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Abstract

Mice are routinely euthanized by gradual-fill carbon dioxide (CO;) gas or with isoflurane; the
aim of my thesis was to assess refinements to these procedures. The first study assessed the CO;
method of euthanasia with the aim of minimizing the duration of dyspnea without exposing mice
to painful concentrations (>40% CO,). Various CO; flow rates (20, 30, 40, 50% cage vol/min)
were used to examine the duration between the onset of dyspnea (identified by laboured
breathing) and insensibility (identified by recumbency, loss of the righting reflex or loss of the
pedal withdrawal reflex). The interval between the onset of dyspnea and loss of the righting
reflex averaged 38.2 £ 2.4 s versus 59.2 £ 2.4 s, using 50% and 20% cage vol/min fill rates,
respectively. Thus even at the highest flow rate tested mice experienced more than 30 s of
dyspnea, suggesting other methods of euthanasia should be used when possible. The second
study examined the same three measures of insensibility during the isoflurane method of
euthanasia, with the aim of identifying when it is safe to switch to a high flow rate of CO,,
without subjecting conscious animals to painful concentrations. The results suggested that the
onset of recumbency and loss of the righting reflex are not safe indicators of insensibility when
using induction with isoflurane; continued induction with 5% isoflurane carried by 17% cage
vol/min of oxygen for a minimum of 79 s after the appearance of recumbency is advised before
switching to a high flow rate of CO,. The final study in this thesis used a light-aversion test to
examine mouse aversion to: 1) 20% gradual-fill CO, 2) 5% isoflurane administered using a
vaporizer, and 3) 5% isoflurane administered using the drop-method. Mice chose to remain in the
dark chamber longer when exposed to isoflurane administered using a vaporizer compared to

both CO; and isoflurane drop. Mice were also more likely to become recumbent in the dark side
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when exposed to the isoflurane vaporizer versus other methods. These results indicate that

isoflurane delivered by a vaporizer is a humane refinement for the euthanasia of laboratory mice.
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Chapter 1: Introduction

1.1 Background

In 2009, over 3.3 million animals were used in Canada for research purposes, and over one
million of these were mice (CCAC, 2010). The fate of most laboratory mice is euthanasia,
occurring at experimental endpoint or humane endpoint, and for those regarded as surplus or old
breeding stock. The term euthanasia means ‘good death’ and has been defined by many
regulatory bodies with guidelines on laboratory animal care. In Canada, laboratory mouse
euthanasia is guided by recommendations from the American Veterinary Medical Association
(AVMA) and the Canadian Council on Animal Care (CCAC). The CCAC (1993) states a
humane euthanasia should be “death without signs of panic, pain or distress.” and the AVMA
(2013) states the goal of euthanasia is to “minimize pain, distress, and negative effect to the
animals, the humaneness of the technique (i.e., how we bring about the death of animals) is also
an important ethical issue”.

The most common agents used to euthanize laboratory mice are the inhalant anaesthetics
carbon dioxide (CO,) gas and isoflurane. The AVMA (2013) guidelines states these agents are
acceptable with conditions when it is impractical or difficult to practice physical restraint, with
the recommendation that CO, should be administered by gradual-fill using a flow rate between
10-30% chamber volume per minute (vol/min), until the animal is unconscious, then increasing
the flow rate to reduce the time to death. Isoflurane may be delivered using a vaporizer or the
drop method, although no specific method of delivery has been recommended by either the
AVMA or the CCAC. The CCAC (2010) recommends CO, gas as conditionally acceptable and

isoflurane as an acceptable method for rodent euthanasia. Since an inhalant anaesthetic can take
1



a long time to kill a rodent, the guidelines suggest a secondary method is used to ensure death; in
many cases, a high flow rate of CO, is used once the animal is insensible. Although isoflurane
and CO; gas are both inhalant anaesthetics, they have different modes of action and different

concerns when used as a euthanasia agent.

1.2 Carbon dioxide

CO; is commonly used for euthanasia because of its low cost, safety to personnel and easy
administration to a large number of rodents at one time (Ambrose et al., 2000). CO, does not
accumulate in body tissues and thus is often the method of choice for many animal studies in
which analysis of tissues is required. When used for euthanasia, CO; is commonly delivered via a
pressurized gas tank using a CO, flow meter. Anaesthetic induction with CO; is relatively short

and narcosis may result soon thereafter (Martoft et al., 2003).

1.2.1  Conscious perceptions: pain

During the gradual-fill method of CO, euthanasia, CO, concentration builds up in the
euthanasia chamber until the animal is rendered unconscious. At higher concentrations, CO,
reacts with water, for example on mucosal surfaces, forming carbonic acid. This acidic product is
painful in humans when CO; concentrations reach between 32.5-55% (Anton et al., 1992).
Humans report an unpleasant burning sensation when breathing 50% CO; and concentrations
>60% have been described as painful, piercing, or stabbing (Danneman et al. 1997). It is likely
that rodents also experience pain when exposed to these concentrations, as innervation of the
respiratory and nasal tissues and nerve responses to CO, are similar to humans (Peppel and

Anton, 1993; Thurauf et al., 2002). In rats, CO, concentrations over 37% stimulate nociceptors



in the nasal mucosa (Anton et al., 1991) and concentrations >60% stimulate nociceptors in the
cornea (Hirata et al., 1999). When using gradual-fill CO; for rodent euthanasia, a flow rate
between 10-30% cage vol/min is used so that insensibility is reached before concentrations
exceed 40%; thereby reducing the likelihood that conscious animals are exposed to painful

concentrations of CO, (Smith and Harrap, 1997).

1.2.2  Conscious perceptions: distress

In the veterinary literature, the term dyspnea is normally used to refer to laboured breathing.
However, in the human literature dyspnea is referred to as air hunger, comprising multiple
dimensions including sensory and affective dimensions (Lansing et al., 2009). For example,
dyspnea is defined by the American Thoracic Society as “a subjective experience of breathing
discomfort that consists of qualitatively distinct sensations that vary in intensity” (ATC ad hoc
Committee, 1999). In humans, CO, induced air hunger results in a conscious awareness of the
urge to breath, evoked by hypercapnia (Lansing et al., 2009). Different types of dyspneic
sensations have been identified resulting from pathological breathlessness, including air hunger,
tightness and work (Lansing et al., 2009). Air hunger is driven by the fundamental biological
drive to breathe and is the strong awareness for the desire to breathe (Lansing et al., 2009). CO,
causes hypercapnia, which in turn results in secondary effects comprising the physical and
emotional components of dyspnea. In both humans and animals CO; inhalation is used to create
stress-related disorders such as panic (Gorman et al., 1984; Johnson et al., 2011) and anxiety
(Bailey et al., 2005). Prolonged inhalation of 5-7.5% CO; is used to induce feelings of anxiety
and fear in humans (Bailey et al., 2005), and higher concentrations (20-35%) have been used to

study panic responses in humans (Griez and Van den Hout, 1982; Schmidt et al. 1997). Mice



exposed to rising concentrations of CO, show responses indicative of intense fear, a response
consistent with a reduction in brain pH as sensed by the amygdala (Ziemann et al., 2009). CO,
may also directly activate other brain structures surrounding the amygdala as these areas also
possess pH and CO, sensing chemoreceptors (Wemmie, 2011).

The perception of dyspnea has at least two components: sensory and affective state (von
Leupoldt et al., 2008). The sensory component comprises the intensity dimension associated with
the effort to breath and the affective dimension is associated with a strong negative psychological
influence. The negative affective dimension results from unpleasantness or distress that arises
from dyspnea, leading to fear and anxiety (Carrieri-Kohlman et al., 1996). Distress may be
defined as “...an aversive, negative state in which coping and adaptation processes fail to return
an organism to physiological and/or psychological homeostasis” (NRC, 2008). Distress may
result when a stressor, in this case CO; gas, threatens an animal’s welfare with potential end of
life effects (NRC, 2008). Dyspnea is a threatening and aversive stimulus initiating a fight or
flight response as an adaptive response to avoid potential tissue damage or asphyxiation (von
Leupoldt et al., 2009). Humans experiencing dyspnea use strong negative emotional statements,
suggesting a negative affective state associated with the unpleasantness when experiencing

hypercapnia elicited air hunger (Banzett et al., 1990).

1.2.3 Mode of action

When CO, enters the lungs it diffuses through the alveoli membranes into arterial blood,
causing vasodilation thereby increasing the concentration of arterial CO, (hypercapnia) and
reducing blood pH (Guais et al., 2011). Dyspnea occurs as a result of the body’s attempt to

eliminate excess CO;. In the blood, CO; is partnered with haemoglobin and is carried as



dissolved CO,, carbonic acid, bicarbonate ions, and as other CO, plasma protein compounds
(Abolhassani et al., 2009). These permeate the blood brain barrier, causing a decrease in cerebral
spinal fluid (CSF) pH in relation to blood pH (Lee et al., 1996; Martoft et al., 2003). The
decreased pH of the CSF occurs more quickly than the decrease in arterial pH because the CSF
contains fewer buffering components (Martoft et al., 2003). The decreased CSF pH affects the
central nervous system by decreasing nerve cell function and cerebral electrical activity and as a

result induces anaesthesia and analgesia (Eisele et al., 1967; Lee et al., 1996).

1.2.4 Aversion to CO;

There has been a developing interest in the use of other inhalant anaesthetics for mouse
euthanasia, as many studies have shown that both mice and rats find CO, aversive. Approach-
avoidance testing has been used to test rodent motivation for a food reward against the avoidance
of CO; gas exposure. When tested with gradual fill CO, at 17% chamber vol/min, rats left the
chamber containing the food reward when the chamber concentration reached an average of 18%
CO; (Niel and Weary, 2007); even when food deprived, rats still left a chamber containing a
food reward at an average CO, concentration of 16% when using a 15% chamber vol/min
gradual-fill flow rate of CO, (Kirkden et al., 2008). Behavioural changes seen in rats euthanized
with 17% chamber vol/min of CO; include increased activity, rearing, touching the nose to the
chamber lid, vocalizations, and escape behaviours, suggesting CO, may cause distress in rats
(Niel and Weary, 2006). In an aversion study by Leach et al. (2002), CO; induced a high degree
of aversion in both rats and mice.

