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Abstract 

The distress experienced by animals during the induction of unconsciousness remains one of the most important and yet overlooked 
aspects of effective methods of anaesthesia and euthanasia. Here we show that considerable differences exist in the aversive responses 
elicited by 12 common methods of inhalational anaesthesia and euthanasia in laboratory rats and mice. Carbon dioxide, either alone 
or in combination with oxygen or argon, was found to be highly aversive to both species. The least aversive agents were halothane in 
rats and enf/urane in mice. Exposing these animals to carbon dioxide in any form, either for anaesthesia or for euthanasia, is likely to 
cause considerable pain and distress and is therefore unacceptable when efficient and more humane alternatives are readily available. 
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Introduction 
The humane induction of unconsciousness is an imp01iant 
characteristic of any agent of anaesthesia or euthanasia, yet 
very little research has been conducted that considers the 
two key elements of humane induction: first, the animal's 
initial perception of the agent and, second, the potential pain 
and distress associated with the induction of unconscious-
ness. In the UK, approximately 40% of regulated laboratory 
procedures involve general anaesthesia, and since rodents 
comprise over 85% of research animals (Home Office 
2002) this issue is of paiiicular significance to laboratory 
rodents. Moreover, almost all research animals are eventu-
ally euthanased, along with those that are surplus, sick or 
injured, and the number of mice used in laboratory experi-
ments stands to dramatically increase with the growth of 
transgenic research. The humane induction of anaesthesia or 
euthanasia is a moral responsibility of those who use ani-
mals or animal tissues in their research. In the UK, it is also 
a legal requirement to ensure the minimum amount of suf-
fering necessary to attain a scientific objective (Animals 
[Scientific Procedures] Act 1986). After all, euthanasia 
means 'good death', which is accepted as being a method 
that causes the minimum of pain and distress (Merriam-
Webster 2001 ), and the main purpose of anaesthetising animals 
is to prevent the pain and distress associated with surgical 
and other procedures. 
A variety of agents is commonly used to anaesthetise ani-
mals (Green 1979; Flecknell 1996), including volatile liquid 
anaesthetics, which are considered to be both effective and 
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non-irritant (Jones 1990; Atkinson et al 1993; Blackmore 
1993). However, they vary in their pungency and this may 
affect an animal's willingness to breathe (Green 1979; 
Blackmore 1993; Flecknell 1995; Flecknell & Liles 1996; 
Flecknell et al 1996; Flecknell et al 1999; Hedenqvist et al 
2000), and therefore might influence the distress it experi-
ences during the induction of unconsciousness. Carbon 
dioxide (COJ is a relatively common method of euthanasia 
and has been used for short-term anaesthesia in laboratory 
rodents at concentrations above 40% (Fenwick & 
Blackshaw 1989; Blackmore 1993; Danneman et al 1997; 
Kohler et al 1999; van Luijtelaar & Coenen 1999; 
Hackbarth et al 2000), and in other laboratory species and 
farm animals at concentrations above 70% (Blackshaw et al 
1988; Blackmore 1993; Coenen et al 1995; EU Working 
Party 1996; Danneman et al 1997; EU Working Party 1997; 
Kohler et al 1999; van Luijtelaar & Coenen 1999; 
Hackbarth et al 2000). Recently, concerns have been 
expressed over the humaneness of carbon dioxide induction 
because it is associated with breathlessness and hyperventi-
lation (Hewett et al 1993; Raj & Gregory 1995; Lambooij 
et al 1999; Ludders et al 1999; van Luijtelaar & Coenen 
1999; Raj & Whittington 2003) and with irritation of the 
nasal mucosa (Lucke 1979; Ewbank 1983; Iwarsson & 
Rehbinder 1993). As a result, modifications have been sug-
gested to reduce the distress associated with carbon dioxide 
induction, including humidification (MacArthur 1978; 
Mouton et al 2001) and the addition of oxygen (0 2) 

(I wars son & Rehbinder 1993; Coenen et al 1995; EU 
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Table I Concentrations of anaesthetic and euthanasia agents used to assess aversion in Wistar rats and BALB/c mice. 
See text for further details. 

Concentration of agent (%) Rats Mice 
Low Medium High Low Medium High 

Halothane 1.8 3.9 7.4 2.0 3.5 8.5 
lsoflurane 1.7 3.7 7.2 1.3 3.6 8.0 
Enflurane 2.7 4.7 8.1 3.1 5.2 8.5 
Sevoflurane 1.8 3.2 7.2 1.8 3.2 7.2 
Desflurane 3.5 5.5 11.6 3.5 5.5 11.6 
CO2 25.5 34.9 50.8 28.0 36.0 53.0 
Humidified CO2 26.6 36.7 50.8 26.6 36.7 50.8 

Argon 93.7 95.8 99.2 91.2 93.0 95.5 

CO2 + low 0 2 15.5 + 5.0* 31.7 + 5.0* 59.2 + 5.0* 20.0 + 13.0* 20.0 + 7.9* 20.0 + 4.5* 

CO2 + low 0 2 19.1 + 7.0* 32.1 + 7.0* 54.2 + 7.0* 30+ 14.0* 30 + 10.1* 30 + 5.3* 

CO2 + 20% 0 2 29.3 + 20.0 37.2 + 20.0 60.7 + 20.0 29.3 + 20.0 37.2 + 20.0 60.7 + 20.0 

CO2 + 30% 0 2 29.9 + 30.0 37.5 + 30.0 60.4 + 30.0 29.9 + 30.0 37.5 + 30.0 60.4 + 30.0 

* Indicates the resultant oxygen concentrations in the carbon dioxide and argon mixtures. Oxygen levels are presented because argon 
is used to reduce the level of oxygen. 

