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Introduction

Ketamine was primarily developed as an ani-
mal and human anaesthetic which demonstrated 
a good safety profile of repeated anaesthesia in 
monkeys1. In the last decade, ketamine has been 
experiencing a renaissance of use as a novel an-
tidepressant agent, an action clinically evaluated 
by Zarate et al2 and utilized for ameliorating the 
symptoms of treatment-resistant depression in the 
form of a spray3. Despite its relatively favourable 
safety profile, the potential risks of repeated ap-
plication in human use, as well as in animal an-
aesthesia, should be considered when developing 
ketamine as a rapid-acting antidepressant. Ket-
amine can induce adverse reactions, including 
cardiovascular events, which usually occur fol-
lowing high doses or prolonged treatment4. These 
cardiovascular adverse reactions can be attributed 
to the systemic release of catecholamines and the 
inhibition of norepinephrine reuptake in peripher-
al nerves and in non-neuronal tissues, such as the 
myocardium5.

In laboratory animals, ketamine hydrochlo-
ride is used for the induction and maintenance of 
anaesthesia in rats – one of the most extensive-
ly studied experimental animals. Ketamine may 
be combined with various other drugs, including 
adrenergic alpha-2 agonists and barbiturates (e.g., 
thiopental)6-9, with a combination of ketamine and 
an alpha-2 agonist being widely accepted for the 
anaesthesia of laboratory rodents7,8. One of the 
general uses of anaesthesia utilizing these sub-
stances is to prevent pain and unnecessary suffer-
ing during studies where anaesthetic agents are 
employed prior to the introduction of substances 
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or procedures of interest. While these anaesthetic 
protocols are designed to produce as little influ-
ence on the study outcomes and results as pos-
sible, drugs and/or their combinations used in 
anaesthesia may still cause adverse reactions on 
their own and may interfere with the objectives 
of the study.

In rats, such adverse reactions can be observed 
when combinations of high doses of anaesthetic 
compounds are used, which may induce hypo-
tension and respiratory depression9,10 as well as a 
dose-dependent reduction in body temperature11. 

Ketamine may also induce hypersalivation12. 
While high doses of the alpha-2 agonist medeto-
midine may induce strong respiratory depression, 
doses ranging from 150 to 250 µg/kg were found 
to be sufficient for sedation in a study of rats 
where medetomidine was the sole agent, without 
the occurrence of respiratory depression13.

Used concurrently, a combination of ketamine 
and medetomidine is generally regarded as a safe 
option in rats, even when repeated anaesthesia is 
required; an increase in anaesthetic mortality was 
previously attributed to compounds used in con-
junction with the administered anaesthetics14.

Of other adverse reactions, the combination of 
ketamine and another alpha-adrenergic agonist, 
xylazine, induced tissue damage after intramus-
cular injection in some strains of rats8. A combi-
nation of ketamine and medetomidine was shown 
to reduce such tissue damage and was thus cho-
sen as the preferred combination for our 6-week 
study15, as well as to avoid the excessive use of 
barbiturates in anaesthesia that would induce 
respiratory depression, hypotension9,10, and pro-
found hypothermia11.

The aim of this study was to present, evaluate and 
explain the observed high mortality of Wistar rats 
after repeated anaesthesia consisting of ketamine, 
medetomidine and thiopental. A further goal was 
to define the cut-off values for a safe frequency of 
repetition of such a protocol of anaesthesia, based on 
this incidental, convenience set of data.

Materials and Methods

A group of 30 male Wistar rats was included 
in a study which required repeated, short-lasting 
anaesthetic procedures at weekly intervals. The 
experiment was carried out in accordance with 
permission issued by the Veterinary Adminis-
tration of the Republic of Slovenia (No. 323-02-
234/2005/2).

The animals used were obtained from the in-
house breeding facility (Faculty of Medicine, 
University of Ljubljana, Ljubljana, Slovenia) and 
were clinically healthy. Their microbiological sta-
tus was evaluated before the study commenced. 
The rats were housed in groups of five, in poly-
carbonate cages (Ehret, Wandlitz, Germany) 
with softwood bedding (Rettenmaier und Söhne, 
Rosenberg, Germany). They weighed from 310 to 
350 g at the beginning of the study. The rats had 
unlimited access to drinking water and were fed 
a rodent diet (Krka d.d., Novo Mesto, Slovenia). 

