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Nausea and vomiting are among the most common symptoms encountered in medicine as either symptoms of disease or side
effects of treatments. Developing novel anti-emetics and identifying emetic liability in novel chemical entities rely on models
that can recreate the complexity of these multi-system reflexes. Animal models (especially the ferret and dog) are the current
gold standard; however, the selection of appropriate models is still a matter of debate, especially when studying the subjective
human sensation of nausea. Furthermore, these studies are associated with animal suffering. Here, following a recent workshop
held to review the utility of animal models in nausea and vomiting research, we discuss the limitations of some of the current
models in the context of basic research, anti-emetic development and emetic liability detection. We provide suggestions for
how these limitations may be overcome using non-animal alternatives, including greater use of human volunteers, in silico and

in vitro techniques and lower organisms.
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Introduction

Nausea (an unpleasant sensation often associated with the
urge to vomit) and vomiting (the forceful oral expulsion of
upper gastrointestinal tract contents) are commonly encoun-
tered either separately or together as symptoms of diverse
diseases (e.g. advanced cancer, cyclic vomiting syndrome, epi-
lepsy, functional dyspepsia, gastroparesis, migraine, raised
intra-cranial pressure), systemic (e.g. meningitis) and gas-
trointestinal (e.g. rotavirus, norovirus, Bacillus cereus) infec-
tions, pregnancy (both pregnancy sickness and hyperemesis
gravidarum) and exposure to some forms of motion (e.g.

Correspondence: Dr AM Holmes, National Centre for the Replacement, Refine-
ment and Reduction of Animals in Research, 20 Park Crescent, London, W1B
TAL, UK. E-mail: anthony.holmes@nc3rs.org.uk

Received 14 August 2008; revised 17 November 2008; accepted 8 January
2009

parabolic flights) and vection (e.g. illusory self-motion)
(Andrews and Horn, 2006). Nausea and vomiting can also be
undesirable effects of treatments such as radiotherapy, proce-
dures such as anaesthesia and surgery [post-operative nausea
and vomiting (PONV)], and drug treatments. One of the most
marked examples of treatment-induced nausea and vomiting
is that induced by cytotoxic agents (e.g. cisplatin, cyclophos-
phamide) used in the treatment of cancer which begins
within a few hours of administration (acute phase) and can
persist for many days (delayed or protracted phase) after drug
administration. This can lead some individuals to become
averse to, and avoid further treatment by the induction of
anticipatory nausea and vomiting (ANV) whereby patients
develop symptoms in anticipation of subsequent cycles of
chemotherapy (Rudd and Andrews, 2004).

The clinical need to develop efficacious anti-emetic strate-
gies to deal with the nausea and vomiting associated with
chemo- and radiotherapy was one of the major drivers of the
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resurgence of interest in the basic and applied neuropharma-
cology of nausea and vomiting in the early 1980s following
from the ‘classical’ studies of the emetic reflex in the 1950s by
Borison, Wang, McCarthy and Brizzee (Davis, 1995 for his-
torical review). When it was first used the cytotoxic agent
cisplatin, while being highly effective against many tumours
was associated with particularly intense vomiting which was
resistant to anti-emetics available at that time. In patients not
receiving anti-emetics the incidence of emesis with high dose
cisplatin was 98% in the acute phase and between 44% and
89% in the delayed phase (Gandara etal., 1993; Kris et al.,
1985; 1996). Attempts to understand the neuropharmacology
of cisplatin-induced vomiting using the ferret model (see
below) played a key role in the identification of selective
S-hydroxytryptamine; (5-HTs) receptor antagonists and argu-
ably tachykinin neurokininl (NK;) receptor antagonists
(Christie and Tansey, 2007), examples of which are in clinical
use. While both 5-HT; and NK; receptor antagonists have had
a major impact upon patients experience of chemotherapy
they do not completely block nausea and vomiting in all
patients and nausea is less well treated than vomiting
(Hesketh, 2008). Similarly, treatment of PONV has improved
but is not optimal (Ho and Gan, 2006). The lack of an anti-
emetic that would be efficacious in all clinical (e.g. cyclic
vomiting syndrome) and other (e.g. motion sickness) settings
against both nausea and vomiting argues that further research
is required in this area and raises the issue of which model(s)
(animal or otherwise) is most appropriate for such studies.

