
—Original—

Different sensitivity to the suppressive effects of 
isoflurane anesthesia on cardiorespiratory function 
in SHR/Izm, WKY/Izm, and Crl:CD (SD) rats

Kouki Kato1), Jun WaKai2), Kazunori ozaWa3), Miho SeKiguchi3,4), and  
Kiyoaki Katahira3)

1)Center for Laboratory Animal Science, National Defense Medical College, 3-2 Namiki, Tokorozawa, Saitama 
359-8513, Japan

2)Department of Laboratory Animal Medicine, Institute for Biomedical Sciences, Iwate Medical University, 2-1-1 
Nishitokuta, Yahaba-cho, Shiwa-gun, Iwate 028-3694, Japan

3)Medical-Industrial Translational Research Center, Fukushima Global Science Center, Fukushima Medical 
University, 1-Hikarigaoka, Fukushima, Fukushima 960-1295, Japan

4)Laboratory Animal Research Center, Fukushima Medical University School of Medicine, 1-Hikarigaoka, 
Fukushima, Fukushima 960-1295, Japan

Abstract: Isoflurane is a widely used anesthetic, but its effects with increase in inspired concentration 
on cardiovascular function have not yet been clarified in rodents. Additionally, there are only a few 
studies comparing isoflurane-induced cardiorespiratory effects between rat strains. Thus, we 
investigated the differences in cardiorespiratory responsiveness to increasing concentration of inspired 
isoflurane in SHR/Izm, WKY/Izm and Crl:CD (SD) rats, by increasing the setting values of vaporizer’s 
dial indicator. The rats were anesthetized with 1.5% isoflurane, and electrocardiograms, blood 
pressure, and respiratory rate were recorded simultaneously. Thereafter, the inspired concentration 
was increased stepwise to 2%, 3%, 4%, and 5%, and cardiorespiratory parameters were obtained 
at each concentration. Under anesthesia at more than 4%, although prolongation of the RR and PR 
intervals was observed in all strains, shortening of the QTC interval was found only in SHR/Izm rats. 
From frequency domain analysis of heart rate variability, an increase in LF/HF ratio and a decrease 
of HF components were observed in SHR/Izm and WKY/Izm rats, respectively, with 5% isoflurane 
anesthesia. Blood pressure and heart rate were remarkably reduced in SHR/Izm rats at higher 
concentrations, whereas the reduction was smallest in WKY/Izm rats among the three strains 
examined. Respiratory rate was inspired concentration-dependently decreased in all strains. These 
results suggested that SHR/Izm rats are more sensitive to suppressive effects of isoflurane anesthesia 
on cardiovascular function among these rat strains.
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Introduction

Refinement, one of the “3Rs” principles proposed by 
Russel and Burch in 1959 [29], to reduce to an absolute 
minimum the amount of distress imposed on the animals 

that are used for scientific procedures applies to all as-
pects of procedures performed on them. Refinement is 
currently defined as any approach that avoids or mini-
mizes the actual or potential pain, distress, and other 
adverse effects experienced at any time during the life 
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of the animals involved, and which enhances their well-
being [6]. To comply with this principle, appropriate use 
of anesthetics is recommended to minimize the pain and 
distress caused to animals during the surgical treatments.

Volatile anesthetics such as halothane, isoflurane, 
sevoflurane, and desflurane are frequently used for the 
general anesthesia of rodents, rabbits, and dogs [3, 14, 
16]. Among these, isoflurane is widely used for anesthe-
sia of rodents [27, 37] due to its safety and inexpensive 
delivery [12, 17]. Inhalation anesthesia is known to affect 
cardiovascular function. As well as other halogenated 
inhalation anesthetics, isoflurane is known to reduce 
arterial blood pressure in a dose-related manner in hu-
mans [38] and also in laboratory animals, including dogs 
[31], rabbits [26], mice [37], and rats [33]. In these ex-
periments, isoflurane anesthesia was used at a constant 
concentration (1–2.5%) for at least 20 min [26, 31, 33, 
37]. However, the effects of increasing isoflurane con-
centration on cardiovascular function have not yet been 
fully examined. In mice, left ventricular function was 
found to reduce in response to increasing inspired iso-
flurane concentration from 0.5% to 5%, in which trans-
thoracic echocardiographic data were obtained during 2 
min of isoflurane inhalation at each concentration [15]. 
Therefore, it is expected that cardiovascular suppression 
by isoflurane inspiration is caused with increase in the 
inspired concentrations within mins.