The rats were randomized into 2 groups of 15 
animals. After the accommodation period, the 
rats were anaesthetized, and a super-elastic closed 
coil spring was placed between the first left max-
illary molar and the incisors to induce orthodontic 
tooth force. The spring was attached to the molar 
by a stainless-steel ligature wire. In the first group 
of rats, the coil spring was attached to the inci-
sors using a surgical steel wire, which was bent 
around the teeth. In the second group of rats, in 
addition to the bending of the surgical steel wire 
around the teeth, a hole was drilled through the 
approximal surfaces of the incisors, and the sur-
gical steel wire was placed through the hole to 
improve fixation. To monitor tooth movement, 
weekly measurements of the distances between 
the teeth were made. The experimental time was 
set to 42 days. The animals were placed under 
general anaesthesia once weekly to monitor tooth 
movement. However, additional anaesthetic pro-
cedures in between measurements were required 
in the first group to reattach the coil spring, as it 
often detached from the teeth.

For general anaesthesia, the animals received 
an intraperitoneal injection of a combination of 
50 mg/kg body weight (b.w.) ketamine (“Bio-
ketan”, Vetoquinol Zaklady Farmaceuticzne Bio-
wet Gorzów, Gorzów Wielkopolski, Poland); and 
67 µg/kg b.w. medetomidine (“Domitor”, Pfiz-
er Animal Health, Brussels, Belgium). Barring 
any adverse reactions, 8.3 mg/kg b.w. thiopental 
(“Tiopental”, Pliva, Zagreb, Croatia) was admin-
istered, also intraperitoneally, 5 minutes after the 
ketamine-medetomidine.

In the preliminary experiments, no thiopental 
was used. However, spontaneous contractions of 
the masticator muscles during ketamine-medeto-
midine anaesthesia made precise measurements 
impossible. Thiopental was therefore adminis-
tered in order to eliminate these contractions. A 
brief clinical examination of the animals (auscul-
tation of the respiratory and cardiovascular sys-
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tem, examination of the fur and visible mucosa, 
and palpation of the abdominal cavity) was car-
ried out prior to the procedure (to ensure that the 
animals were healthy enough to safely undergo 
anaesthesia). After the procedure, the animals 
were closely observed until full recovery. No an-
tibiotic nor analgesic postoperative therapy was 
necessary, as the dental procedure neither injured 
the surrounding tissues nor induced massive or 
painful trauma.

The data obtained from the survival of the 
rats were visualized and analysed with the use 
of SPSS v.25 (IBM, Armonk, NY, USA), MAT-
LAB R2019b (MathWorks, Massachusetts, MA, 
USA) and PRISM 9 (GraphPad, California, CA, 
USA) statistics and data visualization packages. 
The SPSS was used to graphically represent and 
analyze the survival of the rats, as well as to car-
ry out tests of group differences. MATLAB was 
used to calculate the values of exploratory vari-
ables and for data extrapolation (with a mixture of 
MathWorks developed, in-house and open-source 
code), as well as to visualize some data. PRISM 
was used for data visualization of all other data.

Results

A total of 12 animals out of 30 died after ad-
ministration of the substances during the exper-
iment. Three animals died shortly after the ad-
ministration of ketamine-medetomidine, within 
2 minutes after application, while the remainder 
died between 10 and 25 minutes after the admin-
istration. Although all the animals had received 
thiopental during previous procedures, only a 
third of the animals (n = 4) received thiopental 
before their death on a particular day; the remain-
der of the deceased animals (n = 8) died after re-
ceiving the ketamine-medetomidine mixture, and 
before the administration of thiopental.

No mortality was observed during the first two 
anaesthetic procedures (initial placement and re-
attachment of the coil spring and the first mea-
surement). The first death was observed on day 
eight, when the affected animal required a reat-
tachment of the coil spring. Mortality was exclu-
sively observed in animals that required anaes-
thetic procedures more than once a week. Most of 
the animals (ten) which died before the end of the 
experiment in the first group required frequent 
anaesthetic procedures, because reattachments 
of the coil spring were required. In the second 

group (in which the procedure was performed 
once weekly) only two animals died. Excessive 
salivation was observed in all the affected ani-
mals during anaesthesia. Additionally, respirato-
ry distress was noticed in the animals after the 
administration of thiopental. The observation that 
the animals frequently urinated during anaesthe-
sia, possibly indicating a release, and opening of 
sphincters, is also of note.