Nausea and vomiting are also frequently encountered
during the identification and development of drugs for a
range of diseases. A few examples in the public domain illus-
trate the problem: PDE4 inhibitors are promising agents for
the treatment of asthma but nausea is a dose limiting side
effect which remains poorly understood (Spina, 2008); type 2
diabetes can be treated with metformin but it is associated
with a high incidence (~30%) of gastrointestinal side effects,
including nausea (Hoffmann et al., 2003); GLP-1 receptor ago-
nists are a promising treatment for type 2 diabetes but can
induce nausea and more rarely vomiting (Nauck and Meier,
2005); rimonabant, a cannabinoid receptor antagonist for the
treatment of obesity, induces dose-dependent nausea in clini-
cal studies (Pi-Sunyer et al., 2006) and a different CB, receptor
antagonist (AM251) has been shown to enhance the emetic
response in the ferret (Van Sickle et al., 2001); and nicotinic
receptor agonists are being developed for the treatment of
pain and cognitive dysfunction, but nicotinic receptor ago-
nists have a potential to induce nausea and vomiting (Chin
et al., 2006) but it may be possible to reduce this by increased
selectivity at the o4f2nicotinic receptor (Ji et al., 2007).

Emetic liability can play a major role in delaying or even
preventing clinical development (see below). Even for mar-
keted drugs nausea and vomiting are common side effects
with the electronic Medicines Compendium identifying that
>50% of drugs in current use have nausea as a side effect and
>33% have both nausea and vomiting (cited in Lee, 2007) and
this may affect patient compliance with treatment. Despite
this however, nausea and vomiting are still not automatically
considered when assessing preclinical gastrointestinal tract
models or techniques for use in safety pharmacology (Harri-
son et al., 2004).
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There is a continuing requirement to develop novel anti-
emetic agents for the treatment of nausea and vomiting in
diverse clinical settings and to understand the mechanism(s)
by which current and potential drugs [novel chemical entities
(NCE)] induce nausea and vomiting, so that such effects can
be reduced or preferably avoided. If nausea and vomiting
cannot be prevented as the mechanism of action is intrinsi-
cally emetic, then this may lead to discontinuation of the
development of the drug or necessitate concomitant admin-
istration of anti-emetic agents.

Developments in understanding the neurophysiology and
pharmacology of vomiting and the identification of novel
anti-emetic agents have come from experiments using
animals and demonstrate that the animal models used have
predictive value. However, these studies by their very nature
are associated with animal suffering involving protracted epi-
sodes of retching and vomiting, for example over several days
in delayed cisplatin-induced vomiting studies which mimic
the pattern in patients. Protracted vomiting can lead to
reduced food intake, weight loss, dehydration and metabolic
disturbances. It is appropriate that we should explore appli-
cation of the ‘3Rs’ [replacement, reduction and refinement
(see Box 1); Russell and Burch, 1959] to research in this area
and in particular whether replacement is a realistic option in
any area of research involving a multi-system reflex.

The UK'’s National Centre for the Replacement, Refinement
and Reduction of Animals in Research (NC3Rs) held a work-
shop in July 2007 to discuss with experts from academia,
industry and regulatory bodies the issues relating to the use of
animals in nausea and vomiting research and to identify
opportunities for the implementation of the 3Rs. Although the
focus of the workshop was nausea and vomiting, there is
considerable overlap with other multi-system reflexes (e.g.
cough, gastroesophageal reflux, belching and cardiovascular
reflexes) and it may be possible to apply the recommendations
and outcomes from the meeting to these. A similar approach
has been used successfully in a previous NC3Rs initiative
examining the use of non-human primates in the develop-
ment of monoclonal antibodies (Chapman et al., 2007).

This paper outlines some of the issues discussed at the
workshop by reviewing aspects of the physiology of vomiting
and some of the current animal models used to develop anti-
emetics and to identify emetic liability. The final section pro-
poses some potential approaches to replacing animals
including studies in humans.

Box 1 The 3Rs

Replacement — methods which avoid or replace the use
of animals in research that has the potential to cause them
harm.

Reduction - methods which minimize animal use and
enable researchers to obtain comparable levels of informa-
tion from fewer animals or to obtain more information
from the same number of animals.

Refinement - improvements to husbandry and proce-
dures which minimize pain, suffering, distress or lasting
harm and/or improve animal welfare in situations where
the use of animals is unavoidable.