Working Party 1996; Danneman et al 1997; Smith & Harrap 
1997; Kohler et al 1999). 
Oxygen deprivation (ie hypoxia and anoxia) may offer a 
more humane method of euthanasia for many species (Freed 
1982) and can be achieved using a variety of gases, such as 
argon and nitrogen, to displace the oxygen in air (Jones 
1990; Blackmore 1993; Lambooij et al 1999). Argon has 
been the focus of research into humane farm animal 
euthanasia and appears to be both effective and non-aver-
sive at concentrations above 90% (Raj & Gregory 1994; 
Lambooij et al l 999; Raj 1999; van Luijtelaar & Coenen 
1999; Raj & Whittington 2003), although there has been no 
research into its value as a method for laboratory rodent 
euthanasia. The apparent lack of distress this agent causes 
may be associated with its odourless and inert properties, 
and its ability to induce a loss of consciousness without 
causing the breathlessness and painful irritation associated 
with carbon dioxide. Argon, however, takes longer to kill 
and therefore combinations of low carbon dioxide (30%) 
and high argon (above 60%) have been suggested as an 
alternative to argon alone; these mixtures kill within a 
similar timescale to carbon dioxide and are thought to be 
less aversive (Raj & Gregory 1994; Raj 1999; Raj & 
Whittington 2003). 
The aim of the present study was to assess the initial 
responses of Wistar rats and BALB/c mice to 12 commonly 
used agents of anaesthesia and euthanasia at three different 
concentrations (low, medium and high), which represent a 
range of concentrations that could be used to induce uncon-
sciousness for the anaesthetic agents, and unconsciousness 
and death for the euthanasia agents. The animals' initial 
responses to the agents were assessed in terms of locomotory 
and other behavioural responses that might indicate the 
level of aversion experienced. Aversion has been defined as 
"a tendency to extinguish a behaviour or to avoid a thing or 
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situation and especially a usually pleasurable one because it 
is or has been associated with a noxious stimulus" 
(Merriam-Webster 2001). Such a situation is likely to cause 
psychological distress to an animal if it is unable to remove 
itself from the noxious stimulus. 

Methods 
Sixty female Wistar rats (190-220 g) from Charles River 
Laboratories (UK) and sixty female BALB/c mice 
(20-25 g) bred in-house (University of Binningham) were 
used. The animals were nine weeks of age at the staii of the 
study. Thirty animals of each species were allocated to the 
pilot study and the remaining animals were used in the main 
study. The animals were free from all common pathogens 
according to the Federation of European Laboratory Animal 
Science Associations (FELASA) health monitoring recom-
mendations (FELASA 1994), and were housed in accordance 
with local ethical committee and Home Office guidelines, 
as outlined in Leach et al (2002a,b). 
The six inhalational anaesthetics tested were carbon dioxide 
(BOC, Sumy MB28 2UT, UK) and five volatile liquid 
anaesthetics: halothane (Zeneca, Cheshire SK 10 4TG, UK), 
isoflurane, enflurane, sevoflurane and desflurane (Abbot, 
Kent MEll 5EL, UK). The current recommended range of 
concentrations for effective induction to unconsciousness 
with these anaesthetics (Flecknell 1996; Hedenqvist et al 
2000) includes the medium concentrations of the volatile 
liquid anaesthetics and the high concentration of carbon 
dioxide tested in this study. The seven euthanasia agents 
tested were carbon dioxide, humidified carbon dioxide, 
argon, two carbon dioxide-argon mixtures and two carbon 
dioxide-oxygen mixtures (BOC, Surrey MB28 2UT, UK). 
The current recommended range of concentrations for 
effective induction to unconsciousness and death with these 
euthanasia agents (Danneman et al 1997; Kohler et al 1999; 
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Hackbaiih et al 2000) includes the high concentrations of 
all of the euthanasia agents tested in this study. The concen-
trations of the five volatile liquid anaesthetics were estab-
lished by passing oxygen through calibrated vaporisers 
(fluotec, isotec, enflotec, sevotec and destec) at the desired 
concentration into the test chamber. The concentrations of 
carbon dioxide and the remaining euthanasia agents were 
established by flowing the gases into the test chamber until 
the desired concentration was reached according to a carbon 
dioxide monitor ( carbon dioxide infrared gas analyser 
PA404, Servomex, Crowborough, UK) and an oxygen mon-
itor ( oxygen analyser 570A, Servomex, Crowborough, UK). 
For both the pilot and main studies, animals of each species 
were numbered at random (between 1 and 30) and assigned 
to a randomly ordered gas treatment (ie order in which the 
different gases were to be tested) in a balanced incomplete 
block design (Cochran & Cox 1967, p 480 [Plan 1135]). 
Each concentration of each agent was treated as a separate 
treatment and all treatments were randomised. Each indi-
vidual was exposed to seven treatments in total, either in the 
pilot or in the main study. 

Pilot study 
A pilot study was can-ied out to detennine the three concen-
trations (low, medium and high) of each agent to be used in 
the main study (see Table 1 ). This was necessary to ensure 
that each of the three concentrations induced the same 
degree of ataxia (loss of muscular coordination [Blackshaw 
et al 1988]) irrespective of agent, within 30, 20, and 10 sec-
onds in rats, and within 18, 12 and 6 seconds in mice. These 
times were chosen to allow accurate comparisons to be 
made between the agents. This also enabled the point at 
which animals became incapable of leaving the test cham-
ber to be identified for each concentration, thus allowing 
differentiation between animals that chose not to leave and 
those that were unable to leave. 
For each test treatment, a 12 litre transparent polycarbonate 
anaesthesia chamber was pre-filled with one of the agents at 
one of four concentrations that ranged from below to above 
those shown in Table 1, and an animal was placed into the 
chamber through a small door in the lid. The four concen-
trations were chosen to represent a range of levels from 
below that which would induce unconsciousness to a level 
well above the highest concentration recommended for 
induction with each agent. To maintain the concentration, 
the agent was flowed continuously into the chamber 
throughout the treatment. The time between the animal 
being placed into the chamber and it exhibiting initial signs 
of ataxia was recorded, and the animal was then removed 
and returned to its home cage. The concentrations of agents 
to be used in the main study were detennined by plotting the 
observed mean time to ataxia against each of the four con-
centrations tested. These 'observed plots' were then com-
pared with natural-logarithm, inverse, growth and exponen-
tial decay standard plots. The standard plot with the highest 
coefficient of determination (Montgomery & Peck 1992) 
was considered to be the closest match and was used to cal-
culate the concentration of each agent that con-esponded to 
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Figure I 
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(a) Test apparatus for mice, consisting of a central test chamber sur-
rounded by four identical air chambers (all chambers are 260 mm x 
165 mm x 70 mm). (b) Test apparatus for rats, consisting of a test 
chamber connected to an identical air chamber (both chambers are 
278 mm x 278 mm x 156 mm). Wire mesh tubes connect test and 
air chambers in both apparatus and each entry/exit point has a plas-
tic door flap. The test chamber has two gas inlets, one in the centre 
of the chamber top and one at floor level. 

low, medium and high, in terms of the time taken to induce 
ataxia (see Table 1). 