In research on cardiovascular systems and the patho-
genesis of cardiovascular diseases such as hypertension, 
stroke, and cerebral infarction, spontaneously hyperten-
sive rats (SHR) is often used as a disease model. Although 
there were only a few studies on the effects of isoflurane 
anesthesia on cardiorespiratory function in SHR rats, it 
was reported that inspired concentration of 1.2% for 1 h 
decreased mean blood pressure (MBP) and heart rate (HR) 
in the strain [33]. In the control strain Wistar Kyoto rats 
(WKY) [33] and normotensive Sprague-Dawley (SD) rats 
[11, 32], it was reported that inspiration of isoflurane con-
centration at 1–2.5% for more than 30 min caused de-
crease in MBP and HR. On the other hand, the mecha-
nisms for blood pressure lowering was suggested to be 
different between SHR and other two strains, and it was 
reported that a reduction in blood pressure was caused by 
decreased cardiac output in SHR rats [33], whereas it was 
caused by reduced systemic vascular resistance in WKY 
rats and SD rats [32, 33]. Therefore, it is suggested that 
cardiovascular function is suppressed by isoflurane, but 
the detail of suppressive effects on cardiovascular function 

differs between hypertensive and normotensive rats. In 
these previous studies using SHR, WKY, and SD rats, 
inspired concentration of isoflurane was at a constant 
level, and it is unknown that to what extent the cardiore-
spiratory function is suppressed in these rat strains by 
rapid increase in inspired isoflurane concentration. Con-
sidering the differences in hemodynamic response to 
isoflurane among SHR and normotensive rats [33], we 
hypothesized that increased inspired isoflurane concentra-
tion acutely suppresses cardiorespiratory function in SHR, 
WKY and SD rats but there are some differences in car-
diorespiratory responsiveness to isoflurane anesthesia 
based on the differences in the state of blood pressure and/
or rat strain.

In the present study, we examined the effects of in-
creasing concentration of inspired isoflurane from 1.5% 
up to 5% on electrocardiogram (ECG), HR, arterial blood 
pressure, and respiratory rate in SHR/Izm, WKY/Izm 
and Crl:CD (SD) rats, in order to investigate the differ-
ences in cardiorespiratory responsiveness to isoflurane 
anesthesia among these rat strains.

Materials and Methods

This study was approved by the Ethics Committee for 
Animal Research of Fukushima Medical University (ap-
proval number: 25115). Animal experiments were carried 
out in accordance with the Guidelines for the Animal 
Experiments of Fukushima Medical University and the 
Act on Welfare and Management of Animals of Japan.

Animals
Male SHR/Izm (n=8) and WKY/Izm (n=8) rats were 

purchased from Japan SLC Inc. (Shizuoka, Japan) and 
Crl:CD (SD) (n=7) rats from Charles River Laboratories 
Japan, Inc. (Kanagawa, Japan). These animals were ac-
climatized to the animal facility for more than 1 week, 
and then used for the study at 14 weeks of age. The 
animal room was maintained at a room temperature of 
22 ± 2°C and a relative humidity of 55 ± 5% with a 12 
h light/dark cycle (light period, 7:00–19:00). Commer-
cial diet (Oriental Yeast Co., Tokyo, Japan) and ultrafil-
trated water were given ad libitum.

Experimental protocol
For inhalation anesthesia of the rats, an isoflurane 

vaporizer (KN-1071; Natsume Seisakusho Co., Ltd., 
Tokyo, Japan) was used. The rat was placed in an anes-
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thesia induction chamber (KN-1010; Natsume Sei-
sakusho Co., Ltd.) and, by means of setting a dial of the 
vaporizer at 1.5%, isoflurane (Intervet, Inc., Tokyo, Ja-
pan) anesthesia mixed with room air was induced for 3 
min. The air flow rate to the chamber was 5 l/min (man-
ufacturer information). Practically, the mean induction 
times were 3.3 min in Crl:CD (SD), 3.5 min in WKY/
Izm, and 3.3 min in SHR/Izm rats. After confirmation of 
the loss of righting reflex, the rat was moved into an 
aluminum shield chamber (50 × 40 × 78 cm) and placed 
in an abdominal position with a nose mask. Anesthesia 
was maintained with the dial held at 1.5% for 3 min, and 
then the cardiorespiratory parameters were recorded for 
2 min as described below.

