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Electrocardiographic changes in rats
undergoing thoracic surgery under
combined parenteral anesthesia
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To compare two protocols of combined parenteral general anesthesia, the authors analyzed
electrocardiographic changes in anesthetized rats undergoing left pneumonectomy.

One group of rats was anesthetized with a combination of medetomidine and ketamine
(group 1, n =10), and the other was injected with diazepam and ketamine (group 2,

n = 10). Investigators obtained two electrocardiograms from each rat, one before surgery
(5 min after anesthesia) and one after surgery (60 min after anesthesia). Anesthetic
induction was quick for all rats, though four rats in group 2 died before surgery. Mean
cardiac frequency and R-wave amplitude were significantly lower in rats in group 1 than

in rats in group 2. Rats in group 1 received injections of atipamezole about 60 min

after surgery, which reversed the effects of medetomidine; these rats regained voluntary
respiratory movement more quickly than did rats in group 2. Two additional rats in group 2
died during postsurgical recovery. These results suggest that for thoracic surgery in rats,
medetomidine-ketamine is an appropriate anesthetic combination, may be safer than
diazepam-ketamine and yields a shorter recovery time.

General anesthesia in laboratory rats should provide a level
of deep sedation that ensures immobilization, sufficient
analgesia, surgical hypnosis (unconsciousness) and
muscle relaxation, as well as rapid postsurgical recovery of
voluntary respiratory movement (VRM). Safety and ease
of application are also important considerations when
choosing an anesthetic protocol. In appropriate doses,
certain drug combinations can induce general anesthesia
that meets these requirements. To prevent undesirable
side effects, it is essential to understand rat physiology
and anesthetic pharmacology.

For anesthesia in which spontaneous breathing is
maintained, the combination of intraperitoneal (i.p.)
ketamine with medetomidine, an o.,-adrenergic agonist,

has yielded good results in various species' 6. This drug
combination enables induction and maintenance of gen-
eral anesthesia using low doses of ketamine. Furthermore,
medetomidine can be antagonized with atipamezole,
which shortens the recovery period after surgery’.
Hypnotic benzodiazepines such as diazepam can
cause negative inotropic and bradycardic effects. The
dissociative agent ketamine can counteract these effects
by stimulating the cardiovascular system and main-
taining physiological cardiac output. Researchers have
shown that in rats, an i.p. combination of diazepam and
ketamine causes few adverse effects on ventilation, per-
fusion and blood pressure and reduces the incidence of
arrhythmia caused by ischemia-reperfusion!®-13,
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TABLE 1 | Electrocardiographic parameters measured in rats that were anesthetized with different

anesthetic combinations

Medetomidine-ketamine (group 1)

Diazepam-ketamine (group 2)

ECG 1 ECG 2 ECG 1 ECG 2
Cardiac frequency (bpm) 165.0 + 19.14 141.25 + 43.27 300 + 43.2 310 + 25.82
Electrical axis (°) 52.5 + 12.87 42 +35.63 59 +77.8 30.75 + 14.31
P-wave duration (s) 0.032 +0.01 0.033 +0.015 0.0275 + 0.009 0.022 + 0.005
P-wave amplitude (mV) 0.075 + 0.028 0.013 + 0.060 0.095 + 0.042 0.075 + 0.028
PR interval (s) 0.0675 + 0.012 0.0575 + 0.012 0.057 + 0.01 0.0525 + 0.015
P:R ratio 1:1 1:1 1:1 1:1
QRS complex (s) 0.0275 + 0.005 0.0275 + 0.009 0.027 + 0.0095 0.03+0.0
R-wave amplitude (mV) 0.425+0.11 0.3 +0.057 0.6 +0.1 0.5+0.29
QT interval (s) 0.065 + 0.019 0.0675 + 0.005 0.0725 + 0.009 0.0725 + 0.009
ST segment (s) 0.137 £ 0.24 0.05 + 0.057 0.05 + 0.04 0.047 +0.05
T-wave amplitude (mV) 0.137 + 0.047 0.1+0.0 0.066 + 0.041 0.115 + 0.081

Values represent means for all rats in the group + s.d. ECG 1 and ECG 2 were taken 5 min and 60 min after anesthetic administration, respectively. Electrical alternans was

observed in one rat in each group.