Hereinafter, the results are divided into three 
sections. First, an analysis of survival was carried 
out to verify that the survival of the two groups 
did in fact differ to a statistically significant de-
gree. Second, three exploratory variables and 
their associations with survival were examined. 
Third, an extrapolation of the data was carried 
out in order to estimate the safe parameters for 
repeated ketamine, medetomidine and thiopental 
anaesthesia.

Analysis of Survival
When testing whether the two groups differed 

in the number of reattachments (with the inclu-
sion of regular adjustments of the orthodontic 
appliance), the results of a Mann-Whitney test re-
vealed that the two groups of rats differed signifi-
cantly by the number of reattachments required 
(UMann-Whitney = 39.5, WWilcoxon = 159.5, Z = -3.169, p = 
0.002). The median number of reattachments (and 
subsequently anaesthesias) needed was 8 (mean 
of 7.2) for the rats with removable appliances, and 
5 (mean of 4.53) for the ones with fixed applianc-
es. Non-parametric tests were used for all group 
comparisons, as the variables were found to be 
non-normally distributed.

The analysis of survival showed that a Cox 
model of survival using the group as a predictor 
was valid (better than null; χ2 = 7.841, df = 1, p = 
0.005). The mean survival time for the rats with 
fixed orthodontic appliances, as estimated by the 
Kaplan-Meier method of survival analysis, was 
38.73 days, while a mean of 32.40 days of sur-
vival was estimated for the rats with removable 
orthodontic appliances. More informatively, the 
medians of survival time for the two groups were 
42 and 38 days, respectively. The raw data of rat 
survival by group is available in Supplementary 
Table I and Supplementary File 1.

The tests of equality of survival distributions 
(Table I, via the Kaplan-Meier method) showed 
that the survival functions differed for the two 
groups of rats (Figure 1, Panel A). The results of 
the analysis of survival using Cox’s regression 
similarly showed that the hazard was significantly 

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-4.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-4.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary_File_1.pdf
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Figure 1. Cumulative survival and hazard curves for the two groups of male Wistar rats after receiving anaesthesia. A) shows 
the survival curve according to the Kaplan-Meier method. B) depicts the survival curve estimated with the Cox model and C) 
shows the cumulative hazard curves for the two groups of male Wistar rats, estimated by the Cox model. In all panels, the blue 
colour represents the fixed orthodontic appliance group and the red one represents the removable orthodontic appliance group.
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less for the rats with fixed orthodontic appliances 
(eB = 0.157, p = 0.017, 95% CI for eB = 0.034 – 0.720).

Exploratory Analyses
As a clear difference was observable in the sur-

vival of the two groups of rats, which can only 
be attributed to the increased frequency of the re-
quired reattachments and subsequent anaesthesia, 
several exploratory analyses were carried out to 
better explain the observed phenomenon. We at-
tempted to explain and further explore the differ-
ences between the rats that died before the end of 
the experiment and those that survived to the end. 
The raw data and the descriptive statistics for all 
the variables are available in Supplementary File 
2 and Supplementary Tables II, III, IV.

Variable 1: Ratio of the frequency of anaesthe-
sia to survival time:

The first possible explanatory factor is the ratio 
of the frequency of anaesthesia to survival time. 

As this variable encompasses both the survival 
time of the remainder of the rats and the con-
trast with anaesthesia received during this time, 
it avoids being confounded by the correlation of 
survival time and the number of anaesthesias re-
ceived (rats that live longer are logically exposed 
to more procedures due to the study protocol, 
rPearson = 0.46, p = 0.011). The mean ratio for the 
rats that survived was 0.136 anaesthesias per day 
(SEM = 0.007), and 0.225 for the rats that died 
(SEM = 0.021). This separation into survival and 
death during anaesthesia groups includes rats 
from both groups, with removable and fixed or-
thodontic appliances.

When testing for the differences in this param-
eter, the results of a Mann-Whitney test indeed 
showed that the rats that died before the end of 
the study had a significantly greater anaesthesia 
to survival time ratio than those that lived to the 
end of the study (UMann-Whitney = 39, WWilcoxon = 210, 
Z = -3.048, p = 0.002). The difference between the 
two is depicted in Figure 2.

From this ratio, a cut-off point above which 
all rats exposed to an amount of anaesthesia in a 
given time die, can be determined. The proposed 
cut-off point, based on the data from the present 
study, is illustrated in Figure 3.

The proposed cut-off point is 0.23, meaning 
that 0.23 anaesthesias per day is the point at which 
all rats will die in an experiment of similar length 
to ours (42 days) or longer. More intuitively, this 
could be interpreted such that should a rat receive 
an anaesthesia consisting of ketamine, medetomi-
dine and thiopental every 4.3 days or more in an 
experiment, it will not survive to the end of the 
experiment. The possible use of this measure and 
others is discussed later in the paper.