Subsequently, the dial indicator of isoflurane vapor-
izer was changed to 2% from 1.5%. The animal was left 
undisturbed for 1 min, and the cardiorespiratory param-
eters were obtained during a 2-min recording period. 
Similarly, the setting value of vaporizer’s dial indicator 
was increased in a stepwise manner and cardiorespira-
tory parameters were obtained under the setting value of 
3%, 4%, and 5%. After the recording under the set at 
5%, the rat was relieved from anesthesia by removing 
the nose mask and observed until awakening. Endotra-
cheal intubation in rats requires a certain amount of skill 
and endoscope for the successful intubation [20] and 
there were many reports using nose mask for isoflurane 
anesthesia in rats even in recent years [1, 2, 7, 40]. For 
practical data using nose mask, we used nose mask in-
stead of endotracheal intubation in maintenance of iso-
flurane anesthesia. During the experiment, the tempera-
ture and humidity of the aluminum chamber were 
23.5–28.6°C and 26–64%, respectively.

Electrocardiogram recording and analysis
A bipolar limb lead II was used for ECG recording. 

Needle electrodes subcutaneously attached to the limbs 
were connected to a bioamplifer (FE136, ADInstruments, 
Nagoya, Japan). ECG data were acquired at rate of 1,000/
sec with an analog-to-digital converter (PowerLab4/26, 
ADInstruments) and analyzed for the following standard 
ECG variables by using analysis software (LabChart7 Pro 
ver7.12, ADInstruments): RR interval, PR interval, QRS 
duration, QT interval, QTc interval, amplitude of T wave 
and HR. The QTc interval was derived from the QT in-
terval using Bazzet’s formula: QTc=QT Interval / √ (RR 
interval). These ECG variables were obtained by analysis 
of the ECG waveform during a 10 s noise-free period.

Frequency domain analysis of heart rate variability
In order to assess sympathetic and parasympathetic 

modulation of HR during isoflurane anesthesia, fre-
quency domain indexes of HR variability were calcu-
lated using fast Fourier transform using analysis software 
(LabChart7 Pro ver7.12) to obtain low frequency (LF; 
0.27–0.75 Hz) and high frequency (HF; 0.75–3.3 Hz) 
components in absolute values (ms2) and the low fre-
quency/high frequency (LF/HF) ratio. The frequency 
ranges were chosen based on the report by Murasato et 
al. [23]. The power of the HF band was considered as 
an index of parasympathetic nervous activity and it con-
tains respiration-linked oscillations in HR [5], whereas 
that of the LF band was non-specific and contained both 
sympathetic and parasympathetic influences [13]. The 
LF/HF ratio estimated the fractional distribution of 
power and was regarded as an index of sympathovagal 
balance. For power spectral analysis of HR variability, 
we analyzed the same ECG data used in ECG analysis.

Arterial blood pressure measurement
The tail-cuff method has some advantages for blood 

pressure measurement in experimental animals [21]. The 
method is noninvasive, can be used for repeated mea-
surement of blood pressure in same animal, and can be 
used to obtain data from large numbers of animals. 
Therefore, the tail-cuff method using an indirect blood 
pressure meter (BP-98A; Softron, Tokyo, Japan) was 
used in the present study. This apparatus has been used 
successfully in other cardiovascular studies using rats 
including SHR rats [18, 24, 35, 41]. In this study, sys-
tolic blood pressure (SBP), MBP, diastolic blood pres-
sure (DBP), and pulse pressure (PP) were measured in 
the tail artery of rats. These parameters were measured 
once during each isoflurane concentration.