In this study, we quantitatively analyzed the effects
of medetomidine-ketamine and diazepam-ketamine
combinations on the electrical function of the heart in
rats undergoing left pneumonectomy.

METHODS

Rats and housing

All research and animal care procedures were
carried out in accordance with recommendations of
the Guide for the Care and Use of Laboratory Animals'*
as well as legislations of the Council of Europe!®
and the Spanish Royal Decree (1201/2005) on the
protection of laboratory animals!®. The study was
approved by the Ethics Committee of the Hospital
Universitario de Gran Canaria, Dr. Negrin.

We used male Sprague-Dawley rats weighing 350400 g
each (n = 20; Harlan Interfauna Ibérica SL, Barcelona,
Spain) that were housed in groups of 2 or 3 in Makrolon III
cages (Allentown, Inc., Panlab S.L., Barcelona, Spain).
Food (R.02-E Standard Diet, Prolabor, Barcelona,
Spain) and water (purified by a reverse osmosis system;
Edstrom Industries, Waterford, WI) were available
ad libitum. Ambient temperature was automatically
regulated and maintained at 21 + 1 °C, and relative
humidity was 55 * 5% with an air change rate of 15
times per h. Routine microbiological monitoring, which
was carried out in accordance with recommendations of
the Federation of European Laboratory Animal Science
Associations!”, showed no evidence of infection with
common murine pathogens.

Anesthesia
We arbitrarily divided rats into two groups (group 1 and
group 2; n = 10 per group). Each group received a differ-
ent protocol of combined parenteral general anesthesia.
Rats in group 1 received an i.p. combination of
medetomidine (Domtor; Pfizer, Madrid, Spain) and
ketamine (Ketolar 500; Pfizer, Madrid, Spain) at
dosages of 0.25 mg and 50 mg per kg body weight,
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respectively®. For anesthetic reversal and postsurgical
recovery, we gave rats intramuscular atipamezole
(Antisedan; Pfizer, Madrid, Spain) ata dose of 1.25 mg
per kg body weight.

Rats in group 2 received an i.p. combination of
diazepam (Valium; Roche, Madrid, Spain) and ketamine
(Ketolar 500; Pfizer, Madrid, Spain) at dosages of 6 mg
and 60 mg per kg body weight, respectively'®.

Surgery

Once rats were anesthetized, we shaved the left side of
the chest with an electric shaver. We then intubated
them orotracheally with 14-gauge intravenous (i.v.)
catheters (Abbocath, Abbott, Sligo, Ireland). Rats
were ventilated with a pressure-volume-controlled
ventilator (Evita 4, Draeger-Hispania, Madrid, Spain)
with a tidal volume of 1 ml per 100 g body weight,
pulmonary expiratory end pressure of 0.2 kPa,
oxygen-inspired fraction of 0.21 and respiratory
frequency of 60 breaths per min.

We carried out operations under hygienic, though
not aseptic, conditions, on a surgical table with an
automatic temperature control system. We placed each
rat in a right lateral decubitus position and carried
out a left posterolateral thoracotomy at the height of
the fourth intercostal space. We sectioned the lower
pulmonary ligament and dissected the pulmonary
hilum, enabling visualization of the main bronchus,
left pulmonary artery and vein. We ligated the latter
three structures with 5-0 polypropylene monofila-
ment sutures (Prolene, Ethicon, Johnson & Johnson,
Madrid, Spain) and later sectioned them.

We inserted a pleural drain and connected it to a
flask containing water. We then closed the incision on
three planes with 3-0 silk sutures. Time from anesthe-
sia to completion of surgery was about 45-50 min.
We administered atipamezole to rats in group 1 about
62—63 min after anesthetic administration, while rats
were still artificially ventilated.
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FIGURE 1 | Cardiac frequency 5 min after anesthetic
administration in (a) a rat from group 1 (100 bpm) and
(b) a rat from group 2 (220 bpm).

