similar in both rat strains (Stekiel et al. 
1999). The mechanisms of the latter hyperpolarization 
component are the activation of KCa and KATP channels 
(Stekiel et al. 2001) and the inhibition of Ca2+ influx 
through voltage-gated Ca2+ channels (Akata et al. 2007). 
This is compatible with our observation of reduced MAP 
response to NOS inhibition in ISO-anesthetized rats. The 
augmentation of cAMP formation by volatile anesthetics 
not only enhances the activity of K+ channels but also 
attenuates vascular contraction elicited by the lack of 
cGMP following the inhibition of NO synthase and/or 
soluble guanylate cyclase (Stekiel et al. 2001).  
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The detailed hemodynamic comparison of 
conscious and CU-anesthetized rats (Faber 1989) 
indicated the reduction of basal BP, decreased BP 
response to ganglionic blockade, enhanced BP response 
to peripheral angiotensin II receptor blockade and the 
attenuation of BP response to dose-dependent intravenous 
administration of either α1-adrenoceptor agonist 
phenylephrine or NO donor nitroglycerin in the 
anesthetized animals. This is in line with our findings that 
suggested the attenuation of SNS contribution but the 
enhancement of RAS contribution to BP maintenance in 
CU-anesthetized rats which are characterized by a 
profound reduction of residual MAP due to enhanced 
vasorelaxation. 

In conclusions, the anesthesia should be selected 
according to its cardiovascular effects in order to prevent 
the undesirable interference with the goals of 
experimental protocol scheduled. Our results indicate that 
the interference of pentobarbital anesthesia with 
cardiovascular experiments is smaller as compared to 
other anesthetics used in our study. Isoflurane and 
chloralose-urethane anesthesia can be used in 

cardiovascular experiments if lowered BP, enhanced 
contribution of RAS and/or decreased contribution of 
SNS and NO to BP regulation are not considered to 
interfere with the studied cardiovascular parameter(s). 
Moreover, the use of isoflurane anesthesia is complicated 
by its activation of K+ channels and resulting membrane 
hyperpolarization which might modify numerous 
functional studies of the cardiovascular system. On the 
other hand, ketamine-xylazine anesthesia is not 
appropriate for performing functional cardiovascular 
studies. 
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