Respiratory rate measurement
Respiratory rate was measured using a force-sensitive 

sensor composed of a carbon fiber, as described previ-
ously [19]. The rat was placed in a prone position with 
the thoracoabdominal region in contact with the sensor. 
Pressure force caused by thoracoabdominal movement 
associated with respiration was transformed into electri-
cal signals, amplified, and recorded. The respiratory rate 
was analyzed over 10 s during the same period as the 
ECG analysis was performed.
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Statistical analysis
The results were expressed as mean ± standard devia-

tion (SD). Statistical significance of differences in ECG 
parameters, HR variability, and respiratory rate between 
different concentrations of inspired isoflurane was de-
termined by Friedman analysis, followed by Scheffe’s 
method. Decreasing rates of MBP, HR, and respiratory 
rate in response to increasing inspired concentration 
from 1.5% to 5% was compared between different strains 
by Kruskal–Wallis test, followed by Scheffe’s method. 
Differences were considered statistically significant at 
P<0.05.

Results

Electrocardiogram during isoflurane anesthesia
In both Crl:CD (SD) and WKY/Izm rats, no obvious 

abnormalities but only a slight prolongation of RR in-
terval was observed after the concentration of inspired 
isoflurane was increased to 5%, compared with that 
under 1.5% (Figs. 1A–1D). In SHR/Izm rats, flattening 
of the T-wave was also observed at 5%, compared with 
that under 1.5% (Figs. 1E  and 1F).

Electrocardiogram parameters during isoflurane 
anesthesia

In Crl:CD (SD) and SHR/Izm rats, RR interval was 
prolonged with increasing isoflurane concentration, and 
the interval during 4% and 5% isoflurane anesthesia were 
significantly different from with 1.5% isoflurane (Fig. 2A). 

In WKY/Izm rats, RR interval did not change from 1.5% 
to 4% isoflurane, but it increased significantly with 5% 
isoflurane in comparison with 2% isoflurane (Fig. 2A). 
As well as RR interval, PR interval was also prolonged 
with increasing isoflurane concentration in all strains (Fig. 
2B). PR interval with 5% isoflurane anesthesia was sig-
nificantly different from that with 1.5% or 2% isoflurane 
in all three strains (Fig. 2B). QRS duration did not change 
by increasing isoflurane concentration in any strain (Fig. 
2C). Similarly, QTc interval was not affected by increas-
ing isoflurane concentration in Crl:CD (SD) and WKY/
Izm (Fig. 2D) rats. However, in SHR/Izm rats, QTc inter-
val shortened in response to increasing isoflurane concen-
tration and significant shortening was observed with 4% 
and 5% isoflurane as compared with 1.5% isoflurane (Fig. 
2D). The amplitude of T wave in SHR/Izm became to be 
low with increasing concentration of inspired isoflurane, 
and the amplitude at 4% or 5% was significantly lower 
compared with that under 1.5%, 2% or 3% isoflurane (Fig. 
2E). In Crl:CD (SD) and WKY/Izm, the amplitude of T 
wave with 5% isoflurane was significantly lower from that 
with 1.5% and 2% isoflurane (Fig. 2E).

Heart rate during isoflurane anesthesia
In Crl:CD (SD) and SHR/Izm rats, HR during 4% and 

5% isoflurane anesthesia was decreased significantly 
compared with that during 1.5% or 2% (Table 1). In 
WKY/Izm rats, a significant decrease was observed only 
with 5% isoflurane in comparison with 2% isoflurane 
(Table 1).

Fig. 1. Representative electrocardiogram (ECG) waveform in Crl:CD (SD), WKY/Izm, and SHR/Izm rats during 1.5% (A, C and 
E) and 5% (B, D and F) isoflurane anesthesia. Slight prolongation of RR interval was observed with 5% isoflurane compared 
with 1.5% isoflurane in all rats strains. In addition, flattening of the T-wave was observed in SHR/Izm rats during 5% iso-
flurane anesthesia.
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Heart rate variability during isoflurane anesthesia
In Crl:CD (SD) rats, no significant changes in LF 

component, HF component, or LF/HF ratio were ob-
served in response to increasing isoflurane concentration 
(Table 2). In WKY/Izm rats, the HF component during 
5% isoflurane anesthesia was decreased significantly 
compared with 1.5% and 3% isoflurane (Table 2). In 
SHR/Izm rats, however, the LF component and LH/HF 
ratio with 5% isoflurane were significantly increased 
compared with 1.5% or 3% isoflurane (Table 2).