Variable 2: The interval between the last two 
anaesthesia prior to death during anaesthesia (or 
termination at the end of the study):

The rats that survived had a mean interval be-
tween the last two anaesthesias of 5.44 days (SEM 
= 0.25), and those that died had an interval of 2.33 
days (SEM = 0.68). When testing for the differ-
ences between the survivors and those that died 

Figure 2. The plot of mean anaesthesia to survival time ra-
tio for the rats that survived and the rats that died. The error 
bars represent 95% CI of means, while the points represent 
data from individual rats.

Table I. Results of tests of equality of survival distributions for the Kaplan-Meier method of survival analysis.

  χ2 df p

Log Rank (Mantel-Cox) 7.601 1 0.006
Breslow (Generalized Wilcoxon) 6.344 1 0.012
Tarone-Ware 6.980 1 0.008

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary_File_2.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary_File_2.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-III-IV.pdf
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during the course of the study in this variable, a 
Mann-Whitney test again showed significant dif-
ferences (UMann-Whitney = 30.5, WWilcoxon = 108.5, Z = 
-3.517, p = 0.0004). The difference in the mean 
interval is shown in Figure 4.

Variable 3: Mean interval between consecutive 
anaesthesia procedures:

The mean interval between consecutive anaes-
thesias of the surviving rats was 5.5 days (SEM 
= 0.22), while the deceased rats had an interval 
of 3.01 days (SEM = 0.43). Once more, signifi-
cant differences between the surviving and the 
deceased rats could be observed (Mann-Whitney 
test; UMann-Whitney = 24, WWilcoxon = 102, Z = -3.804, 
p = 0.0001). The differences in the means of the 
time interval between anaesthesias can be seen in 
Figure 5.

Extrapolations of Safe Points According 
to the Ratio of Frequency of Anaesthesia 
and Survival Time

In this section we attempt to extrapolate the 
safe points in order to determine the values of 
each of the three exploratory variables where rats 
would be very unlikely to die due to anaesthesia. 
A simple linear extrapolation was used to proj-

ect the safe points, with the use of the MATLAB 
interp1 function. Next, to further the analysis, 
intersections of the extrapolation functions were 
calculated (using the MATLAB intersections 
function16) to determine the points where the low-
er and upper CIs of the variables were equal. The 
results of extrapolations are shown in Table II and 
Supplementary Figures 1, 2, 3.

Discussion

An uncommon and serious adverse reaction to 
the combined use of ketamine, an alpha 2 ago-
nist and a barbiturate is reported in the present 
study, characterized by a high percentage of fa-
tal outcomes. Although the main objective of the 
study was not the evaluation of the safety of this 
combination of anaesthetic drugs, but the evalu-
ation of two different methods and protocols for 
orthodontic tooth movement, the results showed 
unexpected adverse reactions associated with fre-
quently repeated anaesthesia. 

In the present study, intraperitoneal injectable 
general anaesthesia containing a combination of 
agents was utilized. Although it may be consid-
ered as having a safety profile inferior to inha-

Figure 3. Violin plots of survival rate of the male Wistar rats with both fixed and removable orthodontic appliances. Y-axis 
shows the ratio of frequency of anaesthesias to days of survival. X-axis shows the rats grouped by survival to the end of the 
study. In red, all the rats that died before the end of study are shown. Green shows the rats that survived. The proposed cut-off 
point is marked with a black line and the text box.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figures.pdf
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lation anaesthesia, the use of the latter was not 
feasible, as manipulation was required in the oral 
cavity of the experimental animals in order to 
gather data, or to mount or adjust the orthodontic 
appliance. The doses of ketamine and medetomi-
dine used in our study (50 mg/kg b.w. and 0.067 
mg/kg b.w., respectively) were lower than those 
reported and considered safe by Hedenqvist et al14 
(60 mg/kg b.w. and 0.4 mg/kg b.w., respectively).

As the combination of anaesthetic drugs used 
in the present study affects various biological sys-
tems, several different physiological reactions to 
them could explain the increased mortality ob-
served in our study. 

The first of these is that the incidence of car-
diorespiratory depression induced by the combi-
nation of ketamine and medetomidine increases 
if barbiturates are administered concurrently9,10. 