Main study 
Different apparatus were used to test rats and mice 
(Figure 1 ), but both comprised a main test chamber con-
nected to one or more air chambers. The apparatus used to 
test mice (Figure 1 a) was designed to have a greater number 
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Table 2 The coefficients of determination (adjusted R' 
values) for three locomotory and four behavioural meas-
ures of aversion to anaesthetic and euthanasia agents in 
female Wistar rats and BALB/c mice. 

R' value for 
measure(%) 

Initial withdrawal time 

Re-entry time 

Total dwelling time 

Grooming frequency 

Rearing frequency 

Sniffing frequency 

Elimination frequency 

Anaesthesia 

Rats Mice 

27.7 41.7 

44.3 9.6 

50.7 60.4 

10.9 * 
10.5 18.3 

4.3 5.6 

4.4 2.6 

Euthanasia 

Rats Mice 

70.6 60.6 

7.3 58.2 

77.7 50.7 

20.1 4.5 

13.4 11.6 

15.1 5.9 

7.8 3.2 

* No grooming behaviour was observed in response to the anaes-
thetics in the BALB/c mice. 

of entry/exit points than the rat apparatus (Figure 1 b ), 
because observations from preliminary trials suggested that, 
compared to rats, mice were less able to find entry/exit 
points in the presence of the agents. 
The same experimental protocol was used for both rats and 
mice. First, each animal was placed into an acclimation 
apparatus (identical to the test apparatus) and left undis-
turbed for 30 ruins. This ensured familiarity with the layout 
of the apparatus, therefore minimising the effects of neo-
phobia (fear of novelty) and the possibility of caiTy over 
effects from previous treatments since the animals were 
always exposed to a period in which the system contained 
only air before being exposed to each treatment. Second, a 
3 min control session was canied out in which the animal 
was placed into the test apparatus with all of the chambers 
containing only air. Finally, a 3 min test session was canied 
out in which the animal was placed into the test apparatus 
after the test chamber had been pre-filled with one of the 
agents at the specified concentration (see Table 1 ), while the 
other chamber(s) contained only air. In test and control ses-
sions, the animals were introduced into the apparatus 
through a flap in one of the connecting tubes adjacent to the 
test chamber entrance. Each session began when the animal 
voluntarily entered the test chamber from this position, 
which was always within 5 s. After each treatment the animal 
was returned to its home cage. Animals were exposed to 
treatments in a random order, with no individual being 
exposed more than once per day. None of the animals tested 
remained in the test chamber for long enough for it to 
become unable to leave the test chamber. 
During the control and test sessions, five locomotory meas-
ures were taken: 1) the time taken for an animal to withdraw 
from the test chamber after initially entering it ('initial with-
drawal time', Tw); 2) the time taken for an animal to re-enter 
the test chamber after initially leaving it ('re-entry time', 
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Tr); 3) the total amount of time an animal spent in the test 
chamber ('total dwelling time', Tct); 4) the total number of 
test chamber entries; and 5) the total number oftest cham-
ber exits. In addition, frequencies of rearing ('up on hind 
legs with front feet off the floor'), grooming ('using front 
paws to groom face and snout'), sniffing entrance area to 
test chamber, and elimination ( defecation and urination), 
were recorded. Changes in the frequency of these four 
behaviours have previously been associated with gas aver-
sion (Wadham 1997; Ambrose 1999). 

Data analysis 
Statistical analyses were carried out using Minitab (Version 
12, 1999) and SPSS (Version 9, 2000). The data were natural-
logarithm transfonned to meet the assumptions of parametric 
testing. An initial analysis compared the locomotory and 
behavioural responses of the animals between the control 
(air in all chambers) and test (agent in test chamber) treat-
ments, using a paired Students t-test. The main analysis 
compared the animals' locomotory and behavioural 
responses between each of the test treatments using General 
Linear Modelling (OLM) with individual, species, agent 
type, and agent concentration as main factors, and with the 
frequency of test chamber entries and exits included as 
covariate factors. Significant differences were tested for, 
using Tukey post hoc multiple comparisons. 

Results 
The measures that best modelled aversive responses were 
identified as those that explained the greatest amount of 
variation between different agents, and were identified 
using the adjusted coefficient of determination ('adjusted 
R2 ') values for each measure (generated as paii of the OLM 
analysis, see Table 2). The adjusted R' refers to the amount 
of variation in a dataset that is explained by the variables 
being examined (Montgomery & Peck 1992), and the higher 
the adjusted R2 , the greater the variation accounted for. For 
clarity and brevity, only the aversion measures with the 
highest adjusted R2 values for anaesthetic and euthanasia 
agents are reported here. For anaesthetic agents it was total 
dwelling time (T ct) both for rats and for mice, and for 
euthanasia agents it was total dwelling time (T ct) for rats and 
initial withdrawal time (T J for mice. The remaining loco-
motory response measures showed similar but less discrim-
inatory patterns. Each of the suggested aversion-associated 
behaviours (ie rearing, grooming, sniffing entrance area and 
elimination) accounted for less than 20% of the total varia-
tion on average, and failed to show any clear trends. 
When the animals' responses to each of the anaesthetic and 
euthanasia agents were compared with their responses to air 
(see Tables 3 and 4), all three concentrations of the anaes-
thetics carbon dioxide and desflurane induced significantly 
shorter Td times both in rats and mice. In comparison with 
air, sevoflurane and halothane induced significantly shorter 
Td times in mice at the medium and high concentrations, 
but, in rats, only at the high concentration. Medium and 
high concentrations of isoflurane and enflurane induced sig-
nificantly sh01ier Tct times than air, in both rats and mice. 
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Table 3 Total dwelling times (mean ± SE) of female Wistar rats and BALB/c mice when the test chamber was filled 
with air ( control), and with an anaesthetic agent (test). *P < 0.05, **P < 0.01, ***P < 0.00 I, ****P < 0.000 I. 