When the rat showed VRM and the mediasti-
num was stabilized, we removed the pleural drain
to return negative pressure to the pleural cavity, dis-
connected the mechanical ventilator and removed
orotracheal tubes.

We controlled postoperative pain by administering a
single dose of subcutaneous buprenorphine (0.05 mg
per kg body weight; Buprex, Schering-Plough, Madrid,
Spain) 1 h after removing orotracheal tubes.

We euthanized rats 24 h after extubation by placing
them in a chamber filled with carbon dioxide, in accor-
dance with international guidelines.

Electrocardiographic monitoring

We obtained electrocardiograms (ECGs) using a Nihon
Kohden ECG-6851 single-channel electrocardiograph
(Nihon Kohden, Tokyo, Japan), with electrodes that
were modified to maximize contact with the shaven
skin of the rat. The registers were taken in the three
bipolar derivations (I, Il and III) and in the unipolar

FIGURE 2 | Electrocardiographic tracings in derivation II
of a rat from group 2. Irreqular variations (arrows) can

be observed in the duration and amplitude of the P wave,
indicative of migratory pacemakers in both ECGs. (a) ECG
taken 5 min after anesthetic administration. (b) ECG taken
60 min after anesthetic administration.

limb derivations (aVR, aVL and aVF). Paper speed was
25 mm/s and sensitivity was 1 mV/cm.

We obtained an ECG from each rat 5 min after anes-
thetic administration, before beginning the surgical
procedure, while the rat was connected to the auto-
matic ventilator. We obtained a second ECG 60 min
after anesthetic administration and after surgery was
complete (before administration of atipamezole in
group 1), while the rat was still artificially ventilated.
We recorded each ECG for 45 s.

We examined the following electrocardiographic
parameters: cardiac rhythm, cardiac frequency, elec-
trical axis, P-wave duration, P-wave amplitude, PR
interval, P:R ratio, QRS complex, R-wave amplitude,
QT interval, ST segment and T wave. We calculated
the mean values for these parameters for each rat using
the values obtained in the two ECGs. In addition, we
observed ECGs for ventricular extrasystoles (premature
and anomalous ventricular contractions) and other
types of arrhythmia. We also evaluated how long it took
for rats to regain VRM.

Statistical analysis

We analyzed variables using ANOVAs (SPSS soft-
ware, version 2, SPSS, Inc., Chicago, IL) and used the
Kolmogorov-Smirnov test to verify the normality of the
continuous variables (P < 0.05).

RESULTS

Anesthetic induction

In both groups, anesthetic induction was generally
quick and easy, and most rats were orotracheally
intubated 3.5 £ 0.5 min after drug administration.
For rats in group 1, muscle relaxation and analgesia
were sufficient to begin thoracotomy at 10 + 0.7 min
after anesthetic administration, whereas in group 2,
sufficient anesthesia was achieved at 14 £ 1.3 min.
Four rats in group 2 died shortly after anesthetic
administration (2.5 + 0.3 min) and before intubation,
and another two rats in this group died after surgery
was complete (140 and 180 min after anesthesia).
In group 1, no deaths occurred during anesthetic
induction, surgery or postsurgical recovery.

Electrocardiographic parameters
Table 1 shows the mean values of the electrocardiographic
parameters we measured for rats in each group.

We observed significant differences between the
two groups in cardiac frequency: overall mean values
(based on ECGs taken 5 min and 60 min after anesthe-
sia) were 153.1 beats per min (bpm) in group 1 and
305 bpm in group 2 (Fig. 1). Within each group, we
also compared mean cardiac frequencies at 5 min and
at 60 min after anesthetic administration. In group 1,
mean cardiac frequency decreased significantly from
165 bpm to 141.2 bpm. Both values were significantly
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FIGURE 3 | Electrocardiographic tracings in derivation II

of a rat from group 2. (a) ECG taken 5 min after anesthetic
administration. A variation in R-wave amplitude (arrows),
indicative of electrical alternans, can be observed. (b) ECG
taken 60 min after anesthetic administration. A left ventricular
extrasystole can be observed.

lower than normal cardiac frequency (200-250 bpm).
In group 2, cardiac frequency increased significantly
from 300 bpm to 310 bpm.