Arterial blood pressure during isoflurane anesthesia
A decrease in SBP was observed in all strains with 

increasing isoflurane concentration. SBP during 4% and 
5% isoflurane anesthesia decreased significantly com-

pared with 1.5% isoflurane (Fig. 3A). Furthermore, SBP 
in Crl:CD (SD) and SHR/Izm rats with 5% isoflurane 
was lower than that with 2% isoflurane. MBP also de-
clined in Crl:CD (SD) and SHR/Izm rats, but not in 
WKY/Izm rats, with increasing isoflurane concentration 
(Fig. 3B). In both Crl:CD (SD) and SHR/Izm rats, MBP 
with 4% and 5% isoflurane was significantly different 
from that with 1.5% or 2% isoflurane (Fig. 3B). As well 
as MBP, DBP and PP decreased significantly during 5% 
isoflurane anesthesia compared with 1.5% or 2% isoflu-
rane in Crl:CD (SD) and SHR/Izm rats, but these values 
were unchanged in WKY/Izm rats (Figs. 3C and 3D). 
As shown in Fig. 3, the suppressive effects of isoflurane 
anesthesia on blood pressure were more profound in 
SHR/Izm rats among the three rat strains examined. High 

Fig. 2. Electrocardiogram (ECG)-measured RR interval (A), PR interval (B), QRS duration (C), QTc interval (D), and amplitude 
of T wave (E) in Crl:CD (SD), WKY/Izm, and SHR/Izm rats during 1.5–5% isoflurane anesthesia. Data are expressed as 
mean ± SD. aP<0.05 vs. 1.5% isoflurane, bP<0.05 vs. 2% isoflurane, cP<0.05 vs. 3% isoflurane.
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blood pressure level with 1.5% isoflurane in SHR/Izm 
rats declined to the same level as in Crl:CD (SD) and 
WKY/Izm rats when using 5% isoflurane.

Respiratory rate during isoflurane anesthesia
In all strains, respiratory suppression was observed 

with increasing isoflurane concentration (Table 3). Re-
spiratory rate during 5% isoflurane anesthesia was sig-

Table 1. Heart rate in SHR/Izm, WKY/Izm, and Crl:CD (SD) rats during isoflurane anesthesia (bpm)

Strain
Isoflurane concentration

1.5% 2% 3% 4% 5%

Crl:CD (SD) 412.8 ± 70.1 401.2 ± 66.5 361.9 ± 27.8 339.1 ± 31.8a 328.8 ± 31.3a, b

WKY/Izm 394.2 ± 25.4 401.6 ± 16.4 394.1 ± 24.2 387.7 ± 29.0 365.4 ± 30.0b

SHR/Izm 375.4 ± 22.3 369.3 ± 29.3 353.7 ± 38.5 327.3 ± 30.0a 311.5 ± 18.2a, b

Data are expressed as mean ± SD. aP<0.05 vs. 1.5% isoflurane, bP<0.05 vs. 2% isoflurane.

Table 2. Frequency domain analysis of heart rate variavilitty in SHR/Izm, WKY/Izm, and Crl:CD (SD) rats during isoflurane 
anesthesia

Strain Index
Isoflurane concentration

1.5% 2% 3% 4% 5%

Crl:CD (SD) LF (ms2) 0.11 ± 0.15 0.07 ± 0.15 0.23 ± 0.41 0.21 ± 0.24 0.37 ± 0.49 
HF (ms2) 2.87 ± 2.10 2.61 ± 2.60 2.60 ± 3.09 2.48 ± 3.11 2.14 ± 2.11 

LF/HF (ratio) 0.05 ± 0.07 0.04 ± 0.08 0.30 ± 0.62 0.30 ± 0.31 0.26 ± 0.20 
WKY/Izm LF (ms2) 0.03 ± 0.04 0.02 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.10 ± 0.09 

HF (ms2) 1.70 ± 1.00 1.70 ± 1.14 1.60 ± 1.19 1.52 ± 1.15 0.68 ± 0.80 a, c

LF/HF (ratio) 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 0.46 ± 0.61 
SHR/Izm LF (ms2) 0.07 ± 0.07 0.22 ± 0.41 0.10 ± 0.14 0.66 ± 0.53 1.23 ± 0.55 a, c

HF (ms2) 2.11 ± 2.92 2.92 ± 2.25 2.11 ± 1.53 2.91 ± 2.70 1.75 ± 1.10 
LF/HF (ratio) 0.04 ± 0.04 0.04 ± 0.05 0.07 ± 0.12 0.78 ± 0.90 0.92 ± 0.47 c

Data are expressed as mean ± SD. aP<0.05 vs. 1.5% isoflurane, cP<0.05 vs. 3% isoflurane.