In the present study, all animals received thio-
pental as a second step during procedures after 
the ketamine-medetomidine application, but only 
four of them received thiopental in addition to 
ketamine-medetomidine before their death on a 
particular day. Eight animals died even before the 
administration of thiopental. This makes thiopen-
tal-related cardiorespiratory depression unlikely 
as the sole cause of mortality.

The second explanation could be attributed to 
the stress and modulated sensitivity of the rats’ 
physiological systems by the frequent anaesthe-
sia. As the frequent procedures needed to read-
just the removable orthodontic appliance likely 
caused significant stress in the group of rats with 
removable appliances, the increased excitabili-
ty of the rats due to stress-related changes could 
have made the rats more susceptible to adverse 
reactions. Moreover, a recent study17 discovered 

Figure 4. Plot of mean interval between the last two anaes-
thesia a rat received in days (Y-axis), grouped by outcome. 
The error bars represent 95% CI of means, while the points 
represent data from individual rats.

Table II. Linearly extrapolated means and 95%CIs for the exploratory variables.

  Lower  Higher Intersection
 Mean 95% CI  95% CI  Y-value
 
Anaesthesia to survival ratio 0.047 0.064 0.032 0.0930
Interval between last two anaesthesias 8.55 9.02 8.09 7.0793
Mean interval between anaesthesias 7.99 8.01 7.97 7.8862

* Please note that because of the slopes of the lines connecting the 95% CIs of real data, the extrapolated high and low 95% CIs 
are inverted (the lower CI has higher values that the higher CI and vice versa).

Figure 5. Plot of mean average interval between anaes-
thesia a rat received in days (Y-axis), grouped by outcome. 
The error bars represent 95% CI of means, while the points 
represent data from individual rats.
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long-term anxiogenic effects of ketamine in Wis-
tar rats. Rats treated with 80 mg/kg of ketamine, 
without the addition of any other substance, ex-
hibited increased anxiety-related behaviours in 
a variety of anxiety-related tasks two and seven 
days after the administration of ketamine. The 
authors proposed that the culprits of these anx-
iogenic effects of ketamine doses over 40 mg/kg 
were an increase in superoxidase dismutase, neu-
rotoxicity to amygdalic neurons, and an increase 
in serotonergic transmission of the amygdala17. 
The levels of stress experienced by the rats in our 
study could thus have been further pronounced by 
these effects of ketamine, especially when com-
bined with other substances that exert the liver.

Transient phenomena, denoting short-term 
changes in physiological parameters due to sud-
den changes in homeostasis, are the third of these 
possible explanations for increased mortality. In 
the anaesthetized animals, several transient phe-
nomena were detected, among them increased 
heart rate, increased breathing and decreased 
breath volume. These transient changes may have 
played a role in the mortality of the rats, because 
if the rats were sensitized to the effects of anaes-
thetics, especially ketamine, an effect previous-
ly observed in Sprague Dawley rats by Rocha et 
al18, a compounded transient effect may have in-
creased the likelihood of cardiac and/or respirato-
ry distress in the animals.

A transient increase in blood pressure, similar to 
animal studies, has also been reported in humans 
when ketamine was applied; the effect was at-
tributed to the selective activation of the cardiovas-
cular system which resulted in an increase in cardi-
ac output. The blood pressure of subjects exposed 
to ketamine was found to exceed normal values in 
20-35% of studies that reported adverse reactions 
to ketamine use in the treatment of depression19. 
The increase in both systolic and diastolic blood 
pressure was dose-dependent in humans and peak-
ed at around 30-50 minutes after ketamine applica-
tion. Blood pressure rose from 10% to 50% above 
pre-dose values and lasted 1-2 hours20. Albrecht et 
al21 saw similar transient increases in mean arterial 
pressure (23%) in Wistar rats anaesthetized by the 
use of ketamine-xylazine in their study.

Such sudden changes could represent a shock 
to the already taxed cardiovascular system of the 
rats, which could have been compounded by the 
stress experienced due to the experimental proto-
cols and thus resulted in increased mortality22,23.

Although a slow application of anaesthesia 
cannot be applied in an animal experiment, when 

rapid onset of anaesthesia and subsequent rapid 
recovery is required, the gradual application of 
ketamine, as shown by Szarmach et al24, could 
solve the problem of its transient adverse effects 
on the cardiovascular system. A ketamine-infused 
saline solution, administered over a 40-minute 
period, successfully evaded such transient effects 
in human subjects24. 