The mean amplitude of the R wave also differed sig-
nificantly between the two groups. The overall mean
amplitude of the R wave in derivation Il was 0.36 mV
in group 1 and 0.5 mV in group 2. In group 1, the mean
amplitude of the R wave was 0.4 mV at 5 min after anes-
thesia and decreased significantly to 0.3 mV at 60 min
after anesthesia, and in group 2, the mean amplitude
decreased from 0.6 mV to 0.5 mV.

In arat from group 1, we observed electrical alternans
and a ventricular extrasystole. In a rat from group 2, we
observed migratory pacemakers, which are variations in
the shape of the P wave caused by alterations in the nerve
impulse in the sinus node, 5 min and 60 min after anes-
thesia (Fig. 2). In another rat from the same group, we
observed a trace in derivation I compatible with electri-
cal alternans (alternating variations in the amplitude of
R waves over successive cardiac cycles) at both time
points. We also noted an isolated left ventricular extra-
systole in this same rat 60 min after anesthesia (Fig. 3).

VRM

VRM during the immediate postoperative recovery
period was inhibited in all rats. Therefore, it was essen-
tial to verify that VRM was regained before extubation
to prevent respiratory failure and death. Rats in group
1 received an injection of atipamezole (antagonist of
medetomidine) 62—63 min after anesthesia and recov-
ered VRM 13 * 3.2 min later. Rats in group 2 (including
those that died after surgery) recovered VRM 92.4 + 7.3
min after anesthesia.

DISCUSSION
Both anesthetic protocols tested provided sufficient
analgesia, hypnosis and muscle relaxation for an invasive
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surgical procedure. Our results show that the anesthetic
plane obtained with either protocol was maintained for
more than 1 h, which was enough time in which to carry
out a pneumonectomy and possibly even more complex
procedures. Although some researchers consider that
the degree of analgesia and anesthetic depth achieved
with the medetomidine-ketamine combination may be
insufficient for major surgery in some animals'*?, we
have used this protocol successfully in an experimental
model of lung transplantation in rats?!.

In our study, postsurgical recovery after diazepam-
ketamine anesthesia was prolonged. Rats regained VRM
approximately 90 min after anesthetic induction, sub-
stantially delaying extubation.

Four rats anesthetized with diazepam-ketamine died
a few minutes after anesthetic administration because
of bradipnea (32—37 breaths per min) and bradycardia
followed by respiratory failure. This may have resulted
from the drug combination’s cardiorespiratory depres-
sant effect on the central nervous system13’22. Two more
rats died 5-7 min after extubation, probably because
their VRM after anesthetic recovery was not regular
and intense enough. Moreover, in one of these two
rats we observed left ventricular extrasystoles together
with electrical alternans, which may have been related
to processes of alternating blockage, supraventricu-
lar tachycardia, alterations in vegetative nervous tone
or hypoxemia. These conditions often lead to cardiac
lesions and death?*~2, The other rat had bradycardia
with no other electrocardiographic abnormalities.

Several investigators who have described the
diazepam-ketamine combination from a cardiovascu-
lar point of view have indicated that drug doses similar
to those used in our study can have a protective effect
at the myocardial level against arrhythmias induced by
ischemia-reperfusion!®!1:13-26 In a study in which rats
underwent experimental clamping of the main coro-
nary artery for 6 min, diazepam-ketamine substantially
reduced ventricular tachycardia, ventricular fibrillation
and rat mortality, compared with anesthetic protocols
of fentanyl-droperidol, ketamine-xylazine and ketamine
alone!®, One group of researchers showed that diazepam
directly increased myocardial contractility, suggesting
that cardiodepressant effects of i.v. anesthetics may
result from their effects on the central nervous system?2,
Others have indicated that diazepam-ketamine is a suit-
able anesthetic combination for use in surgical models
such as coronary artery ligation in albino rats'2.