One study providing evidence that CO, concentrations greater than 3% are aversive in rats

was published by Krohn et al. (2003); rats avoided chambers with concentrations of 3 and 5%



COs. A study by Ziemann et al. (2009) used four paradigms to study CO; induced fear and
aversion in mice. The results of this study indicated that 10% CO, elicited fear as shown by
freezing behaviour. Concentrations greater than 5% caused mice to show more anxiety-like
behaviour, for example spending less time in the centre of an open-field test. Mice also spent
90% of their time in a chamber with 2% CO, when given the choice between chambers
containing 2 or 15% CO,. CO; also acted as an unconditioned stimulus in mice and increased
fear memory when paired with a foot shock. The Ziemann et al. (2009) study indicates that CO,
produces fear and aversion in mice. Sensations of dyspnea likely play a part in this aversion, and
mice are subject to concentrations that induce dyspnea before they are rendered unconsciousness.
Minimizing the period during which animals experience this dyspnea-induced distress may

refine this method of euthanasia.

1.3 Isoflurane

Isoflurane is a liquid halogenated hydrocarbon that is volatile at typical room temperature and
pressure. Isoflurane has many attributes that make this liquid a suitable anaesthetic for use in
veterinary medicine. Isoflurane is a potent muscle relaxant and has the largest safety margin of
the inhalant anaesthetics (Stimpel and Gershey, 1991). It also allows insensibility to occur in a
graded way (Alkire et al., 2008). However, these advantages as an anaesthetic may be
disadvantages when it is used as a euthanasia agent, as it may result in a prolonged time to death.
This slow kill time increases the need for a secondary method to complete the procedure, such as
a high flow rate of CO,. However, graded sensibility also means it may be difficult to assess

when an animal can be humanely exposed to high concentrations of CO..



Isoflurane may be administered one of two ways: 1) by use of a vaporizer machine and a
carrier gas (such as O or air), or 2) by the drop method. Vaporizer machines deliver isoflurane
gradually, thereby slowly increasing the isoflurane concentration within a chamber. This method
of delivery is commonly used for anaesthetic induction and maintenance in animals. However,
some may argue that a vaporizer is not necessary for euthanasia as the amount administered does
not need to be controlled. The wide safety margin of isoflurane means it can take a long time to
actually kill a rodent even when using the maximum settings on a vaporizer and carrier gas flow
meter. In addition, vaporizer machines may be costly to purchase and maintain, therefore
researchers may prefer using the drop method of administration, requiring almost no specialized
equipment. In the drop method, liquid isoflurane is placed on an absorbable material, such as a
piece of gauze, and placed into a euthanasia chamber. This method administers isoflurane much
faster than a vaporizer, as the liquid is vaporized almost instantly when exposed to air. A barrier
is required to prevent an animal from direct contact with the liquid isoflurane as this may cause
skin irritation. For both systems, a scavenging system is required to avoid gas exposure to
personnel; isoflurane has been linked with human neurological and reproductive impairment, as

well as neoplasia (Smith and Bolon, 2002).

1.3.1 Mode of action

Isoflurane acts on the central nervous system by inhibiting neurotransmitter pathways
(Campagna et al., 2003; Herring et al., 2009; Westphalen et al., 2013). The molecular action of
isoflurane is not fully understood, but involves selective interactions with globular proteins and
ion channels, which are proteins regulating ion flow across cytoplasmic membranes (Campagna

et al., 2003). Ton channels sensitive to volatile inhalant anaesthetics include cysteine-loop



neurotransmitter receptors, which include GABA4 (y-aminobutyric acid type A), the brain’s most
numerous inhibitory neurotransmitter receptor (Campagna et al., 2003). In humans, lower
concentrations of isoflurane are known to reduce task-induced brain activation in many cortical
regions, leaving sub-cortical regions such as the visual and motor cortex unaffected (Heinke and
Schwarbauer, 2001). The effective potency of isoflurane is dose-dependent, making it a useful
anaesthetic for conscious sedation in humans. Induction with isoflurane first results in the
absence of memory and verbal responsiveness, then absence of pain to a surgical incision,
followed by deep anaesthesia blocking autonomic responses of pain. The minimum alveolar
concentration (MAC) at which 50% of subjects show abolishment of purposeful movement in
response to a supra-maximal noxious stimulus is generally used to measure standard anaesthetic
potency. A study by Mogil et al. (2005) showed that baseline nociceptive sensitivity varies with
mouse strain, thereby causing a variation in mice isoflurane MAC. This means that the

concentration of isoflurane needed to induce insensibility may vary with mouse strain.

1.3.2 Aversion to isoflurane

Exposure to isoflurane gas is not known to cause pain, but it has a pungent odour and may
cause eye and respiratory tract irritation, likely becoming more pronounced with increasing
concentration (Cervin and Lindberg, 1998; Doi and Ikeda, 1993). Studies by Leach et al. (2002,
2004) measured aversion using initial withdrawal and total dwelling time in an apparatus
consisting of two connecting chambers, one filled with air and one pre-filled with the test gas.
These studies tested aversion to low pre-filled concentrations of various inhalational anaesthetics
in mice and rats. Concentrations of various anaesthetics were matched to induce ataxia in 10, 20

and 30 s, with low, medium and high concentrations, respectively. The results suggest that mice
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and rats find halothane least aversive, followed by isoflurane, enflurane, sevoflurane, desflurane
and lastly, CO, (Leach et al., 2004). When exposed to the highest concentration of each agent,
rats spent more than 20 times longer with halothane compared to CO, and mice spent over 10
times longer with enflurane than CO..

Approach-avoidance testing, comparing motivation for a reward versus that to avoid an
aversive stimulus, has been used to assess mouse and rat aversion to various inhalant gases. In
these studies, the testing apparatus consisted of two chambers connected by a tube, one chamber
with a palatable sugary treat with gradual-fill of a test gas, and a second chamber filled with air.
Using this paradigm, Makowska et al. (2009) compared mouse aversion to various inhalant
anaesthetics, including CO,, halothane and isoflurane. More mice stayed until recumbency when
tested with isoflurane compared to halothane, and isoflurane showed the weakest aversion in
mice of all the agents tested. A similar experiment in rats showed lower aversion to isoflurane
compared to halothane, when gas concentrations were matched to produce similar times to
recumbency (Makowska and Weary, 2009). These latter two studies are in conflict with Leach et
al. (2002,2004), who suggested that rodents find isoflurane less aversive than halothane.
However, these differences may be attributed to methodological differences, as Leach et al.
(2002,2004) used a pre-filled chamber compared to the gradual-fill method used by Makowska et
al. (2009) and Makowska and Weary (2009). When taking into consideration practical
application, the gradual-fill method more closely imitates what rodents experience during
euthanasia, suggesting that rodents prefer isoflurane over halothane when gradually-filled.
Despite the differences described above, Leach et al. (2002,2004) and Makowska et al. (2009)
agree that CO, was the most aversive of all the inhalant gases tested, suggesting that other gases

should be used for euthanasia.



Aversion-avoidance testing has been used to assess rat aversion to isoflurane and CO; during
initial and re-exposure (Wong et al., 2013). The light-dark paradigm was used to create a light-
aversion test. Rats chose between remaining in a dark compartment (preferred during baseline
testing) gradually filling with either isoflurane or CO,, or escaping to an aversive brightly lit
chamber. Rats often remained in the dark compartment until recumbency when the chamber was
gradually filling with isoflurane but never did so with CO; this result indicates that initial
exposure to isoflurane is less aversive than CO,. However, rats also avoided isoflurane when re-
exposed, suggesting that re-exposure is more aversive than initial exposure.

A study by Altholtz et al. (2006) compared physiological stress responses of rats exposed to
gradually increasing 5% isoflurane in O, for 2 min or 70:30% CO,:0O; for 1.5 min, within an
induction chamber to induce anaesthesia for blood collection. The CO; treated rats showed a
higher increase in corticosterone compared to baseline than isoflurane treated animals,
suggesting CO; is a more stressful stimuli when used for anaesthesia. A recent study examined
ultrasonic vocalizations in female rats euthanized with gradual-fill CO; or 2.5% isoflurane with
O,, both delivered at 30% chamber vol/min (Chisholm et al., 2013). All rats exposed to CO,
vocalized versus none of the rats tested with isoflurane, again suggesting that CO, exposure is
less humane than isoflurane. Although there is mounting evidence that rats find exposure to CO,

more aversive and distressing than to isoflurane, there is a lack of evidence showing this in mice.

1.4 Measuring insensibility
The term anaesthesia was coined by Oliver Wendell Holmes to indicate insensibility to
surgical pain. This definition is quite general, as various concentrations of anaesthetics cause

different graded reversible effects such as analgesia, sedation, muscle relaxation, euphoria and
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hypnosis (Campagna et al., 2003). Determination of the distress period that may be experienced
with the CO; or isoflurane method of mouse euthanasia depends on when insensibility occurs.
Anaesthetic depth in mice can be assessed many ways, such as recumbency, loss of the righting
reflex, loss of the pedal withdrawal reflex, and loss of the palpebral and corneal reflexes. A study
by Coenen et al. (1995) suggested that when euthanizing rats with CO,, loss of posture and
muscle tone (i.e. recumbency) was correlated with the onset of an abnormal
electroencephalogram pattern and the authors suggest this indicates loss of consciousness.
However, loss of the righting reflex is commonly used to assess insensibility in many animal
species, such as rats, mice, and goats (Antognini et al., 2005; Franks et al., 2008). It has been
suggested that failure to respond to a verbal command in humans is correlated with loss of the
righting reflex in rodents, both signifying loss of consciousness (Franks et al., 2008). The
correlation between loss of consciousness and lack of ability to respond to a verbal command in
humans has been recognized since the introduction of anaesthesia (Alkire et al., 2008). However,
this definition may be problematic, as unconsciousness may not equate with unresponsiveness.
For example, low dose ketamine causes decreased motivation to respond to verbal commands
(Tucker et al., 1984), while at higher doses patients appear unresponsive, but neuro-imaging
studies show complex changes in the brain suggesting a level of consciousness (Langsjo et al.,
2005). It has also been suggested that awareness (appropriate response to a command) and
memory may be lost at anaesthetic concentrations less than 50% of those needed to abolish
movement (Antognini et al., 2005). A study by Zacny et al. (1994) testing sub-anaesthetic
concentrations of isoflurane in humans resulted in subject reports of feeling confused, sedated
and carefree. This may be expected, as isoflurane causes analgesia and sedation in a dose-

dependent way (Antognini et al. 1997; Schlunzen et al 2006).
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Veterinarians commonly use loss of the pedal withdrawal reflex to assess when a surgical
plane of anaesthesia has been reached and therefore painful surgery may be performed. Many
parameters are used to assess insensibility in animals, but the most common are recumbency,
loss of the righting reflex and loss of the pedal withdrawal reflex. In animals, nociceptive
reflexes such as loss of righting and loss of pedal withdrawal are used to assess pain, but it is not
clear if these reflexes decrease with motor or pain-related neural activity, or both (Antognini et
al., 2005). Given the lack of knowledge in this area, several indicators should be used when

assessing unconsciousness in mice undergoing anaesthesia and euthanasia.