Increased salivation is another possible adverse 
reaction to ketamine anaesthesia and has been 
described in some animals in a previous study 
with rats25. It is possible that the large amounts 
of saliva observed in the affected rats obstruct-
ed the airway and caused subsequent suffocation, 
although the mortality of Wistar rats in ketamine 
anaesthesia due to excessive salivation is very 
rare. Thiopental and medetomidine may have 
served as contributing factors that potentiated 
combined cardiovascular tachycardial stimula-
tion and respiratory depression and prevented the 
effective clearing of the rats’ airways. It may also 
be possible for previous anaesthetic procedures to 
have induced delayed hypersensitive reactions to 
anaesthetic agents in the affected animals. This 
effect may be prevented by anticholinergics, al-
though their routine use is questionable due to 
potential interference with studied drugs and/or 
procedures. In some strains of rat, salivation has 
been provoked by a combination of ketamine and 
hyperthermia, but not by the ketamine itself12,25. 
However, no such data was found for Wistar rats. 
In a study by Wixson et al11, a combination of ket-
amine and the alpha-2 adrenergic agonist xylazine 
caused a dose-dependent depression in body tem-
perature. When added to the ketamine-xylazine 
anaesthesia, any dose of pentobarbital resulted in 
profound hypothermia in the animals11.

Repeated injections or prolonged exposure to 
ketamine is reported to cause a loss of the GA-
BA-ergic phenotype of the parvalbumin interneu-
rons26. Similarly, repeated exposure to ketamine 
in rats suppressed inhibitory synaptic transmis-
sion in the prefrontal cortex, producing biochem-
ical changes in the GABAergic system that led to 
functional disinhibition27. This disinhibition due 
to repeated ketamine administration could have 
further compounded the effects of stress, result-
ing in hyper-excitable rats that were very vulner-
able to cardiac and respiratory perturbations.

The general recommendations for future re-
search, based on the data obtained in the current 
study, are that when anaesthesia is repeated fre-
quently, the choice of anaesthetic agents should 
be selected to allow biotransformation and elim-
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ination from the animal’s body before the subse-
quent procedure is performed. The first measure 
implemented should be the use of anaesthetics at 
their lower dose range sufficient to induce and 
maintain anaesthesia for the desired time frame.

For the combination of ketamine and an alpha-2 
agonist (medetomidine in our study), we recom-
mend that the frequency of anaesthesia to time ra-
tio, the time elapsed since the last anaesthesia and 
the mean time between consecutive anaesthesias, 
be taken into account when designing a study. All 
three of these exploratory variables were highly 
correlated (Supplementary Table V), which is 
not surprising as all deal with similar concepts, 
i.e., the time required between subsequent anaes-
thesias for the risks to the rat associated with the 
procedures to be minimized.

We propose that a ratio of anaesthesia to days 
of experiment (or survival days, when expected) 
that exceeds 0.23 (or approximately one anaesthe-
sia per 4.3 days) will result in the rats dying, in 
an experiment of similar length to ours (42 days 
in this case) or longer (Figure 3). Furthermore, 
based on the extrapolation of our data (Table II), 
we propose three safe point values for repeated 
anaesthesia with ketamine and medetomidine. 
The first, based on the anaesthesia to survival 
ratio, is one anaesthesia per 21 days (21.27 raw 
value) when maximal survival of rats is required. 
The second, which provides a middle value be-
tween safety and practicality, is one anaesthesia 
per 11 days (10.745 raw value) and is the mean of 
the lower 95% CIs of the three extrapolated ex-
ploratory variables. The third, which yields the 
experimentally most practical value, is one an-
aesthesia per 8.5 days (8.573 raw value), which 
is the mean of the intersections of the 95% CIs 
interpolation functions.

In summary, several physiological effects may 
be responsible for increased mortality in more 
frequently anaesthetized rats. These are:
- The amplification of ketamine and medeto-

midine cardiovascular modulation by thio-
pental;

- Transient adverse cardiovascular reactions 
(increase in blood pressure, heart rate and 
breathing frequency, with a decrease in 
breath volume and modulated frequency);

- The accentuation of stress responses by the 
anxiogenic effects of ketamine;

- Increased salivation, which in combination 
with the respiratory depression of ketamine 
and medetomidine resulted in an obstruction 
of the airway and subsequent suffocation;

- A combination of stress due to frequent pro-
cedures being carried out and the transient ef-
fects, which would push the already stressed 
physiology of the rat over the tolerance limit;

- The loss of parvalbumin interneurons and 
subsequent disinhibition could play a role in 
the hyperexcitability of the rat’s biological 
systems, possibly compounding the effects 
of the physiological stress.