Our results for the diazepam-ketamine protocol are
compatible with those of other researchers who used a
similar drug combination (60 mg ketamine and 7.5 mg
diazepam per kg body weight) in minimally invasive or
noninvasive surgical procedures in Sprague-Dawley rats
and observed mortality rates of 10-30% (refs. 13,18).
Their results, like ours, showed a time-dependent effect
on mortality, with 87% of overall mortality occurring
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within the first 15 min after anesthetic injection. The
researchers suggest that higher mortality may occur
with more extensive and invasive experimental manip-
ulation of the animal. This could explain the mortality
we observed after pneumonectomy.

We do not believe that the higher dose of ketamine
in group 2 (60 mg per kg body weight) compared with
that in group 1 (50 mg per kg) was the main cause of
death. Nor is it likely that death resulted from brady-
cardia, as we noted that in general, rats in group 1 had
lower heart rates than those in group 2. In our view,
death is more likely to have resulted from the respira-
tory depressant effect produced by a medium-high
dose of diazepam, whereas the bradycardia observed
moments before death was more likely to be a second-
ary effect of respiratory failure.

With the medetomidine-ketamine combination, we
observed no notable electrocardiographic anomalies in
any of the rats, aside from one rat that showed electrical
alternans and a ventricular extrasystole.

The medetomidine-ketamine combination has been
used for quite some time for immobilization and anes-
thesia in numerous animal species and for several types
of surgical procedures, under both field and labora-
tory conditions!>>0:20:27-29 To our knowledge, aside
from our own work?4, there are no published resources
regarding the use of this anesthetic combination for
thoracic surgery in rats.

A notable decrease in cardiac frequency 5 min after
anesthetic administration, similar to the one we observed
with medetomidine-ketamine, has also been reported in
cats, cheetahs and some laboratory rodents**—33, though
this effect was not observed in another study of anesthe-
tized cats®%. We suggest that the inotropic and positive
chronotropic effects of ketamine counteract the depres-
sant effect that medetomidine exerts at the central level,
making this decrease tolerable.

To our knowledge, this is the first report of a sig-
nificant decrease in R-wave amplitude over time in
anesthetized rats. This effect occurred in both groups
but was more pronounced in group 1. This may have
resulted from poor electrical conduction at the myocar-
dial level caused by the greater cardiodepressant effect
of the medetomidine-ketamine protocol.

The main advantage of the medetomidine-
ketamine protocol is the ability to reverse the effects
of medetomidine by administering atipamezole,
enabling rats to recover VRM, wakefulness, movement
and posture within a very short time (about 13 min
after atipamezole administration). This allows for
quicker extubation of pneumonectomized rats,
shortening the post-anesthesia recovery period and
consequently diminishing the risk of side effects and
residual effects of the anesthetics.

In one study of dogs that were anesthetized with
medetomidine-ketamine, substantial stimulation

occurred after administration of atipamezole3?.
This may have resulted from the stimulating effects
of ketamine, which is a dissociative agent. During
dissociative anesthesia, which interrupts ascending
transmission from the thalamus and limbic system,
the eyes remain open and hypertonia and skeletal
muscle movements can occur. Ketamine stimulation
can continue for some time and is not antagonized by
atipamezole. Alternatively, the medetomidine may have
delayed ketamine metabolism?®.

Another group of researchers who used atipamezole
to reverse medetomidine-ketamine anesthesia in cats
obtained results more similar to ours**. These inves-
tigators reported that cats recovered calmly, with no
obvious signs of stimulation. It is possible that the
effects of ketamine, at the dose used in group 1 in our
study, disappeared or decreased sufficiently 60 min after
anesthesia. This would explain why we did not observe
stimulation after the medetomidine was antagonized.

The combination of ketamine and diazepam is
traditionally considered acceptable for use in rats'®!°.
Additional investigation is needed to determine the
cause of the increased mortality that occurred with this
anesthetic combination and to understand potential
adverse physiologic and metabolic effects. .

Our results suggest that medetomidine-ketamine
is a better anesthetic combination than diazepam-
ketamine for thoracic surgery in rats. In our opinion,
it is important to continue researching the cardio-
pulmonary effects of these anesthetic combinations
with different surgical procedures in rats and in other
laboratory animals.
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