Agent Concentration (%) Rat Td times (s) Mouse Td times (s) 
Control (air) Test (agent) Control (air) Test (agent) 

Halothane Low 1.8 39.6 ± 6.2 42.7 ± 6.2 63.1 ± 11.4 52.5 ± 5.2 
Medium 3.9 39.2 ± 6.4 25.6 ± 2.8 54.6 ± 8.0 15.5 ± 5.9''* 
High 7.4 55.4 ± 12.1 14.3 ± 6.3''* 42.4 ± 5.9 14.2 ± 4.1 ''*" 

lsoflurane Low 1.7 37.5 ± 8.5 39.1± 5.6 47.0 ± 8.9 42.1 ± 14.3 
Medium 3.7 43.6 ± 4.1 12.9 ± 4.4"* 61.6 ± 8.2 I 6.2 ± 5.5"*"" 
High 7.2 60.4 ± 12.9 6.6 ± 3.2*" 65.3 ± 13.8 10.1 ± 3.1" 

Enflurane Low 2.7 47.4± 5.5 35.1 ± 7.6 I 09.0 ± 11.5 68.9 ± I 1.2"" 
Medium 4.7 45.3 ± 7.1 18.6 ± 5.5"" 54.2 ± 13.7 23.4 ± 8.7" 
High 8.1 33.6 ± 3.2 6.0 ± 1.8"""" 67.0 ± 12.9 24.8 ± 4.5" 

Sevoflurane Low 1.8 49.5 ± 9.9 39.0 ± 5.9 58.3 ± 8.9 39.7 ± 8.9 
Medium 3.2 25.4 ± 5.9 15.0 ± 6.2 81.3 ± 14.6 32.9 ± 9.3" 
High 7.2 44.8 ± 5.2 12.2 ± 3. I"**" 70.8 ± 10.5 31.5 ± 6.2"* 

Desflurane Low 3.5 42.2 ± 4.7 25.5 ± 5.4"" 62.2 ± 8.8 40.5 ± 6. I" 
Medium 5.5 43.6 ± 5.5 14.4 ± 5.2"" 47.8 ± 5.8 22.0 ± 1.8"" 
High 11.6 34.6 ± 6.4 10.1 ± 4.2"" 86.6 ± 10.8 8.1 ± 1.2"""" 

Low 25.5 45.6 ± 7.9 2. I ± 0.5""*" 48.0 ± 5.5 3.3 ± 0.8"**" 
Medium 34.9 51.3 ± 9.1 1.0 ± 0.1""*" 77.7 ± 14.6 2.3 ± 0.6""* 
High 50.8 36.5 ± 6.6 0.7 ± 0.2""*" 38.4 ± 4.8 2.3 ± 0.6"**" 

Table 4 Total dwelling times offemale Wistar rats and initial withdrawal times offemale BALB/c mice (mean ± SE) 
when the test chamber was filled with air (control), and with a euthanasia agent (test). *P < 0.05, **P < 0.01, 
***P < 0.00 I, ****P < 0.0001. 
Agent Concentration (%) Rat Td times (s) Mouse T w times (s) 

Control (air) Test (agent) Control (air) Test (agent) 

CO2 Low 25.5 45.6 ± 7.9 2.1 ± 0.5""*" 8.5 ± 1.8 1.3 ± 0.3"* 
Medium 34.9 51.3 ± 9.1 1.0 ± 0.1*""* 13.7 ± 3.8 I.I± 0.1"" 
High 50.8 36.5 ± 6.6 0.7 ± 0.2*""* 5.5 ± 0.7 0.7 ± 0.1""** 

Argon (Oxygen) Low 93.7 61.9 ± 10.0 16.9 ± 1.5"" 8.5 ± 3.4 20.3 ± 6.7" 
Medium 95.8 73.9 ± 13.9 13.5 ± 2.1"" 6.2 ± 1.0 1.4 ± 0.3""** 
High 99.2 41.4 ± 6.6 9.2 ± 1.8""*" 17.4 ± 4.4 2.6 ± 1.0"* 

Humidified CO2 Low 26.6 47.7 ± 3.7 1.9 ± 0.6** 8.4 ± 1.0 2.1 ± 0.3""** 
Medium 36.7 37.5 ± 9.2 0.8 ± 0.1** 5.7 ± 0.7 0.7 ± 0.1""** 
High 50.8 45.5 ± 10.8 0.9 ± 0.2"" 6.0 ± 0.9 0.7 ± 0. I"*"" 

CO2 + Low 0/ Low 15.5 53.9 ± 5.4 2.5 ± 0.6*""* 8.7 ± 1.6 3.3 ± 1.6"" 
Medium 31.7 69.5 ± 13.9 1.4 ± 0.4""* 5.0 ± 0.6 1.2 ± 0.3"*" 
High 59.2 56.1 ± 15.9 I.I ± 0.3"" 10.6 ± 1.3 1.2 ± 0.3"*" 

CO2 + Low 0/ Low 19.1 61.2 ± 7.3 1.9 ± 0.2*""* 9.0 ± 2.3 I.I ± 0.3""* 
Medium 32.1 48.9 ± 8.9 I . I ± 0.2""*" 7.2 ± I.I 0.9 ± 0.2"* 
High 54.2 39.0 ± 7.2 0.7 ± 0.2""*" 9.3 ± 1.9 0.6 ± 0.1" 

CO2 + 20% 0 2 Low 29.3 57.5 ± 7.3 I .0 ± 0.2""*" 9.2 ± 3.6 1.3 ± 0.2" 
Medium 37.2 31.5±8.7 1.0 ± 0.2"" 4.9 ± 0.6 0.7 ± 0. I"*"" 
High 60.7 56.7 ± 11.3 0.6 ± 0.1*"" 5.8 ± 0.4 0.7 ± 0.1""** 

CO2 + 30% 0 2 Low 29.9 42.3 ± 9.2 0.8 ± 0.3""* 9.1 ± 1.6 1.0 ± 0.1"*"" 
Medium 37.5 30.1 ± 6.6 0.6 ± 0.1""* 5.0 ± 0.6 0.6 ± 0. I"*"" 
High 60.4 28.7 ± 8.3 0.6 ± 0.1** 5.3 ± 0.5 0.6 ± 0.1""** 

*The low oxygen concentrations in the 'CO2 + Low 0 2' treatments were achieved using argon to reduce the level of oxygen. 
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Figure 2 
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The mean total dwelling times (Td) of female Wistar rats in a test 
chamber pre-filled with one of six different anaesthetic agents at 
one of three different concentrations. 