1.5 Thesis goals

Laboratory mice may experience distress before the point of insensibility when exposed to
gradual-fill CO,. Current recommended flow rates are meant to induce unconsciousness before
concentrations become painful, but mice likely experience fear and anxiety associated with
dyspnea at lower concentrations. When isoflurane is used during euthanasia, it is commonly
followed by a high flow rate of CO, gas when insensibility is reached to avoid the time and
expense necessary to kill an animal with isoflurane alone. Currently there is no scientific basis
for recommending when the switch should be made to avoid pain associated with higher CO,
concentrations. As well, there is a lack of evidence examining mouse aversion to CO, and
isoflurane gas, and no assessment of the drop method of isoflurane administration.

The aim of my thesis was to fill the gaps in the literature described above by testing mouse
aversion to CO; and isoflurane, as well as two methods of isoflurane administration. The overall

goal was to gather science-based evidence for more humane methods of mouse euthanasia.
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Chapter 2: The effect of carbon dioxide flow rate on laboratory mice

2.1 Introduction

At the end of a study carbon dioxide (CO,) gas is commonly used to kill laboratory mice.
Current guidelines suggest that when using this method, the euthanasia chamber should be filled
gradually using a flow rate between 10-30% chamber vol/min of CO, (AVMA, 2013; CCAC,
2010). Use of flow rates lower than 30% chamber vol/min are thought to reduce the likelihood
that CO, concentration in the chamber will exceed painful levels (>40%) before insensibility is
reached (Ambrose et al., 2000).

Unfortunately, pain is not the only welfare concern associated with exposure to CO,. Humans
report sensations of dyspnea, defined as an experience of breathlessness or air hunger, at
concentrations of CO, as low as 7% (Liotti et al., 2001) and this feeling has been described as
distressing in many studies (Banzett et al., 1990; Lansing et al., 2000; O’Driscoll et al., 1999;
von Leupoldt and Dahme, 2005). The experience of dyspnea has been used to induce fear and
panic in humans using CO; concentrations between 7.5-35% (Bailey et al., 2005; Feinstein et al.,
2013; Gorman et al., 1984; Pappens et al., 2012), exposure to these concentrations of CO, also
causes fear responses in animals (Ziemann et al., 2009; Concas et al., 1993). In human literature,
the negative emotional response resulting from dyspneic experiences results in aversion (Lansing
et al., 2009; Steel and Shaver1992). Sensations of dyspnea may also explain why mice and rats
are unwilling to tolerate exposure to CO, even at relatively low concentrations (<20%) (Kirkden
et al., 2008; Leach et al., 2002; Makowska et al., 2009; Niel et al., 2008; Niel and Weary 2007,
Wong et al. 2013). The term dyspnea contains both an affective and behavioural response in the

human literature. In the veterinary literature, dyspnea more typically refers to laboured breathing
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in animals. In this study, laboured breathing was directly assessed but we cannot be certain that
this behaviour was associated with negative affect. However, on the basis of human evidence and
the rodent research on aversion responses, we posit that this behavioural response is
accompanied by a negative affective experience. On this basis, we argue that euthanasia methods
that minimize the duration of laboured breathing should be considered more humane.

The aim of this study was to examine the effect of CO, flow rate on the interval from the
onset of laboured breathing until loss of sensibility. This interval is the period during which the
mice may consciously experience negative affect associated with dyspnea. There are at least
three progressive measures of loss of sensibility during euthanasia: recumbency, loss of the
righting reflex and loss of the pedal withdrawal reflex (Table 1). Loss of the pedal withdrawal
reflex is an autonomic response of the hind limb that is assessed by pinching the hind paws
(Whelan and Flecknell, 1992). This reflex is commonly used to determine a surgical plane of
anaesthesia when an animal cannot experience pain and surgery may be performed (Whelan and
Flecknell, 1992). Loss of the righting reflex is commonly assessed during rodent euthanasia by
tilting the euthanasia box to roll the animal and examine self-righting behaviour (Thomas et al.,
2012); this measure cannot be performed practically when enclosures are large and heavy, such
as in some automated euthanasia systems. The onset of recumbency is the simplest measure, as
only examination of posture and muscle tone is required. However, animals may be able to
experience unpleasant sensations beyond this point.

We hypothesized that higher flow rates would minimize the experience of dyspnea as
measured from the onset of laboured breathing to recumbency, loss of the righting reflex, and
loss of the pedal withdrawal reflex, for mice euthanized using the gradual-fill method of CO,

euthanasia.
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2.2 Methods and materials
2.2.1 Animals and housing

We used 24 surplus naive female albino C57B1/6J-Tyr mice at the University of British
Columbia’s Centre for Comparative Medicine, Vancouver, Canada. All mice were five months
old during testing and weighed between 21.6 — 28.4 g. Mice were group housed in an
OptiMICE®(Animal Care Systems, USA) cage system with autoclaved clean polycarbonate
cages (Makrolon®, Animal Care Systems, USA) with dimensions 31.8 cm long x 27.9 cm wide
front x 8.9 cm wide rear x 12.9 cm height. Each cage contained autoclaved
ECOfresh™(Absorption Corporation, WA, USA) bedding, a nest box, a cotton nesting square
(Ancare, USA), brown crinkle paper (Enviro-dri®, Shepherd Specialty Paper, USA) and free
access to food (5001 PMI Lab Diet, Harlan Laboratories Inc., IN, USA) and filtered water. The
average humidity and temperature during testing were 48% and 23°C, respectively. Mice were
kept under 12-h light: 12-h dark cycle; testing took place during the light phase (between 8:00-
10:00) on two consecutive days. The University of British Columbia’s Animal Care Committee

approved all procedures used in this study.

2.2.2 Experimental apparatus

An Innocage” mouse disposable IVC transparent mouse cage (Universal Euro Type II Long,
Innovive Inc., 37.3 cm L x 23.4 cm W x 14.0 cm H, with 205 cm? floor space) was used as the
test cage. On one side of the cage a hole was cut to project a powdered surgical latex glove
(Perry” Style 42%, Ansell, size 7) sealed with tape. This allowed one hand to be placed into the
cage during testing. A non-slip pad (Shaw Floors, wood flooring underlayment) was cut to fit the

bottom of the test cage to minimize slipping. A clear Plexiglas lid with a small hole in the middle
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was placed on top of the cage to allow insertion of a tube to deliver CO,. Before each trial, 500
ml of aspen-chip bedding was added to the test cage and removed after each euthanasia
procedure. The tube used to deliver gas to the test cage was connected to a CO; tank (Praxair,
Canada) and the flow was measured with a CO, flow meter (Western Medica, USA). A small
hole near the base of the cage in the centre of the anterior wall of the test cage allowed insertion
of the sampling tube connected to an oxygen (O;) analyzer (Series 2000, Percent Oxygen

Analyzer, Alpha Omega Instrument Corporation, USA).

2.2.3 Oxygen analyzer testing

Prior to experimental testing, the lag time of the O, analyzer was measured as the time from
insertion of an anoxic sample until the reading on the analyzer began to decline. Repeat testing
showed this delay to be 10 s. To assess variability in CO, concentration within the test cage, the
sampling tube was placed in seven different areas of the cage while filling the cage with CO, at
20% cage vol/min. Oxygen concentrations were recorded every 15 s for 5 min. CO,
concentration in the test cage was calculated: [CO3 (=] = 100 — (100 x ([O2 (=x)] / [O2 (=0)]))-
Values for the left anterior corner were found to be most similar to the average readings for the

test cage.

2.2.4 Experimental procedure

One researcher retrieved a mouse from the housing room while another cleaned the apparatus,
added 500ml of bedding, a stainless steel 8.9 cm straight mosquito hemostat (Lawton, Germany),
and placed the O, sampling tube through the cage hole into the left anterior corner of the test

box. During the trials the O, analyzer readings were monitored and the gas flow was adjusted to
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hold the CO; concentration in the test cage just below a 40% concentration; in this way
conscious mice were never subjected to CO, concentrations associated with pain.

At the beginning of each trial a mouse was placed into the prepared test cage. The Plexiglas
lid was placed on top of the cage and the CO; tube was projected through the cage lid. A
researcher then placed one hand into the test cage glove and kept the hand motionless on the
floor of the cage. Trials began with an onset of CO; into the cage; mice were randomly assigned
to one of four flow rates: 20 (n=6), 30 (n=6), 40 (n=6), or 50 (n=6) percent cage vol/min. Once
the mouse was recumbent the experimenter (blind to treatment) tested for loss of the righting
reflex by placing the mouse on its back. Three mice attempted to escape the approaching hand
and in these cases the researcher waited until the animal was recumbent again for 3 s, before
retesting. Immediately after failure to self-right, loss of the pedal withdrawal reflex was tested
then retested every 10 s using the hemostat (clamping down until reaching the first notch) to
pinch alternating left and right hind paw inter-digital webbing. Loss of the pedal withdrawal
reflex was signified by the absence of a response in 3 consecutive pinches. After loss of this
reflex, gas flow was increased to 60% cage vol/min until the mouse was no longer breathing. The

gas was then turned off and cervical dislocation was used to ensure death.