Fig. 3. Systolic (A), mean (B), and diastolic blood pressure (C), and pulse pressure (D) during 1.5–5% isoflurane anesthesia. Data 
are expressed as mean ± SD. aP<0.05 vs. 1.5% isoflurane, bP<0.05 vs. 2% isoflurane.
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nificantly decreased compared with 1.5% and 2% iso-
flurane. Furthermore, in SHR/Izm rats, respiratory rate 
with 4% isoflurane was significantly lower compared 
with 1.5% isoflurane. However, in WKY/Izm rats, re-
spiratory rate did not change up to 3% isoflurane, and 
respiratory rate with 5% isoflurane was significantly 
lower than with 1.5–3% isoflurane.

Decrease in rates of mean blood pressure, heart rate, 
and respiratory rate with increasing inspired isoflurane 
concentration from 1.5% to 5%

In order to compare the suppressive effect of isoflu-
rane anesthesia on cardiorespiratory function among the 
three rat strains, the decrease in rate of MBP, HR, and 
respiratory rate with increasing inspired isoflurane con-
centration from 1.5% to 5% were calculated (Fig. 4). 
The decrease in rate of MBP in Crl:CD (SD), WKY/Izm, 
and SHR/Izm rats was 64.5 ± 6.2%, 82.9 ± 13.3%, and 
44.2 ± 12.4%, respectively. This change was signifi-
cantly greater in SHR/Izm rats compared with WKY/
Izm rats. The decrease in rate of HR in Crl:CD (SD), 
WKY/Izm, and SHR/Izm rats was 80.8 ± 10.7%, 92.9 ± 
8.3%, and 83.2 ± 5.7%, respectively, which was signifi-
cantly greater in Crl:CD (SD) and SHR/Izm rats com-
pared with WKY/Izm rats. Finally, the decrease in rate 
of respiratory rate in Crl:CD (SD), WKY/Izm, and SHR/
Izm rats was 48.8 ± 22.9%, 53.9 ± 9.3%, and 45.2 ± 
11.0%, respectively, and there were no significant dif-
ferences between rat strains.

Discussion

In the present study, we examined the effects of in-
creasing concentration of inspired isoflurane on cardio-
respiratory parameters in SHR/Izm, WKY/Izm and 
Crl:CD (SD) rats by increasing the values of vaporizer’s 
dial indicator from 1.5% to 5%.

This study has limitation. Because the endo-tidal con-

centrations of isoflurane in rats were not measured during 
experiments, the inspired isoflurane concentration-depen-
dency of the cardiorespiratory alterations is not exactly 
clear. Therefore, further studies are needed to clarify the 
relationship between inspired isoflurane concentrations 
and cardiorespiratory changes in SHR/Izm, WKY/Izm 
and Crl:CD (SD) rats. However, at least, the results of the 
present study indicated that increasing concentrations of 
inspired isoflurane induced the cardiorespiratory suppres-
sion in rats, especially, in SHR/Izm rats. That is to say, 
this study would suggest that SHR/Izm rats are more 
sensitive to suppressive effects of isoflurane anesthesia 
on cardiorespiratory function among the three rat strains.

It was revealed for the first time that the changes in 
ECG in SHR/Izm, WKY/Izm and Crl:CD (SD) rats were 
induced as the setting values of isoflurane vaporizer’s 
dial increased. On the ECG, prolongation of the RR and 
PR intervals was observed during isoflurane anesthesia 
at more than 4% in all three rat strains. Although there 
were no reports on ECG wave changes in these rats un-
der increased inspired isoflurane concentration, it was 
previously reported that anesthesia with 2% of inspired 
isoflurane in dogs did not affect PR interval compared 

Table 3. Respiratory rate in SHR/Izm, WKY/Izm, and Crl:CD (SD) rats during isoflurane anesthesia 
(breaths/min)

Strain
Isoflurane concentration

1.5% 2% 3% 4% 5%

Crl:CD(SD) 80.2 ± 19.4 82.0 ± 16.9 55.9 ± 13.7 43.1 ± 12.9 36.3 ± 13.3 a,b

WKY/Izm 89.9 ± 6.1 91.0 ± 8.5 88.3 ± 6.6 71.0 ± 12.8 48.8 ± 11.3 a,b,c

SHR/Izm 89.6 ± 19.6 85.5 ± 10.3 64.6 ± 12.1 46.6 ± 6.7a 39.0 ± 5.2 a,b

Data are expressed as mean ± SD. aP<0.05 vs. 1.5% isoflurane, bP<0.05 vs. 2% isoflurane, cP<0.05 vs. 3% 
isoflurane.