Figure 3 

70 -o-Halothane -o-lsoflurane 
---i'r-Enflurane -o-Sevoflurane 

60 ----llE- Desflurane -carbon dioxide 

~ 50 
QI 
E 40 

:;::; 

~ 30 
~ 20 

10 

0 
Low Medium High 

Concentration 

The mean total dwelling times (Td) of female BALB/c mice in a test 
chamber pre-filled with one of six different anaesthetic agents at 
one of three different concentrations. 

For euthanasia agents, all three concentrations of carbon 
dioxide, humidified carbon dioxide, carbon dioxide-argon 
mixtures and carbon dioxide-oxygen mixtures induced sig-
nificantly shorter Ta times in rats, and significantly shorter 
Tw times in mice, compared to air. Low, medium and high 
concentrations of argon induced progressively shorter Tw 
times in mice and Tct times in rats, and these times were sig-
nificantly different from one another. 
The comparison between the anaesthetics and between the 
euthanasia agents showed that in both cases an animal's 
reaction was dependent upon an interaction between the 
type of agent and its concentration, since these were the 
only two factors to significantly affect T ct times in rats and 
both Tct and Tw times in mice (P < 0.0001 for all compar-
isons). Carbon dioxide resulted in significantly shorter Tct 
times in rats and mice than were observed for all concentra-
tions of halothane (P < 0.0001 in rats, P < 0.00 l in mice), 
isoflurane (P < 0.05 both in rats and mice), enflurane 
(P < 0.01 in rats, P < 0.0001 in mice), sevoflurane 
(P < 0.0001 in rats, P < 0.001 in mice), and desflurane 
(P < 0.01 in rats, P < 0.05 in mice) (see Figures 2 and 3). In 
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rats, halothane was associated with significantly longer Tct 
times than all other agents (P < 0.05 for all comparisons), 
with no significant difference being found between the 
other volatile liquid anaesthetics (see Figure 2). In mice, 
exposure to enflurane resulted in significantly longer T ct 
times than all other agents (P < 0.05 for all comparisons), 
with no significant differences being found between the 
other volatile liquid anaesthetics (see Figure 3). In terms of 
euthanasia agents, argon was associated with significantly 
longer Ta times in rats (P < 0.0001), and Tw times in mice 
(P < 0.0001), than all of the other agents tested (see 
Figures 4 and 5). There were no significant differences 
between the remaining euthanasia agents (ie carbon dioxide, 
humidified carbon dioxide, carbon dioxide-argon mixtures 
and carbon dioxide-oxygen mixtures) in terms of Ta times 
in rats or Tw times in mice. 

Discussion 
The measures used to model aversion in this study were 
chosen because they represent simple and objective meas-
ures of responses that are referred to in the definition of 
'aversion' (see introduction). Similar measures have also 
been used successfully to assess aversion to gaseous agents 
of euthanasia in fann animal species (Raj & Gregory 1995). 
Although Raj and Gregory's study did not include rodents, 
it seems likely that different animals will respond to aver-
sive situations in similar ways, for example, by trying to 
avoid or escape from a noxious stimulus. The current study 
and previous studies carried out by Leach et al (2002a,b) 
offer a method of assessing rodent aversion that is similar to 
that used in investigations of the effects of gaseous methods 
of euthanasia in fanned animals (Raj & Gregory 1995). 
Total dwelling times (Ta) and initial withdrawal times (T w) 
can be considered the best measures of aversion since they 
accounted for the greatest amount of variation in the data (as 
demonstrated by their high adjusted R2 values). In contrast, 
re-entry times (Tr) and the behaviours suggested to be asso-
ciated with aversion (rearing, grooming, sniffing entrance 
area and elimination) had low adjusted R2 values and 
showed few consistent trends in the analyses comparing test 
and control treatments and comparing different test treat-
ments. This finding may help to explain contradictions in 
the literature sunounding the humaneness of carbon dioxide 
as a method of anaesthesia or euthanasia, since many studies 
have simply relied upon measurements of suggested aversion-
associated behaviours as indicators of aversion (Danneman 
et al 1997). 
A possible explanation for the differences between the three 
locomotory measures of aversion (Ta, T w and TJ is a differ-
ence in the underlying motivation of the animals. Initial 
withdrawal time may represent the first response of an animal 
to an agent and will therefore be dependent on the agent's 
aversiveness and novelty. Re-entry time may represent a 
more intennediate response in which an individual returns 
to re-assess an agent and so might depend more on aversive-
ness than novelty. Finally, total dwelling time may represent 
a more long-tenn 'considered' response that solely depends 
on aversiveness. However, these motivations will be affected 
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both by the individual's strategy for escaping from an aver-
sive situation and by the aversiveness of the agent. Based 
upon frequencies oftest chamber entries and exits, the animals 
tested could be said to fall into one of two categories: 
'escapers', which exit the test chamber and never re-enter, 
and 'searchers', which continually move between the cham-
bers looking for a way out, and so either intentionally or 
inadvertently enter the test chamber more than once. The 
severity of adverse effects experienced upon exposure to an 
agent is likely to affect an animal's motivation since aver-
sion will decrease its willingness to explore the chambers. 
An animal's motivation may also be affected by its prior 
experience with the agent. It was to control for the effects of 
strategy and the severity of adverse effects that the frequencies 
oftest chamber entries and exits were included as covariate 
factors in the analysis. 
The effects of strategy and the severity of adverse effects 
may explain why the best model of aversion to the euthana-
sia agents in rats was dwelling time, whereas in mice it was 
initial withdrawal time. Mice were, in general, 'searchers' 
and showed considerable individual variation in the fre-
quency with which they entered and exited the test chamber. 
This strategy would reduce the overall variation accounted 
for by total dwelling times, but would not affect withdraw-
al times since this latter measure represents an individual's 
initial response. In addition, withdrawal times may be more 
dependent on aversiveness than on novelty, because all of 
the euthanasia agents induced relatively high levels of aver-
sion. Rats, however, were generally 'escapers', moving 
between the chambers less frequently than mice and 
exhibiting less individual variation in their responses. This 
strategy does not reduce the overall variation accounted for 
by dwelling times, and in this case total dwelling time is the 
best measure for explaining variation in the data. 
The comparison of anaesthetic and air treatments (Table 3) 
suggests that in rats only halothane and sevoflurane can 
induce unconsciousness without causing distress, because 
these were the only agents in which aversion was first 
observed above the concentration recommended for the 
humane induction of anaesthesia. Using total dwelling 
times, the anaesthetic agents can be ranked according to 
their relative aversiveness. The ranking is across the three 
concentrations of each agent and is derived from the output 
ofTukey post hoc analysis of the General Linear Modelling 
used to compare between the test treatments. The ranking 
shows that carbon dioxide was by far the most aversive 
agent tested, both for rats and for mice. For rats, halothane 
was the least aversive agent, followed by sevoflurane, des-
flurane, enflurane and then isoflurane. However, in mice, 
enflurane was the least aversive agent, followed by sevoflu-
rane, halothane, isoflurane and desflurane. The comparison 
of euthanasia agent and air treatments (Table 4) suggests 
that none was able to induce unconsciousness without 
potentially causing distress, since all of the agents induced 
aversion at concentrations well below those recommended 
for humane euthanasia. Using total dwelling times in rats 
and initial withdrawal times in mice, euthanasia agents can 
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euthanasia agents at one of three different concentrations. The 
carbon dioxide and low oxygen mixtures are represented by the 
'30% carbon dioxide + low oxygen' and the '20% carbon dioxide 
+ low oxygen' lines. 