2.2.5 Data collection

Each trial was recorded using an HDC-TM41 Panasonic camera (Malaysia). Videos were
scored for: onset of laboured breathing, onset of recumbency, loss of the righting reflex, and loss
of the pedal withdrawal reflex (Table 1), with observers blind to treatment. We calculated the
interval between onset of laboured breathing — onset of recumbency, onset of laboured breathing

— loss of the righting reflex, and onset of laboured breathing — loss of the pedal withdrawal
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reflex. Before the experiment, all behavioural scoring was practiced to establish inter-observer
reliability. Video recordings of previous mouse euthanasia procedures were viewed and scored
independently by two observers; all score times were consistent (+ 2 s) between observers. One
observation from the 30% treatment group was identified as an extreme outlier (more than 3
standard deviations above the mean) for loss of the pedal withdrawal reflex and was removed

from the analysis.

Table 2.1 Definitions of mouse behaviours used in this study to assess dyspnea and various
levels of insensibility

Behaviour Definition

Onset of laboured breathing Deep rapid breathing

Onset of recumbency Head resting on cage floor, head and body motionless, loss
of muscle tone

Loss of righting reflex Unable to self right when placed on back

Loss of pedal withdrawal The first of three consecutive non-responses to alternating

reflex hind paw pinches

2.2.6 Statistical analysis
The effect of flow rate (3 d.f.) on behavioural responses was tested with a general linear
model (Proc GLM in SAS v. 9.3) that included home cage as block (with 8 d.f.) and mouse body

weight as a co-variate (1 d.f.). Below we report least-square means =+ one standard error.

2.3 Results
The first sign of dyspnea (i.e. the onset of laboured breathing) occurred approximately 14 s

after the start of gas flow; onset of dyspnea did not vary with gas flow (F32,=0.70, P=0.56; Table
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2.2). Our most conservative estimate of insensibility (loss of the pedal withdrawal reflex)
occurred approximately 109 s after CO, began to flow into the cage, again with no effect of flow
rate (F32,=0.66, P=0.59), but with considerable between-subject variation. The interval between
the onset of laboured breathing and the pedal withdrawal reflex averaged approximately 95 s,
and was also not affected by gas flow (F32,=0.57, P=0.64). Less conservative estimates of
insensibility (recumbency and loss of the righting reflex) did vary with gas flow (F32,=7.12,
P=0.0021 and F;2,=11.68, P=0.0001, respectively). Mice became recumbent approximately 22 s
sooner when exposed to 50% versus 20% cage vol/min flow rates of CO,. Similarly, loss of the
righting reflex occurred at approximately 51 s at the highest flow rate versus 75 s at the lowest
flow rate. The interval between onset of laboured breathing and onset of recumbency was also
lower for the higher flow rates (F32,=7.83, P=0.0013, Figure 2.1a), as was the interval between

onset of laboured breathing and loss of the righting reflex (F32,=13.62, P<0.0001, Figure 2.1b).

Table 2.2 Mean (+ S.E.) time of first sign of dyspnea and three measures of insensibility in mice
euthanized using gradual-fill CO, at flow rates of 20, 30, 40, and 50% chamber vol/min

CO, flow rates (% cage vol/min)

Behavioural parameter

20 30 40 50
Dyspnea onset 15515 138+x1.6 128+1.5 13015
Recumbency onset 652+34 548+38 503+34 433+34
Loss of righting reflex 747+£29 634+32 57029 512+£29
Loss of pedal reflex 1192+100 988+110 1103+100 1062100
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Figure 2.1 Mean (£S.E.) period during which mice exposed to gradual-fill of CO, gas may have
consciously experienced dyspnea, in relation to the flow rate of CO, introduced into the
chamber. Two periods are shown: (a) onset of laboured breathing until recumbency, and (b)
onset of laboured breathing until loss of the righting reflex.
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2.4 Discussion

The onset of laboured breathing occurred at a similar time for all the flow rates tested,

suggesting that dyspnea may begin soon after exposure to even low concentrations of CO,. Gas
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flow rate had a stronger effect on the time until mice became recumbent and lost the righting

reflex (and also on the intervals between the onset of laboured breathing and these measures);
these results are consistent with the idea that loss of sensibility will occur more quickly when
animals are exposed to higher cumulative dose of anaesthetic (Clark and Rosner, 1973).

Loss of the pedal withdrawal reflex did not vary with flow rate. However, this measure
showed considerable variability among mice. Past studies suggest that use of a hemostat to
assess loss of the pedal withdrawal reflex is the best indicator of a surgical depth of anaesthesia
in mice (Arras et al., 2001; Buitrago et al., 2008). However, the previous studies used a locking
pin on the hemostat for greater standardization of the pinch, whereas we used the first notch on
the hemostat. The variation in this measure may indicate difficulty in applying the hemostat in a
consistent manner or differences among animals in their response to the pinch. We suggest future
work is needed to assess the repeatability of methods used to assess loss of the pedal withdrawal
reflex.

We used the interval from onset of laboured breathing to: 1) recumbency, 2) loss of the
righting reflex, and 3) loss of the pedal withdrawal reflex, to assess the time when mice may
experience unpleasant sensations associated with dyspnea. Which of the three intervals are most
relevant depends upon when mice undergoing gradual-fill CO, euthanasia, are no longer able to
experience negative affect. From a welfare perspective, the best case would be that mice are
unresponsive after the onset of recumbency, suggesting that they consciously experience
between 30 - 50 s of dyspnea, depending on flow rate. However, the worst case is that they are
able to experience negative affect associated with dyspnea up until loss of the pedal withdrawal

reflex (i.e. 90 s or more) with no benefit from a faster flow rate.
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A study by Ziemann et al. (2009) examined four paradigms to assess CO, as a fear-inducing
stimulus in mice by examining CO, and: 1) freezing behaviour, 2) open—field test, 3) aversion,
and 4) fear conditioning. A 10% concentration of CO, was found to cause more freezing
behaviour and reduce time in an open-field test. As well, mice with the choice between a
chamber with <2% CO, or 15% CO, spent >90% of their time in the chamber with the lower
CO; concentration. In the fear conditioning test, mice subjected to 10% CO; before and while
receiving foot shocks, showed significantly more freezing behaviour than those not subjected to
CO, while receiving the foot shocks. When re-tested the following day without CO,, mice again
showed more freezing behaviour than those mice never subjected to CO;. These results indicate
that CO, gas, even at low concentrations, is both fear inducing and aversive in mice. A series of
studies have now shown that rodents do not willingly tolerate exposure to even relatively low
CO; concentrations (Kirkden et al., 2008; Leach et al., 2002; Makowska et al., 2009; Niel et al.,
2008; Niel and Weary 2007; Wong et al., 2013). If CO; is used to kill mice, refinements to
minimize distress during this procedure are important. Our study results indicate that a gradual-
fill CO, flow rate of 50% cage vol/min reduced the period from the onset of laboured breathing
until the onset of recumbency and loss of the righting reflex. When using this flow rate, a gas
holding technique should be used to ensure that those painful CO, concentrations (>40%) are not
reached until after insensibility occurs. This can be achieved by manually controlling the flow

meter or by using a programmable automated euthanasia machine.

2.5 Conclusion
The results of this study indicate that sensations of dyspnea can be minimized when

euthanizing mice with gradual-fill CO, by way of a flow rate of 50% chamber vol/min, provided
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that the total concentration in the cage is held to below 40% to ensure mice are not exposed to
high CO; concentrations associated with pain. Even when using this refinement, mice likely
experience more than 30 s of dyspnea. We suggest that when possible other methods of

euthanasia should be used.
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Chapter 3: Testing three measures of mouse insensibility following induction

with isoflurane or CO, for a more humane euthanasia

3.1 Introduction

Laboratory rodents are commonly euthanized via exposure to gradually increasing
concentrations of carbon dioxide (CO,) gas. However, mice and rats find CO, gas aversive, and
are unwilling to tolerate exposure to CO; at concentrations sufficient to cause insensibility
(Kirkden et al., 2008; Leach et al., 2002; Makowska et al., 2009; Niel et al., 2008; Niel and
Weary, 2007). Isoflurane is less aversive to mice and rats than CO, (Makowska et al., 2009;
Wong et al., 2013) and other inhalant anaesthetics (Makowska and Weary, 2009). Isoflurane is
used to induce insensibility; once unconscious the gas can be switched to CO; to avoid the time
and expense necessary to kill an animal with isoflurane alone. It is important that the mice are
indeed insensible when the switch from isoflurane is made, because exposure to concentrations
of CO,>15% are aversive (as cited above) and exposure to concentrations >40% causes pain due
to the conversion of CO, into carbonic acid on mucosal surfaces (Anton et al., 2005; Thurauf et
al., 2002).

One recent study reported that 5 of 10 mice euthanized with isoflurane followed by CO,
regained consciousness after isoflurane was switched to CO; (Valentine et al., 2012); recovery
during the procedure represents the worse case scenario as animals experience the negative
effects of isoflurane induction and exposure to high concentrations of CO,. One reason why
animals may recover during this procedure is that depth of anaesthesia is insufficient. There has

been no research on methods to establish the appropriate depth of isoflurane-induced anaesthesia
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before exposure to high concentrations of CO,. The aim of the current experiment was to
evaluate three measures of insensibility and use these to establish when to switch from isoflurane
to a high flow rate of CO, gas when euthanizing laboratory mice. For comparison, we also
examined these same response measures for mice exposed to gradual-fill CO,, as some users
increase the flow rate of CO, when animals are thought to be insensible to decrease time to

death.