Understanding and modelling the anatomical and
physiological complexity of nausea and vomiting

To identify opportunities for the replacement of the use of
animals it is necessary to outline the basic physiology and
pharmacology of vomiting in mammals. The three compo-
nents which would need to be modelled are (i) the motor
output events, (ii) the input signals and (iii) how these signals
and the corresponding outputs are integrated. Detailed
reviews of the neurophysiology and mechanics of the emetic
reflex have been discussed by others (Hornby, 2001; Fukuda
et al., 2003).

Motor outputs

The major motor events in retching and vomiting in mammals
involve the anterior abdominal muscles, the diaphragm and
the gastrointestinal tract (Figure 1). Prior to the onset of retch-
ing the proximal stomach relaxes primarily under the influ-
ence of vagal efferent neurones, the gastric antrum is presumed
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to become quiescent and a retrograde giant contraction, origi-
nating in the small intestine and mediated by vagal efferents,
runs to the stomach taking some contents with it. These events
are preparatory and do not in themselves lead directly to
expulsion of material from the stomach. Retching and vomit-
ing both involve the coordinated contraction of the dia-
phragm, but during vomiting the crural (peri-oesophageal)
diaphragm becomes quiescent. The diaphragm is under the
control of the phrenic nerve and the abdominal muscles are
controlled by spinal motor neurones.

Inputs
Vomiting is a reflex motor response that can be induced by
activation of four main inputs to the brainstem regions which
integrate the inputs [primarily the nucleus tractus solitarius
(NTS)] and coordinate the motor outputs (Figure 1).
Abdominal vagal afferents supplying the stomach and upper
part of the small intestine are the ones most implicated in
vomiting with both mechanoreceptors (primarily distension)
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Figure 1

Remodelling the complexity of nausea and vomiting. Vomiting is a consequence of the integration of a number of input signals and

the coordination of a number of motor outputs within the brainstem. Inputs from the gastrointestinal tract via abdominal vagal afferents, the
circulation via the area postrema (AP), the vestibular system (motion sickness) and the higher cerebral regions (fear-induced and anticipatory
vomiting) are all integrated by the nucleus tractus solitarius (NTS) within the dorsal brainstem. The subsequent autonomic and somatic motor
outputs arise from nuclei in both the dorsal (e.g. dorsal vagal motor nucleus) and ventral (e.g. nucleus ambiguous, pre-sympathetic, Botzinger
complex) brainstem and occur in sequential order. (1) Gastric relaxation and (2) retrograde giant contraction via the vagus; (3 and 4)
contraction of the anterior abdominal muscles via spinal motorneurones and the diaphragm via the phrenic nerve; and finally (5) opening of
the mouth to allow oral expulsion. A major difference between retching and vomiting is the relaxation of the crural diaphragm during the latter
to facilitate evacuation of gastric contents. Further outputs include increased anti-diuretic hormone (ADH, vasopressin) release from the
posterior pituitary and the induction of the sensation of nausea, presumably via the cerebral hemispheres.
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and mucosal chemoreceptors (e.g. hypertonic solutions)
capable of inducing vomiting (Andrews et al., 1990; 1996).
The mechanism by which the mucosal receptors transduce
the signal is a topic of particular interest as the anatomical
substrate is a mucosal enteroendocrine cell which releases a
signal molecule to activate a receptor on the vagal afferent
terminating in close proximity; and which subsequently
causes the release of different signal molecules centrally. The
best characterized example is the 5-hydroxytryptamine
(5-HT) containing enterochromaffin cell which has been
implicated in the mechanism by which chemotherapeutic
agents induce vomiting (see Andrews and Rudd, 2004 for
review). Any orally administered medication could in theory
interact with these mucosal enteroendocrine cells and induce
nausea and vomiting prior to absorption into the blood. In
general, there is a relative paucity of information about the
regulation of signal molecule release from the enteroendo-
crine cells and this currently limits the potential to use such
cells as an in vitro assay of emetic liability.

The area postrema is often called ‘the chemoreceptor trigger
zone for vomiting’ although it is present in species which do
not vomit (Leslie, 1986). In this region both the blood-brain
and CSF-brain barriers are relatively permeable making it an
ideal brain site from which to detect chemicals in the blood
and CSF (ibid.). It is likely that even drugs described as ‘non-
brain penetrant’ can access the area postrema. There is con-
sistent evidence across species that systemic apomorphine
and probably morphine acts at the area postrema to induce
vomiting although the structural elements (e.g. neurones,
glia) upon which these agonists act to induce emesis is still
unclear. Clearly, binding of an NCE to the area postrema
would indicate a potential emetic liability and magnetic
resonance imaging (MRI) techniques are now sufficiently
advanced to allow distinction of the area postrema and NTS
activation by apomorphine and a nicotinic receptor agonist
in awake rats (Chin et al., 2006).