be ranked according to their relative aversiveness (based on 
Tukey post hoc output) and for both species argon was the 
least aversive agent tested. Carbon dioxide and its mixtures 
were all equally aversive. 
The relative levels of aversion to the volatile liquid anaes-
thetics could be related to their differing characteristics. 
Both desflurane and isoflurane have been associated with 
adverse effects: desflurane induces coughing in humans 
(Hedenqvist et al 2000), and isoflurane produces a pungent 
vapour that some animals are reluctant to breathe (Green 
1979; Blackmore 1993; Flecknell 1995; Flecknell & Liles 
1996; Flecknell et al 1999). The aversive nature of desflu-
rane observed in this study is in direct contrast to studies 
both in rabbits (Hedenqvist et al 2000) and in mice (Whelan 
unpublished data) that suggest desflurane to be less aversive 
than isoflurane. In these studies, aversion was assessed by 
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means of a subjective assessment of the level of struggling 
in restrained animals, and this measure may have been 
limited by high inter-observer variation. In addition, in the 
study on mice, aversion was assessed by measuring the fre-
quencies of specific aversion-associated behaviours, which 
we have here found to be unreliable. 
The lower level of aversion induced by argon compared to 
carbon dioxide is in agreement with the results of farm ani-
mal euthanasia studies using similar concentrations of these 
agents (Raj & Gregory 1994; Lambooij et al 1999; Raj 
1999; van Luijtelaar & Coenen 1999; Raj & Whittington 
2003), and may be due to argon's odourless, tasteless and 
ine1i properties. The reduced level of aversion shown upon 
exposure to argon, which acts by displacing oxygen in the 
air to induce hypoxia, suggests that oxygen deprivation is 
more humane than carbon dioxide, when administered 
either alone or in combination with other agents. However, 
appreciable aversion to argon was still observed and could 
be associated with feelings of hypoxia before unconscious-
ness. Another new finding is that the addition of argon to 
carbon dioxide failed to reduce the aversiveness of carbon 
dioxide. This result is in contrast to findings in chickens and 
turkeys, where such mixtures have been found to be less 
aversive than carbon dioxide alone (Raj & Gregory 1994; 
Raj & Whittington 2003). These species differences may 
reflect the higher ventilatory rate of rodents compared to 
chickens and turkeys (Olfeii et al 1993, Appendix III), 
which could lead to the agent being detected more rapidly 
by rodents. The addition of oxygen also failed to reduce the 
level of aversion associated with carbon dioxide -a result 
that supp01is the findings of other studies (Hewett et al 
1993; van Luijtelaar & Coenen 1999; AVMA 2000). The 
humidification of carbon dioxide also produced no reduc-
tion in aversion, contrary to a previous suggestion 
(MacArthur 1978). The inability of oxygen and the humid-
ification process to reduce aversion to carbon dioxide, and 
the less aversive nature of argon, suggest that the aversive-
ness of carbon dioxide may be due to the rapid onset of 
mucosa] membrane initation and breathlessness, rather than 
to hypoxia. 
Carbon dioxide alone, or in combination with oxygen or 
argon, at a concentration sufficient to induce loss of con-
sciousness, is likely to cause considerable suffering before 
unconsciousness occurs. The highly aversive nature of carbon 
dioxide as an agent of anaesthesia (alone) or euthanasia 
(alone or in combination with other agents) is further illus-
trated by its clear aversiveness at concentrations below 
those deemed to produce humane induction of unconscious-
ness (Fenwick & Blackshaw 1989; Danneman et al 1997; 
Hackbarth et al 2000; Whelan unpublished data). It should 
be noted that in the current study, comparing the total 
dwelling times at the highest concentrations of agents, rats 
spent over 20 times longer in halothane than in carbon dioxide, 
and mice spent ten times longer in enflurane than in carbon 
dioxide. Furthermore, rats spent seven times longer in argon 
than in carbon dioxide, and mice exited the test chamber 
four times faster in carbon dioxide than in argon. Moreover, 
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the low levels of individual variation (as shown by standard 
error values) in the dwelling times and withdrawal times for 
carbon dioxide, compared to those for the volatile liquid 
anaesthetics and for argon, suggest a consistent and univer-
sal aversive response to this agent. The standard errors both 
for rats and for mice exposed to carbon dioxide alone or in 
combination were always within 1 s of the mean, suggesting 
that all animals found carbon dioxide similarly aversive, 
whilst for the least aversive anaesthetics, standard errors 
were between 3-14 s from the mean. The aversive nature of 
carbon dioxide should perhaps not be surprising since con-
centrations similar to those used for animal euthanasia have 
been used as noxious stimuli in human and animal pain 
research (Thurauf et al 1991; Anton et al 1992; Komai & 
Bryant 1993; Peppel & Anton 1993; Danneman et al 1997). 
Humans report exposure to carbon dioxide at concentrations 
of 40-50% (levels sufficient to cause unconsciousness in 
animals) to be "unpleasant and distressing", and at concen-
trations above 70% (levels sufficient to kill animals) to be 
"painful" (Paton 1983; Gregory et al 1990). The similarity 
between humans and other mammalian species in pain 
physiology ( animals are considered good research models 
of human pain), and the level at which discomfort occurred 
in rodents in the current study with carbon dioxide ( above 
40% ), strongly suggest that animals experience similar 
aversive sensations to humans when exposed to this agent. 
Carbon dioxide is considered to be such a rapid, practical 
and economical method of euthanasia that further modifica-
tions have been proposed to make its use more humane, 
such as use at very high concentrations and the use of a 
rising rather than a static concentration. Some authors claim 
that at higher concentrations carbon dioxide produces such 
a rapid loss of consciousness that the animal suffers for only 
a short period of time, and that this is acceptable 
(Danneman et al 1997). It has been suggested that placing 
animals into a chamber and then introducing carbon dioxide 
might be potentially less distressing than placing them in a 
pre-filled chamber (Kohler et al 1999), since exposure to an 
increasing concentration of carbon dioxide might cause ani-
mals to lose consciousness before the higher concentrations 
that cause distress are reached. However, our results show 
that aversion to carbon dioxide occurs at very low concen-
trations, which are likely to be reached very rapidly even 
when a slow steady rising concentration is used (Fenwick & 
Blackshaw 1989; Kohler et al 1999). Alternative agents, 
such as argon, offer efficient killing, and these alternatives 
are associated with significantly less aversion and so can be 
considered more humane. 