3.2 Materials and methods
3.2.1 Animals and housing

Thirteen surplus C57Bl/6J male mice slated for euthanasia by The Centre for Disease
Modeling at the University of British Columbia, Vancouver, Canada were used for the study.
Mice were housed under a 12-h light: 12-h dark cycle, weighed between 28 and 34 g and were
between 3-4 months old. Testing occurred between 12:30-15:00 during the light cycle. Mice
were group-housed in ventilated polysulfone type IIL cages (EHRET, Germany) on a ventilated
Bio A.S. IVC rack (Ehret, Germany) complete with corncob bedding (7087 Soft Cob Bedding,
Harlan Teklad, USA), a transparent tinted polycarbonate mouse igloo (Bio-Serve, USA), brown
crinkle paper (Enviro-dri, Shepherd Specialty Papers, USA) and one cotton nest square (Ancare,
USA) per cage. All animals were given ad libitum access to food (irradiated Global Rodent Diet
2918, Harlan Teklad, USA) and reverse osmosis water in autoclaved 250 ml water bottles (Ehret,
Germany). Average humidity and temperature during testing were 62% and 21.2°C, respectively.
The University of British Columbia’s Animal Care Committee approved all animal procedures

used during this study.
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3.2.2 Experimental apparatus

The test cage consisted of an Innocage”™ mouse disposable IVC transparent mouse cage
(Universal Euro Type II Long, Innovive Inc., 37.3 cm L x 23.4 cm W x 14 cm H) in which we
cut a hole in the side used to project a surgical nitrile glove (Kimtech Pure G3, 30.5 cm Size 7)
sealed using tape. This allowed one hand to be placed into the cage during testing. A non-slip
pad (Shaw Floors, wood flooring underlayment) was cut to fit the bottom of the test cage to
minimize slipping, and 500ml of autoclaved bedding identical to that in the home cage, was
added to the test cage between trials. A clear Plexiglas lid with a small hole in the middle was
placed on top of the cage. The hole allowed a vinyl tube to be inserted into the cage to deliver
either: 1) 20% cage vol/min of CO, gas (Praxair, Canada) with the flow measured by a CO, flow
meter (Western Medica, USA) or, 2) 5% isoflurane (Baxter Corporation, Mississauga, Canada)
via an Isotec 4 isoflurane vaporizer (Ohmeda, Steeton, West Yorkshire, England) using 2 I/min

(17% cage vol/min) of O, (Praxair, Canada) as the carrier gas.

3.2.3 Experimental design

Mice were randomly assigned to isoflurane (n=7) or CO; (n=6) treatments. Mice were subject
to the euthanasia procedure individually while all other mice were kept in the housing room. The
experimental apparatus was wiped with PerCept™ (Diversey, USA) cleaning spray between
trials. Mice were tested using three measures of insensibility (Table 3.1). The experimenter
administering the tests of sensibility was blind to the treatment (isoflurane or CO;) and could not

see controls to the gas tanks or the vaporizer.
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Table 3.1 Definitions for the behavioural insensibility indicators of mice applied to the
isoflurane and CO, methods of euthanasia.

Behaviour Definition
Recumbency onset Head resting on cage floor, head and body motionless, loss of muscle
tone

Loss of righting reflex ~ Unable to self right when placed on its back

Loss of pedal The first of three consecutive non-responses to alternating hind paw
withdrawal reflex pinches, applied every 10 s between the metatarsal and phalanges bone

3.2.4 Experimental Procedure

Mice were transferred individually from the housing room to the test room using a plastic
transparent cage. Once a mouse was placed into the experimental apparatus, the cage lid was
positioned on the cage, the blinded experimenter placed a hand into the glove that projected into
the cage and gas flow began. The experimenter’s hand remained motionless on the cage floor
until the mouse became recumbent. The experimenter then moved the gloved hand towards the
mouse; if no response was elicited the mouse was placed on its’ back to test for loss of the
righting reflex. Leg paddling, forward or lateral movement away from the hand was taken as
evidence of an escape response. Leg paddling was also taken as evidence of purposeful
movement during the loss of the righting reflex, even if the mouse failed to self-right. Once
unable to self-right, loss of the pedal withdrawal reflex was tested using three consecutive toe
pinches on alternating hind paws between metatarsal and phalange bones. A response at any
stage (i.e. escape attempt during initial approach, righting or other purposeful movement during
the righting reflex, or pedal withdrawal following any toe pinch) resulted in the experimenter
waiting until the mouse satisfied that insensibility definition, followed by re-testing at the same

stage. Once a mouse showed loss of the pedal withdrawal reflex, the treatment gas was turned off
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and CO; gas at 60% chamber vol/min was introduced until last breath. All gas was turned off and
the mouse left in the cage for an additional 3 min. The mouse was then removed from the cage
and weighed. Cervical dislocation was performed as a secondary method of euthanasia. Each
trial was video recorded using a Panasonic HDC-TM41 camera (Malasyia) and all responses

were scored from video with the observer blind to treatment.

3.2.5 Statistical analysis

The effect of treatment on recumbency onset, loss of the righting reflex, loss of the pedal
withdrawal reflex, time to last breath and time from the switch to 60% chamber vol/min flow
rate of CO, until last breath was analyzed using a general linear model (SAS v. 9.3). The effects
of treatment on the number of mice responding to different tests of insensibility were analyzed

using a Fisher’s exact test.

3.3 Results

The time between start of gas flow and the first sign of insensibility (i.e. recumbency) did not
differ between treatment (F; 1,=0.13, P=0.72; Figure 3.1), but once recumbent, mice exposed to
isoflurane were more likely to respond to the approaching hand than mice exposed to CO, (7/7
versus 2/6 mice, respectively; P=0.02). Of those showing an escape response, six isoflurane and
no CO;, mice showed forward or lateral escape movements away from the hand (P=0.0005).

The time between the start of gas flow and loss of the righting reflex also did not differ
between treatments (F; 1,=0.14, P=0.71; Figure 3.1), but when testing for loss of this response all
isoflurane mice demonstrated purposeful movement versus none of the mice tested in the CO,

treatment (P=0.0006).
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The time until loss of the pedal withdrawal reflex was approximately 25 s longer when using
5% isoflurane versus CO; at a 20% chamber vol/min flow rate (F; ;,=12.0, P=0.005; Figure 3.1).
All mice in the isoflurane treatment responded at least once to the toe pinch versus just one of the
mice tested in the CO; treatment (P=0.005). The mean (£ S.D.) time between the first sign of
insensibility (recumbency) and the most cautious measure (loss of the pedal withdrawal reflex)
averaged (+£S.D.) 40.4 £ 12.9 s for isoflurane versus just 15.7 = 10.9 s with CO..

The time from beginning of the procedure until last breath averaged 222.1 + 5.4 s for
isoflurane versus 114.8 = 5.8 s for CO, (Fy, 1,=182.2, P< 0.0001). Time from the switch to 60%
cage vol/min flow rate of CO, until last breath was 112.6 = 3.9 s for isoflurane versus 25.0 + 4.2
s for COy (Fy,12=234.2, P<0.0001). No mouse from either treatment showed any sign of

purposeful movement after the switch to a high flow rate of CO,.

Figure 3.1. Least Squares Means (£S.E.) of recumbency onset, loss of the righting reflex, and
loss of the pedal reflex for mice exposed to the isoflurane (n=7) and CO, (n=6) methods of
euthanasia
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3.4 Discussion

CO; and isoflurane have different modes of action. CO, affects the central nervous system by
decreasing the pH of the cerebral spinal fluid (Eisele et al., 1967; Lee et al., 1996; Martoft et al.,
2003); the decreased pH disrupts neuron function and decreases cerebral electrical activity (Lee
et al., 1996; Woodbury et al., 1958) leading to anaesthesia and narcosis (Eisele et al., 2003;
Maroft et al., 2003). Isoflurane inhibits neurotransmitter pathways in the central nervous system
(Campagna et al., 2003; Herring et al., 2009; Westphalen et al., 2013). Isoflurane is known to
have the largest safety margin of the inhalant anaesthetics (Stimpel and Gershey, 1991), which
explains the longer induction time and time to last breath in the current study.

Recumbency and loss of the righting reflex are commonly used to indicate insensibility. For
example, it has been suggested that loss of consciousness (failure to respond to a verbal
command) in humans is related to loss of the righting reflex in rodents when using isoflurane
anaesthesia (Franks, 2008). However, humans may understand verbal questions but be unable to
respond to them, suggesting that verbal responsiveness may not be the best correlate of
consciousness (Alkire et al., 2008; Owen et al., 2006; Veselis et al., 2002).

In our study mice were tested for loss of the righting reflex after recumbency onset. Even
though recumbent, all mice in the isoflurane treatment and two mice in the CO, treatment
attempted to escape from the approaching hand, indicating that they were still conscious. In
addition, purposeful movement was exhibited by all of the isoflurane treatment mice when the
experimenter checked for loss of the righting reflex. These differences suggest that the onset of
recumbency and loss of the righting reflex may be more appropriate measures of loss of
sensibility when using gradual-fill CO, than when using isoflurane. Indeed, isoflurane is used for

conscious sedation in human procedures where the patient remains conscious, but may or may
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not be able to respond to verbal commands (Rodrigo and Rosenquist, 1988; Sparacino et al.,
1999).

Loss of the pedal withdrawal reflex was our most conservative measure of insensibility. This
autonomic motor response of the hind limb is commonly used to determine when a surgical
plane of anaesthesia has been reached (Arras et al., 1991; Buitrago et al., 2008; Whelan and
Flecknell, 1992). A lighter plane of anaesthesia may be sufficient to prevent purposeful
movement but insufficient to prevent the pedal withdrawal reflex (Antognini et al., 2005). For
the purposes of the current study, the relevant question is at what point do mice no longer
perceive the pain and aversion associated with exposure to CO,? Minimum alveolar
concentration sufficient to inhibit responses to pain vary considerably across mouse strains
(Mogil et al., 2005; Sonner et al., 2000; Sonner et al., 1999), suggesting a wide safety margin is
required to reduce the risk of suffering during euthanasia. On average (+S.D.), mice in the
current study lost the pedal withdrawal reflex 40 + 13 s and 16 = 11 s after the onset of
recumbency during the isoflurane and CO, treatments, respectively. After 79 and 49 s (i.e. mean
+ 3 S.D.) more than 99% of the mice would likely be at a surgical plane of anaesthesia before
exposure to high concentrations of CO, when using the 5% isoflurane and 20% chamber vol/min

gradual-fill CO, methods for euthanasia, respectively.