Conclusions

Repeated anaesthesia containing ketamine, 
medetomidine and thiopental resulted in pro-
foundly increased mortality of Wistar rats, with 
the less frequently anaesthetized group (median 
5 times in 42 days) losing two members in the 
42-day period and the more frequently anaesthe-
tized group (median 8 times in 42 days) losing 10. 
Additionally, the parameters of the ratio of anaes-
thesia to days of survival and the interval length 
between consecutive anaesthesia were shown to 
be associated with mortality. Finally, a minimum 
safety period of 8.57 days between repeated an-
aesthesia is proposed.

Acknowledgments
We would like to thank Dr Špela Sprogar, DDS, for 
help in the experimental procedures. This study was 
funded by the Slovenian Research Agency (P3-0293) 
research programme and by the Ministry of Science 
and Technological Development of the Republic of 
Serbia (Grant Nos. 451-03-9/2021-14/200113; 41018) 
and an internal project of the Faculty of Medicine, 
University of Niš (no. 38/20).

Conflicts of Interest
All authors declare they have no financial nor personal 
relationships with people or organizations that could 
inappropriately influence this manuscript.

References

 1) Bree MM, Feller I, Corssen G. Safety and Toler-
ance of Repeated Anesthesia with CI 581 (Ket-
amine)  in monkeys. Anesth Analg 1967; 46: 596-
600.

 2) Zarate C, Singh J, Carlson P, Brutsche N, Ameli 
R, Luckenbaugh D, Charney DS, Manji HK. A ran-
domized trial of an N-methyl-D-aspartate antago-



Toxicity of ketamine-medetomidine-thiopental in rats

167

nist in treatment-resistant major depression. Arch 
Gen Psychiatry 2006; 63: 856-864. 

 3) Swainson J, Thomas R, Archer S, Chrenek C, 
MacKay M, Baker G, Dursun S, Klassen LJ, 
Chokka P, Demas ML. Esketamine for treatment 
resistant depression. Expert Rev Neurother 2019; 
19: 899-911.

 4) Zhu W, Ding Z, Zhang Y, Shi J, Hashimoto K, Lu 
L. Risks Associated with Misuse of Ketamine as a 
Rapid-Acting Antidepressant. Neurosci Bull 2016; 
32: 557-564.

 5) Kitagawa H, Yamazaki T, Akiyama T, Mori H, Su-
nagawa K. Effects of ketamine on in vivo cardiac 
sympathetic nerve endings. J Cardiovasc Phar-
macol 2001; 38: Suppl 1: S39-42.

 6) Wixson S, White W, Hughes Jr H, Lang C, Mar-
shall W. A comparison of pentobarbital, fentan-
yl-droperidol, ketamine-xylazine and ketamine-di-
azepam anesthesia in adult male rats. Lab Anim 
Sci 1987; 37: 726-730.

 7) Nevalainen T, Pyhälä L, Voipio H, Virtanen R. Eval-
uation of anaesthetic potency of medetomidine-ket-
amine combination in rats, guinea-pigs and rabbits. 
Acta Vet Scand Suppl 1989; 85: 139-143.

 8) Smiler K, Stein S, Hrapkiewicz K, Hiben J. Tis-
sue response to intramuscular and intraperitoneal 
injections of ketamine and xylazine in rats. Lab 
Anim Sci 1990; 40: 60-64.

 9) Sumitra M, Manikandan P, Rao KVK, Nayeem M, 
Manohar BM, Puvanakrishnan R. Cardiorespira-
tory effects of diazepam-ketamine, xylazine-ket-
amine and thiopentone anesthesia in male Wistar 
rats - a comparative analysis. Life Sci 2004 Aug 
27; 75: 1887-1896. 

10) Wixson S, White W, Hughes Jr H, Lang C, Mar-
shall W. The effects of pentobarbital, fentan-
yl-droperidol, ketamine-xylazine and ketamine-di-
azepam on arterial blood pH, blood gases, mean 
arterial blood pressure and heart rate in adult 
male rats. Lab Anim Sci 1987; 37: 736-742.

11) Wixson S, White W, Hughes Jr H, Lang C, Marshall 
W. The effects of pentobarbital, fentanyl-droperi-
dol, ketamine-xylazine and ketamine-diazepam on 
core and surface body temperature regulation in 
adult male rats. Lab Anim Sci 1987; 37: 743-749.