The vestibular system is essential for the induction of motion
sickness (Yates et al., 1998; Golding and Gresty, 2005). The
vestibular nuclei send projections to all the major brainstem
nuclei which have been implicated in coordinating the vis-
ceral and somatic components of the vomiting reflex.
Although the vestibular system itself is not considered to be a
major target at which drugs are likely to act to induce vom-
iting, agents acting to modulate transmission in the vestibular
nuclei could have such a liability.

Higher brain inputs are very poorly characterized in contrast
to the other inputs but are responsible for phenomena such as
the ANV associated with anti-cancer chemotherapy, as well as
the immediate vomiting which may be induced by an horrific
sight or repulsive smell and the vomiting which occurs as an
icteral sign of temporal lobe epilepsy. ANV associated with
anti-cancer chemotherapy is considered to be an example of
‘classical (Pavlovian) conditioning’ with the emetic stimulus
being the unconditioned stimulus. Krylov, working in Pav-
lov’s laboratory, recognized that the emetic reflex was particu-
larly sensitive to conditioning in dogs (Pavlov, 1960) and
although the ferret does not appear to share this sensitivity
(Andrews et al., 1990) conditioned emetic-related behaviours
have been reported in the rat and Suncus (Parker and Lime-
beer, 2006). Context aversion conditioning has been used in
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the rat to investigate potential behavioural interventions to
treat anticipatory nausea (Hall and Symonds, 2006). However,
understanding these ‘higher’ inputs would appear to be more
appropriately performed in humans than animals as both
invasive (deep brain stimulation) and non-invasive (magnetic
induction) techniques are available for use in humans and
brain imaging techniques can also be applied in both
experimental and clinical settings (see below).

Integration

Two aspects need to be considered under this heading: inte-
gration of the inputs and coordination of the motor outputs.
The key structure involved in integration of the emetic inputs
is the medial NTS in the dorsal brainstem (Figure 1); the
complexity of processing in the NTS is illustrated by the
estimation that the rat NTS has 1 million synapses (Andresen
and Kunze, 1994). In addition to being involved in the emetic
reflex, the NTS is critically involved in a number of respira-
tory, cardiovascular and gastrointestinal system reflexes and it
is also the primary site for processing gustatory information
(Loewy, 1990). Overall it is considered to be the major
integrative nucleus for visceral information.

The integrative processes within the NTS are not well under-
stood for vomiting and the detailed pathways and processes
involved in coordinating the output motor pathways are still
under investigation (see Fukuda et al., 2003; Onishi etal.,
2007). Much of what is known is from fictive vomiting in
decerebrate-paralysed dogs and cats but recently similar stu-
dies in the ferret have led to the conclusion that these circuits
are common to all three species (Onishi et al., 2007). It is likely
that these brainstem pathways are conserved in humans but it
is not known whether the neurotransmitters/co-transmitters
and receptor types and distribution are the same in the animal
species as in humans at each site in the pathway. The pivotal
nature of the NTS and the proposed ‘central pattern generator
for vomiting’ mean that these structures are also potential sites
at which agents that penetrate the blood-brain barrier could
act to induce vomiting (Sanger and Andrews, 2006). There is
some evidence that the blood-brain barrier may be ‘leaky’ in
the region of the NTS (Gross et al., 1990) and also that den-
drites from NTS neurones extend into the area postrema
(Morest, 1960) providing further routes by which systemic
agents could influence this structure to induce emesis.

Nausea

Knowledge of the physiology and pharmacology of vomiting
is relatively detailed but the same cannot be said of nausea.
There are a number of reasons for this:

1. There is considerable debate over what sensory experience
an animal may have in comparison to humans when
exposed to the same stimulus.