3.5 Conclusion and recommendation

Isoflurane induction is a humane alternative to gradual-fill CO, for euthanasia, but once
rendered insensible, mice may be killed using exposure to high concentrations of CO; gas. When
using isoflurane for induction, we recommend that upon the appearance of recumbency users

wait a minimum of 79 s (when using 5% isoflurane and a 17% chamber vol/min fill rate with O,
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as the carrier gas) before switching to CO,.
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Chapter 4: Mouse aversion to isoflurane versus carbon dioxide gas

4.1 Introduction

Current laboratory mouse euthanasia guidelines recommend using an inhalant anaesthetic
over carbon dioxide gas (CO;) for rodent euthanasia (AVMA, 2013; CCAC, 2010). Current
evidence suggests isoflurane is less aversive to mice and rats than CO, (Makowska and Weary
2009; Wong et al., 2013) and other inhalant anaesthetics (Makowska et al., 2009). Isoflurane is a
volatile liquid halogenated hydrocarbon. Generally, one of two methods can be used to
administer isoflurane for euthanasia: a vaporizer machine or the drop method. A scavenging
system and a carrier gas is required when using an isoflurane vaporizer, and some animal users
have argued that the use of a vaporizer is unnecessary for rodent euthanasia. In addition,
vaporizer machines can be costly to purchase and maintain, likely reducing accessibility for
some users. Alternatively, animal users may use the drop method, which involves placing liquid
isoflurane on an absorbent material such as gauze, and placing this in a closed chamber. Despite
the practicality of the drop method, to our knowledge no studies have compared aversion to the
drop versus vaporizer methods of isoflurane administration. In addition, many laboratories still
use the gradual-fill method of CO, for euthanasia. Thus we tested mouse aversion to isoflurane
administered by a vaporizer, isoflurane administered via the drop method, and gradual-fill CO..

The light-dark paradigm is a conflict-based anxiety test originally developed by Crawley and
Goodwin (1980) to test anti-anxiety medications on mice. This paradigm uses the innate
unconditioned preference for dark versus light areas and fear of open spaces in mice. The light-
dark apparatus is composed of three compartments, a large light chamber, a small dark chamber

and a middle chamber separating the light and dark areas. Habituation to the apparatus changes
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this novel environment into a familiar one, therefore producing a light aversion test instead of
testing anxiety (Matynia et al., 2012). This paradigm has been previously used to test rat aversion
to CO, versus isoflurane in rats (Wong et al., 2013).

Using the light-dark box paradigm, we tested mouse aversion to: 1) 20% gradual-fill chamber
vol/min of CO,, 2) 5% isoflurane administered using a vaporizer with a flow of oxygen (O,) set
at 4 1/min (40% chamber vol/min), 3) 5% isoflurane administered using the drop method. Mice
were able to choose between remaining in the small dark chamber with a rising concentration of
one of three treatments or escaping to a larger brightly lit chamber. Initial exposure aversion was
examined for all treatments. In addition, re-exposure aversion was examined for the isoflurane
vaporizer treatment; mice commonly undergo surgical procedures using an isoflurane vaporizer
machine, so exposure to isoflurane during euthanasia may not be their first exposure.

In a pre-trial, we measured the rate at which isoflurane concentrations increased within a
chamber when using the vaporizer and drop treatments; this allowed us to estimate the

approximate concentrations that mice would likely be exposed to during the experiment.

4.2. Materials and methods
4.2.1 Pre-trial: rising isoflurane concentration in the vaporizer and drop conditions

An Innocage” mouse disposable IVC transparent mouse cage (Universal Euro Type II Long,
Innovive Inc. USA, 37.3 cm L x 23.4 cm W x 14.0 cm H, with 205 cm? floor space) was used as
the test cage. A Plexiglass lid with a centrally placed hole was placed on top of the cage during
testing. A Capnomac Ultima™(Datex Ohmeda, Finland) capnograph was used to measure the

rising concentration of isoflurane in the cage, via a PE/PVC sampling line (Datex Ohmeda,
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Finland) inserted into a hole near the base of the anterior wall of the cage. Testing took place in
Medical Block C at the University of British Columbia, Vancouver, Canada.

For the isoflurane vaporizer treatment, 5% isoflurane (Baxter Corporation, Canada) was
administered via an Isotec 4 isoflurane vaporizer (Ohmeda, Steeton, England) using 4 1/min
(33% chamber vol/min) of room air as the carrier gas. The isoflurane drop treatment used wire
mesh (Activa, USA) to create a rectangular apparatus (11 cm x 7 cm x 3 cm), which held a piece
of 5.1 cm x 5.1 cm gauze (Professional Preference, Canada) opened length wise to stretch the
entire apparatus. The volume of isoflurane required to provide a 5% concentration in the
chamber was determined to be 4.6 ml using the universal gas law (PV=nRT) and a room
temperature of 22°C. The liquid isoflurane was drawn through a glass syringe and dropped onto

the gauze within the wire mesh apparatus.

4.2.2 Experiment
4.2.2.1 Animals and housing

We used thirty male C57Bl/6J mice were housed at the University of British Columbia’s
Centre for Disease Modeling, Vancouver, Canada. All mice were group housed, weighed
between 22.4-28.3 g, and were two months old at the time of testing. Mice were housed with a
nest-box, brown crinkle paper (Enviro-dri, Shepherd Specialty Papers, USA), one cotton nest
square (Ancare, USA), beta chip bedding (Nepco, Northeastern Products, USA), ad libitum
access to food (Harlan 2918 Tekland Global Rodent Maintenance, USA), reverse osmosis
chlorinated water, and kept under a reverse 12 h light:12 h dark cycle with light intensity ranging
from 240-340 lux throughout the light phase. All animal procedures were approved by the

University of British Columbia’s Animal Care Committee.
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4.2.2.2 Experimental set up and testing apparatus

All testing took place over four days in a darkened test room lit by a low-pressure sodium
lamp undetectable to mice (McLennan and Taylor-Jeffs, 2004). Testing took place during the
dark cycle between 10:00 and 17:00 h, at an average (+S.D.) room temperature of 20.6 = 0.5 °C.
All mice were placed in a biological safety cabinet within the test room one hour before testing
started to allow acclimation.

The Plexiglas test box (67 cm x 20 cm x 25 cm) was divided into three compartments: 1) a
light chamber (40 cm x 20 ¢cm x 25 cm), 2) a dark chamber (20 cm x 20 cm x 25 cm), and 3) a
middle buffer compartment (6 cm x 6 cm x 6 cm). The middle compartment connected the light
and dark compartments, with an opening (6 cm x 6 cm x 6 cm) on either side to allow a mouse to
pass between the light and dark compartments. These openings were covered with flexible,
overlapping black plastic strips with vertical slits, to minimize gas exchange between the
compartments while allowing the mice to pass through. Holes drilled into the side of the middle
compartment helped vent any test gas entering this chamber. Black plastic was placed on all
sides of the dark compartment, except the front where video recording took place. The
experimenter sat away from the testing apparatus and was hidden by a blind. Fresh beta chip
bedding was placed into the light (500 ml) and dark (300 ml) compartments between testing
cages of mice. A Plexiglas lid with a hole centrally placed above both the light and dark
compartments was custom made to fit the box. A lamp (Barometer work lamp, Ikea, China) with
a 7-watt line voltage PAR20 LED light (Lightline, Canada) was used as the light source. The
lamp head was directed overhead the light compartment to minimize light diffusion into the other

compartments.
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For isoflurane drop trials, wire mesh (Activa, USA) was molded to create a rectangular shape
(11.5 cm x 3 cm x 24 cm) that held a piece of 10.2 cm x 10.2 cm gauze (Professional Preference,
Canada) opened length wise to stretch the entire mesh apparatus and increase surface area. This

apparatus was placed into the dark side against the end of the dark compartment.

4.2.2.3 Habituation

Mice were randomly assigned to one of three treatments: isoflurane vaporizer, isoflurane drop
or CO; gas. All mice were habituated to the test apparatus three times each over six days. For the
CO; treatment, 2 1/min of CO; was delivered to the light (10% chamber vol/min flow rate) and
dark (20% chamber vol/min flow rate) compartment. For the isoflurane vaporizer treatment, 4
1/min of O, was delivered to the light (20% chamber vol/min flow rate) and dark (40% chamber
vol/min flow rate) compartment. Separate gas lines for each compartment connected to the same
O, tank (Praxair, Canada) with separate flow meters (Western Medica, USA). Mice assigned to
the isoflurane drop treatment did not receive any gas flow and instead, holes in the Plexigas lid
were covered.

At the start of each habituation trial, the light source above the light compartment was turned
on and a lux meter (Traceable Dual-Range light meter, VWR International, Radnor,
Pennsylvania, USA) was used to measure light intensity in the light and dark compartments.
Measurements in the dark compartment did not exceed three lux and the darkest corner of the
light compartment exceeded 700 lux. A Panasonic HDC-TM41 video camera (Malaysia) was
turned on and a mouse placed into the light compartment to encourage exploration of the dark
compartment. The trial ended after 20 min or when one full minute was spent in the dark side

(our criterion for preference). The light-dark paradigm is based on mouse aversion to large bright
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areas, and preference for darker smaller enclosures. Since the light source used was a LED light,
it did not heat up over time. Past studies using the light-dark paradigm have shown that mice find
500 lux aversive (Costall et al., 1989; Matynia et al., 2012). Our light source was aversive to the
mice in our study, shown by mouse preference for the dark compartment. Mice show higher
frequencies of entries and exits compared to rats (Leach et al., 2002). In this study, mice
frequently shuttled back and forth between compartments, spending more time in the dark
compartment but rarely staying longer than a minute and a half. On this basis we used the
criterion of one full minute in the dark compartment to signify preference.

The test apparatus was cleaned with 70% alcohol between cages of mice and then aired out
and wiped with water to decrease any smell or novelty. The apparatus was not cleaned between

mice that shared the same home cage (following Hascoet & Bourin, 1998).