Conclusions and animal welfare implications 
All of the anaesthetic and euthanasia agents tested in this 
study were associated with some degree of aversion 
depending on the type and concentration of the agent and on 
the species being tested. Based on our findings, we recom-
mend that anaesthesia in rats should be induced with 
halothane at around 3--4%, and in mice with enflurane at 
about 5%, since these concentrations produce rapid and 
effective induction of anaesthesia with minimal distress. 
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Our results demonstrate that carbon dioxide, either alone or 
in combination with other agents at concentrations high 
enough to cause a loss of consciousness, is likely to be highly 
aversive. Regardless of whether these concentrations are 
experienced upon introduction to a pre-filled chamber or are 
reached by a gradual increase in concentration, we suggest 
that any conscious animal unable to escape from an envi-
ronment containing these agents is very likely to experience 
considerable pain and distress before unconsciousness 
supervenes. 
Therefore, carbon dioxide should not be used for the anaes-
thesia or euthanasia of laboratory rodents, and possibly not 
for other species, particularly since there are effective and 
more humane alternatives available. A single agent of 
euthanasia offers the simplest and most operator-friendly 
method; therefore we would recommend a high concentra-
tion of argon as a single agent of euthanasia both in rats and 
in mice as this represents a balance between producing 
rapid unconsciousness and death with minimum distress. 
However, to effectively and rapidly induce unconsciousness 
and death in the most humane manner, we would recom-
mend using halothane or enflurane initially to cause a loss 
of consciousness followed by carbon dioxide or argon to 
produce death. Although, this method is not as simple or as 
user-friendly as the use of a single agent because the ani-
mals may require monitoring and the agents need to be 
flowed into the chamber at specific times, we consider this 
method to be the most humane. 

Acknowledgements 
The authors would like to acknowledge the funding 
received from the University of Binningham in support of 
this research. 

References 
Ambrose N 1999 Refinement of routine procedures on laboratory 
rodents. PhD Thesis, University of Birmingham, UK 
Animals (Scientific Procedures) Act 1986 Her Majesty's 
Stationery Office: London, UK. Available at: http://www.hmso. 
gov.uk/si/si 1996/Uksi_ 19963278 _en_ 1.htm 
Anton F, Euchner I and Handwerker H O 1992 
Psychophysical examination of pain induced by defined CO2 puls-
es applied to the nasal mucosa. Pain 49: 53-60 
Atkinson R S, Rushman G B and Davies N J H 1993 Lee's 
Synopsis of Anaesthesia. Butterworth and Heinemann: Oxford, UK 
A VMA 2000 Report of the AVMA panel on euthanasia. Journal of 
the American Veterinary Medical Association 2 18: 669-696 
Blackmore D K 1993 Euthanasia: not always Eu. Australian 
Veterinary Journal I 0: 409-41 3 
Blackshaw J K, Fenwick D C, Beattie A W and Allan D J 
1988 The behaviour of chickens, mice and rats during euthanasia 
with chloroform, carbon dioxide and ether. Laboratory Animals 22: 
67-75 
Cochran W G and Cox G M 1967 Experimental Design. John 
Wiley and Sons: New York, USA 
Coenen AM L, Drinkenburg W H I M, Hoenderken Rand 
van Luijtelaar E L J M 1995 Carbon dioxide euthanasia in rats: 
oxygen supplementation minimizes signs of agitation and asphyx-
ia. Laboratory Animals 29: 262-268 
Danneman P J, Stein S and Walshaw S O 1997 Humane and 
practical implications of using carbon dioxide mixed with oxygen 