Fig. 4. The decrease rate of mean blood pressure (MBP), heart 
rate (HR), and respiratory rate during 5% inspired isoflu-
rane anesthesia as compared with those under 1.5% in-
spired isoflurane anesthesia. *P<0.05 vs. WKY/Izm rats.
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with in a conscious state [28], and in humans, PR inter-
val remained unchanged with 1–2 minimum alveolar 
concentration (MAC) isoflurane [30]. In the present 
study, we did not carry out ECG measurements in con-
scious rats, so we cannot compare ECG parameters be-
tween during isoflurane anesthesia and in the conscious 
state. Nevertheless, the results of the present study sug-
gested that isoflurane anesthesia might prolong both the 
RR and PR intervals as the inspired concentration in-
creased. These intervals are known to be associated with 
alterations in HR, so it was considered that RR and PR 
intervals were prolonged in association with the decrease 
in HR during 4% or 5% isoflurane anesthesia. On the 
other hand, in SHR/Izm rats, the QTc interval was short-
ened by isoflurane at more than 4%, and obvious flatten-
ing of the T-wave on ECG was also observed under the 
same concentration range. With regard to the effects of 
isoflurane on QT interval, prolongation of QT interval 
was reported with 2% and 1–2 MAC isoflurane in nor-
motensive dogs [28] and humans [30], respectively. 
From these findings, it might be suggested that higher 
inspired concentrations of isoflurane may induce short-
ening of the QT interval, especially in hypertensive 
subjects. QT interval corresponds to depolarization and 
repolarization phases of action potentials of cardiac ven-
tricular myocytes. In isolated ventricular myocytes of 
guinea-pig hearts, action potential duration was found 
to be increased by isoflurane at a low concentration (0.6 
mM), whereas conversely it decreased at high concentra-
tion (1.8 mM) [36], suggesting a biphasic effect of iso-
flurane on cardiac myocyte action potential. In the pres-
ent study, the QRS duration of the rats was not affected 
by increasing setting values of isoflurane vaporizer, in-
dicating that isoflurane did not affect the depolarization 
time of ventricular muscle in SHR/Izm rats. Thus, it was 
thought that the dial settings of isoflurane vaporizer to 
4% and 5% reduced the repolarization phase of ven-
tricular muscle, leading to shortening of QT interval in 
SHR/Izm rats. In humans, several drugs, including 
digitalis, are known to induce shortening of QT interval 
[34], and a tall and peaked T-wave is a common feature 
in short QT syndrome [22]. However, to the best of our 
knowledge, there are no reports on the isoflurane-induced 
shortening of QT interval. It is conceivable that QT 
shortening with flattened T-wave in SHR/Izm rats re-
sponse to increase in the dial setting of vaporizer is 
caused by different mechanisms than in normotensive 
subjects or other species. Although the exact mechanisms 

leading to QT shortening by isoflurane anesthesia was 
unclear from the present study, the results might suggest 
that isoflurane anesthesia, as its inspired concentration 
rises, increases the risk of QT interval shortening in 
SHR/Izm. In WKY/Izm and Crl:CD (SD), the lowering 
T wave without shortening of QT interval was observed 
under the dial setting of vaporizer to 5%, and possibly, 
shortening of QT interval might be caused in this nor-
motensive two strains when the inspiration time of 5% 
isoflurane is more prolonged.