2. If it is accepted that at least the ‘higher’ mammals do
experience an analogous sensation with the same function
as in humans (i.e. aversion and avoidance) then it raises the
question of how can it be measured effectively and accu-
rately? There are no agreed criteria for identification of



nausea in animals (cf. pain, Mayer, 2007), and this may be
an unidentified welfare issue (Smith and Jennings, 2004). In
the context of discussing analogies between humans and
animals Russell and Burch (1959) comment ‘Now nausea is
a thoroughly distressing state in man, and by human
analogy we might well suppose it to be so in pigeons’.

Relatively little is known about the mechanism of nausea in
humans with which to compare any animal data. An elevation
of plasma vasopressin (AVP, ADH) and changes in the fre-
quency and rhythm of the electrical activity of the stomach
have both been shown to be associated with the presence
of nausea in humans but their mechanistic relationship is
not clear (Koch et al., 1990a,b; Andrews and Horn, 2006).
However, both biomarkers can be utilized in studies of experi-
mental animals (see below). The prevailing view is that nausea
can be induced by lower levels of activation of the same inputs
as were described above for vomiting, although paradoxically
itis harder to treat than vomiting (Sanger and Andrews, 2006).
Genesis of the sensation of nausea is presumed to require
rostral projection of information from the brainstem to the
‘higher’ areas of the brain involved in conscious sensations and
learned aversions; but this has not been the subject of detailed
study in humans. This is in contrast to studies of central pain
pathways including those involved in visceral pain (Borsook
and Becerra, 2006; Van Oudenhove et al., 2007). The only
imaging study of experimentally induced (ingested syrup of
ipecac and vestibular stimulation) nausea of which the authors
are aware used magnetic source imaging and demonstrated
activation of the inferior frontal gyrus (Miller et al., 1996).
Further brain imaging studies of pathways involved in nausea
(and vomiting) are needed so that comparisons can be made
with animal studies in which Fos immunohistochemistry has
been used to investigate brain regions activated by emetic
stimuli (e.g. Horn et al., 2007). This will allow assessment of the
relevance of such studies to understanding central pathways
for nausea and vomiting in humans.

As humans are the only species in which it is possible to have
some degree of certainty about the sensory component of
nausea it could be argued that humans are the most relevant
species in which to investigate nausea and hence in which to
investigate the anti-nausea potential of NCEs. However, such
studies not only have their own inherent problems (see below)
but also come relatively late in the drug development process
so alternative methods are still needed for early identification/
prediction of nausea and vomiting liability.

Current animal models

Which species is most predictive of vomiting in humans?
Vomiting is present in many mammalian and non-
mammalian species (see Box 2), although not all species have
a similar range of sensitivities to emetic stimuli to humans.
Opportunities for replacing studies in mammals by the use of
arguably ‘less sentient’ species are limited by differences in
the mechanics of vomiting related to the absence (fish)/
completeness (frogs) of the diaphragm (Pickering and Jones,
2002) and the morphology of the gastrointestinal tract (birds
and reptiles).
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Box 2 Examples of species with an emetic reflex

Non-mammals

Representative fish (e.g. dogfish, skate, trout, tuna),
amphibia (e.g. frog, bullfrog, salamander), reptiles (e.g. salt
water crocodile), birds (e.g. pigeon, petrel).

Mammals

Representative insectivores (e.g. house musk shrew), artio-
dactyls (e.g. pig, goat), carnivores (e.g. cat, dog, ferret,
seal), cetaceans (e.g. sperm whale), non-human primates
(e.g. marmoset, macaque monkey, baboon).