4.2.2.4 Testing

Experimental testing followed the habituation procedure exactly, up until a mouse had spent
one full minute in the dark side. The CO, trials, a gas line connected to a CO, tank (Praxair,
Canada) and a CO; flow meter (Western Medica, USA), was turned to 2 I/min (20%
compartment vol/min) and O flow into the dark compartment was discontinued. For all
isoflurane vaporizer treatments, isoflurane (Baxter Corporation, Mississauga, ON, Canada) was
administered using a MSS isoflurane vaporizer machine (Highland Medical Equipment, USA) at
5% with 4 I/min (40% compartment vol/min) O, as the carrier gas. Again, the supplemental O,
flow into the dark compartment was discontinued. For all isoflurane drop method trials, 3.7 ml
(5% volume of isoflurane determined using the universal gas law: PV=nRT, with 20°C room

temperature) was syringed onto the gauze in the wire mesh apparatus and the lid closed.
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Trials ended when the mouse became recumbent in the dark compartment (Table 4.1), or
when two minutes were spent continuously in the light compartment indicating aversion to the
dark compartment. Mice that stayed in the dark chamber until recumbent were transferred to an
empty cage, placed on a heating pad, and allowed to recover before being placed back into the
home cage.

Of 30 mice included in the study, three failed to spend one full minute in the dark side
therefore were removed from the study; this left a total of eight mice tested with CO, and nine
mice with each isoflurane treatments.

Re-exposure occurred only for the isoflurane vaporizer treatment (n=9) one week after initial
exposure. These trials followed the same procedure as the initial exposure trials for the isoflurane
vaporizer treatment.

After completing these trials, all treatment mice were euthanized using 5% isoflurane gas with
4 1/min of O, as the carrier gas, followed by 50% chamber vol/min CO, to complete the
euthanasia procedure. Mice were weighed and then under went cervical dislocation as a

secondary method of euthanasia.

4.2.2.5 Data collection

Both the pre-trial and the experiment were video recorded using the video camera. Pre-trial
videos were used to record capnograph readings for the concentration of isoflurane every 5 s.
Experiment videos were scored for: latency to leave, recumbency, number of re-entries, and total
time spent re-entering the dark compartment after initially leaving, for both initial and re-
exposure trials. Only those animals that re-entered the dark compartment were used to analyze

number of re-entries and total time spent re-entering the dark compartment.
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Table 4.1 Behaviours used to assess mice in the light-dark box.

Parameter Definition

Latency to leave Initial time exposed to isoflurane or CO, before choosing to leave
the dark compartment

Recumbency Head resting on floor with loss of muscle tone for 5 seconds

Re-entries Number of times a mouse chose to re-enter the dark side after first
leaving

Total time Time spent re-entering the dark compartment after initially leaving

4.2.3 Statistical analysis

Latency to leave and total time spent re-entering the dark compartment were analyzed for
both initial and re-exposure data using a mixed model (SAS v. 9.3) that included mouse as a
random effect. A general linear model was used to examine treatment differences in latency to
leave, number of re-entries and total time spent re-entering the dark compartment after first
leaving. Mice that never left the dark compartment upon gas exposure were not included in the
analysis for the number of re-visits or total time spent re-entering the dark compartment. For
initial exposure trials, Fisher’s exact test was used to compare treatments for the number of mice
that became recumbent in the dark side. A Cochran-Mantel-Haenszel test was used to test
differences in the number of mice that became recumbent in the dark side between initial versus

re-exposure to isoflurane vaporizer. Means are reported = S.E.M.
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4.3 Results
4.3.1 Pre-trial

The drop method of isoflurane administration resulted in a faster increase in concentration
compared to the isoflurane vaporizer method (Figure 4.1). The target concentration of 5% was
achieved after 5 min when using the vaporizer versus 30 s when using the drop method. The
vaporizer isoflurane concentration maximized at 7.5% and then levelled out to 5%, likely due to

sampling line placement within the cage.

Figure 4.1 Rising concentration of 5% isoflurane administered by a vaporizer (using 4 I/min O,
as the carrier gas), compared to the drop method as established in the pre-trial.
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4.3.2 Experiment
4.3.2.1 Initial exposure
Latency to leave the dark compartment was greater for mice exposed to isoflurane by the

vaporizer machine compared to the drop method (F; 17=22.6, P<0.0001; Figure 4.2) and CO,
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(F116=4.9, P=0.04). Mice were also more likely to become recumbent in the dark compartment
when isoflurane was delivered using a vaporizer machine versus the drop method (F; 17=7.0,
P=0.3; Table 4.2) or CO; (F;,16=8.0, P=0.03). Of the five mice that became recumbent during
isoflurane vaporizer exposure, two never left the dark chamber after the isoflurane was turned on
and three became recumbent upon re-entry. With the drop method, two mice became recumbent
in the dark compartment upon re-entry. None of the eight CO, treatment mice became
recumbent.

Mice exposed to the isoflurane vaporizer treatment re-entered the dark compartment after
initially leaving, more than mice exposed to either the drop method treatment (F; ;5=7.5,
P=0.013) or the CO, treatment (F; 14=8.5, P=0.008). The total time spent re-entering the dark
compartment after initially leaving was greater in the vaporizer treatment versus both the drop

(F1.12=15.8, P=0.0012) and CO, treatments (F; ;;=19.7, P=0.0005).
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Figure 4.2 Mean (+ S.E.M) latency for: a) mice to leave the dark compartment after initial
exposure to CO; (n=8), isoflurane vaporizer (n=9) and isoflurane drop (n=9), and b) total time

spent re-entering the dark compartment after first leaving when exposed to CO, (n=5), isoflurane
via the vaporizer (n=7) or the drop method (n=6).
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Table 4.2 The number of mice that became recumbent in the dark compartment relative to the
number of mice in each treatment, and mean (£S.E.M) number of times mice re-entered the dark
compartment.

CO»  Isoflurane Drop Isoflurane Vaporizer Isoflurane Vaporizer

Initial Exposure Re-exposure
I. Recumbent 0/8 2/9 5/9 2/9
II. Re-entries 1.0 +£0.3 1.2+04 3.6£1.0 1.0+04

4.3.2.2 Re-exposure: isoflurane vaporizer treatment

The latency to leave the dark compartment decreased from a mean (= S.E.M) 0of 29.2 £ 6.1 s
to 19.1 £+ 5.0 s upon re-exposure to isoflurane (F; 3= 3.7, P=0.09; Figure 4.3). Only two of nine
mice became recumbent during re-exposure, compared to five of nine mice during initial
exposure (Table 4.2). The two mice that became recumbent during re-exposure had also become
recumbent during the initial exposure trials. The number of re-entries to the dark compartment
decreased from a mean (+£S.E.M) of 3.6 + 1.0 during initial exposure to 1.0 £+ 0.4 upon re-
exposure (F;¢=5.8, P=0.05). Total mean (+S.E.M.) time spent re-entering the dark compartment
after first leaving, decreased from 24.1 & 4.2 s during initial exposure to 2.3 = 0.9 s during re-

exposure (F6=34.3, P=0.0011).
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Figure 4.3 Mean (£S.E.M) latency during initial (n=8) and re-exposure (n=8) to the isoflurane
vaporizer treatment, as well as total time spent re-entering the dark compartment after first
leaving, during initial (n=7) and re-exposure (n=7).
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4.4 Discussion

In the current study the vaporizer was at the highest setting possible (5%) combined with the
highest flow rate of O, (4 I/min); these settings are chosen to minimize the time between onset of
aversion and insensibility when using the vaporizer (Makowska et al., 2009). However, results of
the pre-trial showed that isoflurane concentration rises much more quickly when using the drop
method versus the vaporizer. This difference means that mice spending the same amount of time
in the dark compartment would be exposed to a higher concentration of isoflurane in the drop
versus vaporizer treatments. The latency to leave the dark compartment was 2.9 versus 29.2 s
with the isoflurane drop and vaporizer treatments, respectively. At these times, the isoflurane
concentration in the dark compartment would have been approximately 1 to 2%, suggesting that
concentrations in excess of 1% are aversive to mice. A potential refinement of the drop method

would be to use less isoflurane, resulting in a lower maximum concentration.
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The number of re-entries to the dark side averaged one and four for the isoflurane drop and
vaporizer treatments, respectively; this difference again may be attributed to the slower build up
of isoflurane concentration using the vaporizer method. When mice chose to re-enter the dark
side in the isoflurane drop treatment, the concentration of isoflurane was likely higher than at the
equivalent time in the vaporizer treatment. This difference likely also explains the decreased total
time re-entering and total time spent in the dark compartment with the drop treatment versus the
vaporizer treatment.

The latency for mice to leave the dark compartment was longer for the vaporizer treatment
versus gradual-fill CO,. The concentration of CO; likely exceeded 10% when mice chose to
leave the dark compartment, based upon a theoretical 20% gradual-fill CO, curve. Previous
work has shown that mice and rats begin to avoid exposure to CO, at about this level (Kirkden et
al., 2008, Leach et al., 2002, Makowska et al., 2009, Wong et al., 2013). The number of visits
and total re-entry time was also less for mice exposed to CO, compared to vaporized isoflurane,
suggesting that initial exposure to CO, is more aversive than initial exposure to vaporized
isoflurane. None of the mice exposed to CO, chose to stay in the dark compartment until
recumbency, compared to about half of the mice tested with the isoflurane vaporizer treatment.
The results also indicate that mice find CO, more aversive than isoflurane.

Our study results suggest that re-exposure to isoflurane is more aversive than initial exposure.
One study (Makowska et al., 2009) using an approach-avoidance paradigm failed to find
evidence of learned aversion to isoflurane in mice, but a more recent study using the light-dark
paradigm (Wong et al., 2013) found learned aversion in rats when re-exposed to isoflurane.

Isoflurane administered by a vaporizer is commonly used for induction and maintenance of
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anaesthesia in mice. Euthanasia with isoflurane may be more aversive for mice with previous
exposure.

In agreement with current literature, our study results suggest that mice are willing to be
exposed to concentrations that cause anaesthesia with isoflurane (delivered by a vaporizer) but
not with CO, gas. Mice always chose to leave the dark compartment and enter the larger brightly
lit compartment before CO, concentrations reached those that could render a mouse insensible.
Although this study showed that isoflurane was less aversive than CO, in mice, it was still
aversive as indicated by mice choosing to leave the dark compartment upon start of treatment.
Isoflurane has a pungent odour (Flecknell, 2009) and is known to cause eye irritation and
potential irritation to upper airway mucosa (Cervin and Lindberg, 1998; Doi and Ikeda, 1993);
these effects are likely pronounced at higher concentrations, like those experienced in the drop

method treatment in the current study.