During 5% isoflurane anesthesia, LF components and 
the LF/HF ratio increased in SHR/Izm rats, and HF com-
ponents decreased in WKY/Izm rats, suggesting that 
sympathetic modulation of HR is predominant with in-
crease in inspired isoflurane concentration. These results 
are compatible with other in vivo findings that isoflurane 
anesthesia for up to 4% of end-tidal concentration dose-
dependently increased renal sympathetic nerve activity 
in rabbits [25]. It might be possible that isoflurane, as its 
inspired concentration increases, may bring about an 
imbalance in sympathetic and parasympathetic modula-
tion of HR in SHR/Izm and WKY/Izm rats. Although 
not significant, a similar tendency for alteration in fre-
quency domain indexes was also observed in Crl:CD 
(SD) rats. Sympathetic activation during isoflurane an-
esthesia in rats might occur via irritation of the airway, 
the baroreceptor reflex, and direct stimulation of the 
central nervous system as suggested by Okamoto et al. 
[25].

Previously, there were some studies on the effects of 
inspired isoflurane on blood pressure and HR in SHR, 
WKY, and SD rats both at less than 3% inspired concen-
tration and for at least 30 min [10, 11, 32, 33]. In the 
present study, it was revealed that inspired isoflurane 
concentration-dependently reduced arterial blood pres-
sure and HR in all rat strains examined. Cole et al. [10] 
reported that MBP after isoflurane (1.65% end-tidal) 
inspiration for 120 min was changed to approximately 
148, 94, and 101 mmHg in SHR, WKY, and SD rats 
respectively. MBP values in the present study after the 
dial setting of vaporizer was changed to 5% were ap-
proximately 61, 67, and 65 mmHg in SHR/Izm, WKY/
Izm, and Crl:CD (SD) rats, respectively, and lower than 
the values reported by Cole et al. [10]. This finding might 
indicate that hypotensive effects of isoflurane, as its in-
spired concentration increases, occur immediately and 
strongly in these rat strains. Based on Darcy’s law, MBP 
is expressed as shorthand by the following equation [4]:
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MBP=cardiac output × systemic vascular resistance
=(HR × stroke volume) × systemic vascular resistance
In the present study, MBP under the setting value of 

5% was approximately 60 mmHg in three rat strains, 
indicating that isoflurane inspiration by increasing the 
setting value of vaporizer to 5% induces similar suppres-
sive state in cardiovascular system among the strains. 
HR in SHR/Izm rats tended to be consistently lower than 
other two strains under the dial settings of vaporizer from 
1.5% up to 5%. Therefore, it seems to be that SHR/Izm 
rats, during inspiration of relatively low inspired con-
centration, exhibited high blood pressure due to high 
systemic vascular resistance and/or high stroke volume. 
On the other hand, as the setting values of vaporizer 
increased, it is considered that SHR/Izm rats exhibited 
profound decrease in blood pressure due to decrease in 
both systemic vascular resistance and stroke volume, in 
addition to decreased HR. Previously, it was reported 
that the mechanisms for blood pressure lowering was 
different between SHR and other two strains, and it was 
reported that a reduction in blood pressure was caused 
by decreased cardiac output in SHR rats [33], whereas 
it was caused by reduced systemic vascular resistance 
in WKY rats and SD rats [32, 33]. However, those results 
were obtained under isoflurane inspiration at a constant 
level of less than 3%. Thus, although both systemic vas-
cular resistance and stroke volume were not measured 
in this study, hypotensive mechanism by inspiration of 
increased isoflurane concentration would be different 
from the mechanisms by relatively low level.

As for the effects on respiration, isoflurane anesthesia 
was found to reduce respiratory rate in laboratory ani-
mals including rats [9], mice [8, 39], and rabbits [16]. 
In this study, we confirmed that isoflurane, as its inhala-
tion concentration increased, decreased the respiratory 
rate in SHR/Izm, WKY/Izm, and Crl:CD (SD) rats. 
Because significant differences were not observed in 
decrease rate of respiratory rate, it is suggested that sup-
pression level of respiratory function by increased in-
spired isoflurane concentration were similar between 
these strains examined.

In conclusion, we revealed the suppressive effects of 
isoflurane anesthesia on cardiorespiratory function in 
SHR/Izm, WKY/Izm and Crl:CD (SD) rats by changing 
the dial settings of isoflurane vaporizer from 1.5% up to 
5%. The findings obtained from this study suggested that 
there are strain differences in sensitivity to the suppres-
sive effects of isoflurane on cardiovascular function: 

SHR/Izm rats were relatively more sensitive, whereas 
WKY/Izm rats were relatively less sensitive.
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