12) Furuyama F, Ishida Y, Furuyama M, Hashitani T, 
Isobe Y, Sato H, Ohara K, Nishino H. Thermal 
salivation in rats, anesthetized with barbiturates, 
chloralose, urethane and ketamine. Comp Bio-
chem Physiol C 1989; 94: 133-138.

13) Hauptman K, Jekl V, Knotek Z. Use of Medetomi-
dine for Sedation in the Laboratory Rats (Rattus 
norvegicus). Act Vet Brno 2003; 72: 583-591.

14) Hedenqvist P, Roughan J V., Flecknell PA. Effects 
of repeated anaesthesia with ketamine/medetomi-
dine and of pre-anaesthetic administration of bu-
prenorphine in rats. Lab Anim 2016; 34: 207-211.

15) Sun FJ, Wright DE, Pinson DM. Comparison of 
Ketamine Versus Combination of Ketamine and 
Medetomidine in Injectable Anesthetic Protocols: 
Chemical Immobilization in Macaques and Tis-

sue Reaction in Rats. Contemp Top Lab Anim Sci 
2003; 42: 32-37.

16) Schwartz D. Fast and Robust Curve Intersections. 
File Exchange - MATLAB Central 2017; Available 
from: https://www.mathworks.com/matlabcentral/
fileexchange/11837-fast-and-robust-curve-inter-
sections.

17) Chírico MTT, Guedes MR, Vieira LG, Reis TO, dos 
Santos AM, Souza ABF, Ribeiro IML, Noronha 
SISR, Nogueira KO, Oliveira LAM, Gomes FAR, 
Silva FC, Chianca-Jr DA, Bezerra FS, de Menez-
es RCA. Lasting effects of ketamine and isoflu-
rane administration on anxiety- and panic-like be-
havioral responses in Wistar rats. Life Sci. 2021; 
276: 119423. 

18) Rocha A, Hart N, Trujillo KA. Differences between 
adolescents and adults in the acute effects of 
PCP and ketamine and in sensitization following 
intermittent administration. Pharmacol Biochem 
Behav. 2017; 157: 24-34. 

19) Short B, Fong J, Galvez V, Shelker W, Loo CK. 
Side-effects associated with ketamine use in de-
pression: a systematic review. Lancet Psychiatry 
2017; 5: 65-78.

20) Szarmach J, Cubaa J, Wodarczyk A, Wiglusz 
MS. Short-term ketamine administration in treat-
ment-resistant depression: focus on cardiovascu-
lar safety. Psychiatr Danub. 2019; 31: 585-590.

21) Albrecht M, Henke J, Tacke S, Markert M, Guth 
B. Effects of isoflurane, ketamine-xylazine and 
a combination of medetomidine, midazolam and 
fentanyl on physiological variables continuously 
measured by telemetry in Wistar rats. BMC Vet 
Res 2014; 10: 198.

22) Carnevali L, Sgoifo A. Vagal modulation of resting 
heart rate in rats: the role of stress, psychosocial 
factors, and physical exercise. Front Physiol 2014; 
0: 118. 

23) Japundžić-Žigon N, Šarenac O, Lozić M, Vasić 
M, Tasić T, Bajić D, Kanjuh V, Murphy D. Sudden 
death: neurogenic causes, prediction and preven-
tion. Eur J Prev Cardiol 2018; 25: 29-39.

24) Szarmach J, Cubała WJ, Włodarczyk A, Gałusz-
ko-Węgielnik M. Metabolic Risk Factors and Car-
diovascular Safety in Ketamine Use for Treatment 
Resistant Depression. Neuropsychiatr Dis Treat 
2020; 16: 2539-2551

25) Furuyama F, Murakami M, Oiwa T, Nishino H. Dif-
ferences in Thermal Salivation between the FOK 
Rat (a Model of Genotypic Heat Adaptation) and 
Three Other Rat Strains. Physiol Behav 1998; 63: 
787-793. 

26) Behrens MM, Ali SS, Dugan LL. Development/
Plasticity/Repair Interleukin-6 Mediates the In-
crease in NADPH-Oxidase in the Ketamine Mod-
el of Schizophrenia. J Neurosci 2008; 28: 13957-
13966.

27) Zhang Y, Behrens MM, Lisman JE. Prolonged Ex-
posure to NMDAR Antagonist Suppresses Inhibi-
tory Synaptic Transmission in Prefrontal Cortex. J 
Neurophysiol 2008; 100: 959-965.