4.5 Conclusion

Our results indicate that isoflurane administered by a vaporizer is a humane alternative to
20% chamber vol/min gradual-fill CO, for mouse euthanasia. In addition, mice chose to leave
earlier and fewer mice became recumbent with isoflurane administered using the drop method
compared to the vaporizer method, suggesting the drop method (as tested in the current study)
should be avoided. Our results indicate that re-exposure to isoflurane administered with a
vaporizer is more aversive than initial exposure, suggesting that this method should be avoided

when animals have had previous exposure.
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Chapter 5: Discussion and Conclusion

5.1 CO; gradual-fill method of mouse euthanasia

The use of CO, gas for mouse euthanasia is the most common method used, but over the last
decade there have been questions concerning whether or not this method is humane. Several
refinements have been suggested. For example, using gradual flow (with flow rates between 10-
30% chamber vol/min) rather than a pre-filled chamber, to render rodents insensible before
concentrations reach those associated with pain. Even with this refinement rodents likely
experience both sensory and affective components of dyspnea when exposed to CO, (Lansing et
al., 2009).

The evidence presented in Chapter 2 shows that CO, flow rate can affect the duration of
dyspnea. To minimize this period, I recommend that researchers use a 50% chamber vol/min
flow rate but hold the rising chamber concentration to just below 40% CO; so that mice are not
subjected to concentrations associated with pain while conscious. However, even with this
refinement, mice still must endure more than 30 s of dyspnea when euthanized with CO..

Others have also attempted to refine the induction period, testing various CO; gas mixtures to
produce less aversion. Thomas et al. (2012) combined N,O and CO; (60:20), resulting in mice
losing the righting reflex about 10% faster than with CO, alone. The authors conclude this
decreases the conscious period and therefore distress. However, mice have never been tested for
aversion to a combination of CO; and N,O or to N,O alone. If we are to refine the induction
period using gas mixtures, it is important to test animal aversion to the mixtures before they are
used for euthanasia. Thomas et al. (2012) reported that the N,O:CO, mixture induced a more

severe state of hypoxia compared to gradual-fill CO, alone. Therefore it is possible this gas
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mixture may be more aversive given that hypoxia has been shown to be aversive in rats
(Makowska et al., 2008).

Other gas-mixtures that have been examined include supplementing CO, with N, (Thomas et
al., 2012), O, (Coenen et al., 1995; Danneman et al., 1997; Kirkden et al., 2008; Pecaut et al.,
2000), argon (Leach et al., 2002) and air (Hornett and Haynes, 1984). Argon-CO, mixtures were
reported as more aversive to rats and mice than CO, alone (Leach et al., 2002). CO,-O, mixtures
were reported as less aversive than CO, alone (Kirkden et al., 2008), resulting in less distress
related behaviours in mice (Coenen et al., 1995) but with an increased time to unconsciousness
and death (Pecaut et al., 2000). Increased time to death is a concern as the experience of dyspnea
may be prolonged. CO; is known to cause pulmonary oedema and haemorrhage, increasing in
severity with rising concentrations of inhaled CO, (Danneman et al., 1997). A study by Ambrose
et al. (2000) examined oedema and alveolar hardening caused by inflammation within the lungs
(consolidation), in mice following euthanasia with 30% chamber vol/min CO; or CO,-O,
mixture (30:20%). Mice euthanized with the CO,-O, mixture had more severe cases of oedema
and alveolar consolidation versus those mice euthanized with CO; alone. Since the CO,-O,
mixture results in a longer period of consciousness, the authors report mice likely experienced
not only hyperventilation but also a state of conscious drowning during the euthanasia procedure
(Ambrose et al., 2000). Given this evidence reviewed above, I conclude that none of the gas
mixtures tested to date provide a refinement over the CO, gradual-fill method of mouse
euthanasia.

To my knowledge, no other refinements for CO, mouse euthanasia have been discussed in the
literature. An abundance of literature indicates that CO, is aversive in mice and rats (Niel and

Weary 2007; Niel and Weary, 2006; Leach et al., 2002; Wong et al., 2013; Ziemann et al. 2009)
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likely due to dyspnea, resulting in an increased effort to breath. In human studies, CO;
concentrations as low as 7% have caused dyspnea, reported as distressing and resulting in
emotions such as fear and anxiety (Banzett et al., 1990; Lansing et al., 2000; O’Driscoll et al.,
1999; Von Leupoldt and Dahme, 2005), while exposure to concentrations between 10-35% have
shown to cause fear responses in mice and rats (Concas et al., 1993; Niel and Weary, 2006;
Ziemann et al., 2009); as well, 10% CO, acts as an unconditioned fear stimulus and increases
fear memory when paired with foot-shock in mice (Ziemann et al., 2009). Approach-avoidance
studies conducted in rats show animals leaving a gradually filled CO, chamber when
concentrations are on average 18% (Niel and Weary 2007) and 16% (Kirkden et al., 2008). It is
likely that the CO, exposure induces fear, given that mice choose to avoid CO, at concentrations
at similar concentrations that humans experience dyspnea. Unfortunately there is a lack of direct
evidence supporting this point. I encourage research using a conditioned place aversion test,
wherein mice are subjected to a chamber with CO, concentrations that induce dyspnea, and then
later are tested for aversion behaviour when re-exposed to the chamber in absence of CO,. 1
predict that the unconditioned stimulus of CO,-induced dyspnea would turn a neutral
environment, the chamber where exposure occurred, into a conditioned stimulus. If mice learned
this association they would be less likely to return to the chamber re-tested in the absence of the
test gas.

Although the proposed experiment described above would allow us to draw stronger
conclusions regarding the welfare effects of exposure to CO,, I suggest that the existing evidence
still provides a basis for the conclusion that CO, does not provide a good death. I recommend

that researchers move away from CO; for inducing anaesthesia.
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5.2 Isoflurane followed by CO, for mouse euthanasia

Exposure to isoflurane is not painful, but may be irritating to the respiratory tract and eyes, in
addition to having an unpleasant pungent odour (Cervin and Lindberg, 1998; Doi and Ikeda,
1994). Little work has been done to refine the method of mouse euthanasia using isoflurane. A
study by Thomas et al. (2012) compared an isoflurane-O, (5:95) mixture versus an isoflurane-
N20-0; (5:75:25) mixture. The authors found that the isoflurane-N,O-O, mixture decreased time
to loss of the righting reflex by 17%. However, these authors failed to describe any changes in
behaviour during induction and it is unknown if mice find the gas mixture more aversive.

When using the isoflurane method of mouse euthanasia, many users are unsure how long an
animal should be exposed to isoflurane before a sufficiently deep plane of anaesthesia has been
reached, allowing a high flow rate of CO, (or some other form of secondary euthanasia) to begin.
The results of Chapter 3 provide the first scientific basis for recommending when this switch can
occur. When using 5% isoflurane with 2 1/min (17% chamber vol/min) of O, users should wait a
minimum of 80 s after the appearance of recumbency to switch to a high flow rate of CO,,
thereby reducing the risk of exposing sentient mice to painful concentrations of CO,. This
recommendation would also likely apply to other secondary methods including cervical
dislocation and guillotine, assuming little or no delay between removing the animal from the
chamber and applying the secondary method.

More work is needed to further refine the isoflurane method of mouse euthanasia. For
example, I suggest testing mouse aversion to various isoflurane concentrations, examining gas-
mixtures that create a smoother induction by minimizing eye or respiratory irritation and

assessing aversion to these mixtures.
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5.3 Aversion to isoflurane and CO,

The light-aversion results described in Chapter 4 provides the first direct evidence that mice
find CO, more aversive than isoflurane, and that isoflurane administered via a vaporizer is less
aversive compared to the drop method. Both methods of isoflurane administration delivered 5%
isoflurane, but the different procedures resulted in different rates of accumulation within the dark
compartment. Regardless of treatment, mice left when the dark compartment contained about 1-
2% isoflurane, suggesting that mice find concentrations >1% aversive. Induction with the drop
method was more aversive in mice than with the vaporizer method, likely due to the difference in
rising isoflurane concentration. Future work is needed to assess mouse aversion to lower
concentrations of isoflurane delivered via the drop method, as it is possible that lower but
effective concentrations may be less aversive.

Another potential cause of isoflurane aversion is the experience of becoming increasingly
sedated. Using the drop method this experience would occur much faster than with the vaporizer
method, thereby causing the mice to leave the chamber much earlier.

A potential weakness of the light-aversion test is that during exposure to isoflurane, mice may
have become too sedated to escape the gas-filling compartment even if they wanted to. However,
no mice stayed until recumbency with CO,, (which has a smaller safety margin), suggesting that
induction with isoflurane is still less aversive than induction with COs,.

Although mice showed a preference for the smaller dark compartment, they chose to remain
in the large brightly lit chamber more often when exposed to 20% chamber vol/min gradual-fill
CO; or isoflurane delivered with the drop method compared to when isoflurane was delivered
using the vaporizer. These results are a strong indication of aversion, suggesting a negative

experience was endured during agent-exposure. Collectively, the work described in this thesis
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builds upon current welfare research that exposure to CO; is aversive and that this agent should

not be used for euthanasia of conscious animals.

5.4 Conclusion

Animal researchers should provide the best death possible for the mice used in their research.
The aim of my thesis was to identify refinements to the isoflurane and CO, methods of mouse
euthanasia. My results, in accordance with other published research, indicate that the most
humane method of rodent euthanasia is exposure to isoflurane delivered by a vaporizer machine.
If using this method and a 2 1/min (17% chamber vol/min) flow rate of O,, my results indicate
that upon the appearance of recumbency, users should wait a minimum of 80 s before switching
to CO; gas or using another secondary method. If using the CO, gradual-fill method for mouse
euthanasia, my results suggest using a 50% chamber vol/min flow rate, while ensuring the
concentration in the euthanasia chamber does not exceed 40% before loss of consciousness
occurs, to reduce the duration of dyspnea. Isoflurane delivered by a vaporizer is a refinement, but
even with this method not all mice stayed in the gas-filling dark compartment until recumbency.

Therefore the search for more humane agents for laboratory mouse euthanasia should continue.
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