Aversion to agents of anaesthesia and euthanasia S85 

for anaesthesia or euthanasia of rats. Laboratory Animal Science 4 7: 
376-384 
EU Working Party 1996 Recommendations for euthanasia of 
experimental animals: part I. Laboratory Animals 30: 
292-316 
EU Working Party 1997 Recommendations for euthanasia of 
experimental animals: part 2. Laboratory Animals 30: 1-32 
Ewbank R 1983 Is CO2 euthanasia humane? Nature 305: 268 
FELASA (Federation of European Laboratory Animal 
Science Associations) 1994 Recommendations for the health 
monitoring of mouse, rat, hamster, guinea pig and rabbit breeding 
colonies. Laboratory Animals 28: 1-12 
Fenwick D C and Blackshaw J K 1989 Carbon dioxide as a 
short-term restraint anaesthetic in rats with sub-clinical respira-
tory disease. Laboratory Animals 23: 220-228 
Flecknell PA 1995 Laboratory animal anaesthesia. In: Tuffery A 
A (ed) Laboratory Animals: an Introduction for Experimenters pp 375-
385. John Wiley and Sons: Chichester, UK 
Flecknell P A 1996 Laboratory Animal Anaesthesia, Second Edition. 
Harcourt Brace and Company: London, UK 
Flecknell P A, Cruz I J, Liles J H and Whelan G 1996 
Induction of anaesthesia with halothane and isoflurane in the rab-
bit: a comparison of the use of a face-mask or an anaesthetic 
chamber. Laboratory Animals 30: 67-74 
Flecknell P A and Liles J H 1996 Halothane anaesthesia in the 
rabbit: a comparison of the effects of medetomidine, acepro-
mazine and midazolam on breath holding during induction. Journal 
of Veterinary Anaesthesia 23: I 1-14 
Flecknell P A, Roughan J V and Hedenqvist P 1999 
Induction of anaesthesia with sevoflurane and isoflurane in the 
rabbit. Laboratory Animals 33: 41-46 
Freed D L J 1982 CO2 euthanasia. Nature 304: 482 
Green CJ 1979 Animal Anaesthesia. Laboratory Animals: London, 
UK 
Gregory N G, Mohan-Raj A B and Audsley A R S 1990 
Effect of CO2 on man. Fleischwirtscha~ 70: 1173-1174 
Hackbarth H, Kupper N and Bohnet W 2000 Euthanasia of 
rats with carbon dioxide - animal welfare aspects. Laboratory 
Animals 34: 91-96 
Hedenqvist P, Roughan J V, Antunes L, Orr H and 
Flecknell PA 2000 Induction of anaesthesia with desflurane and 
isoflurane in the rabbit. Laboratory Animals 35: 172-179 
Hewett T A, Kovacs M S, Antwohl J E and Taylor-
Bennett B 1993 A comparison of euthanasia methods in rats, 
using carbon dioxide in pre-filled and fixed flow rate filled cham-
bers. Laboratory Animal Science 43: 573-582 
Home Office 2002 Statistics of Scientific Procedures on Living 
Animals - Great Britain 200 I, First Edition. Her Majesty's 
Stationery Office: London, UK 
lwarsson K and Rehbinder C 1993 A study of different 
euthanasia techniques in guinea pigs, rats and mice. Animal 
response and post-mortem findings. Scandinavian Journal of 
Laboratory Animal Science 4: 191-205 
Jones R M 1990 Desflurane and sevoflurane - inhalation anaes-
thetics for this decade. British Journal of Anaesthesia 65: 527-536 
Kohler I, Meier R, Busato A, Neiger-Aeschbacher G and 
Schatzmann U 1999 Is carbon dioxide (CO2) a useful short act-
ing anaesthetic for small laboratory animals? Laboratory Animals 33: 
155-161 
Komai M and Bryant B P 1993 Acetazolamide specifically 
inhibits lingual trigeminal nerve responses to carbon dioxide. Brain 
Research 612: 122-129 
Lambooij E, Gerritzen M A, Engel B, Hillebrand SJ W, 
Lankhaar J and Pieterse C 1999 Behavioural responses during 

Animal Welfare 2004, 13: S77-86 

https://doi.org/10.1017/S0962728600014408 Published online by Cambridge University Press

https://doi.org/10.1017/S0962728600014408


S86 Leach et al 

exposure of broiler chickens to different gas mixtures. Applied 
Animal Behaviour Science 62: 255-265 
Leach M C, Bowell VA, Allan T F and Morton D B 2002a 
Aversion to gaseous euthanasia agents in rats and mice. 
Comparative Medicine 52: 249-257 
Leach M C, Bowell V A, Allan T F and Morton D B 2002b 
The aversion to various concentrations of different inhalational 
general anaesthetics in rats and mice. The Veterinary Record 150: 
808-815 
Lucke J N 1979 Euthanasia in small animals. The Veterinary Record 
I 04: 3 I 6-3 18 
Ludders J W, Schmidt R H, Dein F J and Klein P N 1999 
Drowning is not euthanasia. Wildlife Society Bulletin 2 7: 
666-670 
MacArthur J A 1978 Carbon dioxide euthanasia of small animals 
(including cats). In: Humane Killing of Animals. Universities 
Federation for Animal Welfare: Wheathampstead, Herts, UK 
Merriam-Webster 200 I Merriam-Webster's Collegiate 
Dictionary, I 0th Edition. Merriam-Webster: Springfield, USA 
Montgomery D C and Peck E A 1992 Introduction to Linear 
Regression Analysis. John Wiley and Sons: Chichester, UK 
Mouton W G, Naef M, Bessell J R, Otten KT, Wagner H E 
and Maddern G J 200 I A randomized controlled trial to deter-
mine the effect of humidified carbon dioxide (CO 2) insufflation on 
postoperative pain following thoracoscopic procedures. Surgical 
Endoscopy-Ultrasound and lnterventional Techniques / 5: 579-581 
Olfert E D, Gross B M and McWilliam A A 1993 Guide to the 
Care and Use of Experimental Animals, Volume I. Canadian Council 
on Animal Care: Ontario, Canada 

© 2004 Universities Federation for Animal Welfare 

Paton W 1983 Is CO 2 euthanasia humane? Nature 305: 268 
Peppel P and Anton F 1993 Responses of rat medullary dorsal 
horn neurons following intranasal noxious chemical stimulation: 
effects of the stimulus intensity, duration, and interstimulus inter-
val. Journal of Neuraphysiology 70: 2260-2275 
Raj A B M 1999 Behaviour of pigs exposed to mixtures of gases 
and the time required to stun and kill them: welfare implications. 
The Veterinary Record / 44: 165-1 68 
Raj A B M and Gregory N G 1994 An evaluation of humane 
gas stunning methods for turkeys. The Veterinary Record I 35: 222-
223 
Raj A B M and Gregory N G 1995 Welfare implications of 
the gas stunning of pigs: determination of aversion to the initial 
inhalation of carbon dioxide or argon. Animal Welfare 4: 273-
280 
Raj A B M and Whittington P E 2003 Euthanasia of day-old 
chicks with carbon dioxide and argon. The Veterinary Record I 36: 
292-294 
Smith W and Harrap S B 1997 Behavioural and cardiovascu-
lar responses of rats to euthanasia using carbon dioxide. 
Laboratory Animals 31: 337-346 
Thurauf N, Friedel I and Hummel C 1991 The mucosal 
potential elicited by noxious chemical stimuli with CO 2 in rats: is 
it a peripheral nociceptive event? Neuroscience Letters / 28: 297-
300 
van Luijtelaar G and Coenen A 1999 lnhalational euthanasia 
in broiler chickens. World Poultry / 5: 40-43 
Wadham J J B 1997 Recognition and reduction of adverse effects in 
research on rodents. PhD Thesis, University of Birmingham, UK 

https://doi.org/10.1017/S0962728600014408 Published online by Cambridge University Press

https://doi.org/10.1017/S0962728600014408