‘Which animal species is most predictive of humans?’ is a
question frequently asked in the context of drug discovery
and development and while this is a simple question a few
examples will serve to illustrate why it is difficult to answer by
naming a single species. The question can only be addressed
by asking a supplementary question ‘In response to which
stimulus?’ To illustrate this, Table 1 highlights the differences
in sensitivity of various species to a ‘simple agonist’ (apomor-
phine) acting at a well-defined central site (area postrema).
Species differences also exist in the sensitivity to motion
stimuli and the nature of the most effective type of motion to
induce sickness. For example, the squirrel monkey (Saimiri
sciureus) is motion sensitive but macaques are reported to be
motion insensitive. Furthermore, while the squirrel monkey is
only slightly susceptible to vertical oscillation it is highly
susceptible to sickness induced by rotation, a stimulus to
which the dog is only slightly susceptible (Corcoran et al.,
1990; Daunton, 1990). In addition, there are species differ-
ences in the ability of ionizing radiation to induce emesis
with the ferret, dog and human being relatively sensitive with
EDso values of 100-230 cGy in contrast to the cat requiring
>2000 cGy (Harding, 1995). A retrospective investigation of
the relative value of studies in the monkey (mainly Maccaca
mulatta) and dog (mainly beagle) for assessing the gastrointes-
tinal toxicity of 25 anti-cancer compounds in humans
revealed a corrected false negative index of 68% for the
monkey compared with 14% in the dog (Schein et al., 1970).
This highlights that it should not be assumed that a non-
human primate is necessarily the best predictor for emetic
liability in humans. The Schein et al. (1970) study compared
data from 383 dogs and 153 monkeys with that from >3700
patients receiving the same compounds. Similar published
studies are rare but it is likely that information required to
make similar comparisons for other classes of compounds is
available but scattered in the literature as well as within phar-
maceutical company archives (see below). It is clear from the
few examples given that to make a more realistic assessment
of the relevance of data from various animal species it will be
necessary to undertake a more systematic review of the avail-
able data. However, this is likely to be of limited value unless
data are available from human studies of compounds which
were found to have an unacceptable emetic liability.

An important component of the “‘Which species?’ question is
whether the species selected utilize the same pathway as
humans to induce vomiting and even if it does whether
it utilises the same transduction processes, hormones,
neurotransmitters and receptors in the same location as
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Table 1 Species differences in the emetic sensitivity to the dopamine receptor agonist apomorphine
Species Emetic sensitivity Dose of apomorphine Selected references
to apomorphine
Human Very sensitive 10-66 ug-kg™, i.v. i.v.: Klein et al. (1968); Shields et al. (1971)
0.05-1 mg-kg™, s.c. s.c.: Isaacs and Macarthur (1954); Isaacs (1956);

Monkey (Macca Insensitive

cynomologus/mulatta)
Marmoset Weakly sensitive 0.5 mg-kg™, s.c.
Pig Very sensitive 25 ug kg™, i.v.

Dog Very sensitive 2.5-20 pg-kg™, i.v.
0.01-0.15 mg-kg™, s.c.

Cat Relatively insensitive 25 mg-kg™, s.c.

Ferret Relatively sensitive ~0.025-0.25 mg-kg, s.c.

House musk shrew (Suncus) No response

Least shrew Sensitive ~2 mg-kg™, s.c.
Rat CTA 1 mg-kg™, i.p.
Rat Pica 10 mg-kg™, i.p.

Doses up to 25 mg-kg™', i.v.
and 100 mg-kg™, s.c. tested

Up to 100 mg-kg™', s.c. tested

Proctor et al. (1978)
Brizzee et al. (1955)

Costall et al. (1986)
Parrott et al. (1991)
i.v.: Niemegeers (1971; 1982; Harding et al. (1987)
s.c.: Borison and Hebertson (1959); Share et al. (1965)
Laffan and Borison (1957); Borison (1959)
Costall et al. (1989); Andrews et al. (1990)
Ueno et al. (1987)
Darmani et al. (1999)
Wang et al. (1997)
Takeda et al. (1993)

Note that some studies document that the ferret is not very sensitive to apomorphine, or produces inconsistent responses (Gylys and Gidda, 1986; King, 1988;
Tuor et al., 1988). Other species that are responsive include: chicken (Osuide and Adejoh, 1973) and pigeon (Saxena et al., 1977) both requiring 20 mg-kg™, i.v;

and rainbow trout 120 mg-kg™, i.p. (Tiersch and Griffith, 1988).
CTA, conditioned taste aversion.

humans; and that even if the transmitter is present does it play
an equally significant role? This is even more difficult to
comment upon primarily because of the paucity of data in
humans.

What information can be obtained from species in which
vomiting is absent?

The above discussion of species has notably made no mention
of rats, mice, rabbits or guinea pigs. This is because although
there are scattered reports of ‘retching’ or ‘regurgitation’ in
some of these species (e.g. for mouse, see Furukawa and
Yamada, 1980), there are no consistent reports of vomiting,
and studies in which vomiting would have been expected to
have been seen did not report it. The rat has been most
studied and delayed gastric emptying and increased chewing
and swallowing are the main responses to substances which
would induce vomiting in other species such as the ferret
(Andrews and Horn, 2006). A delay in gastric emptying in the
rat and mouse is also observed when these species are given
cytotoxic chemotherapy drugs and this has been argued to be
a surrogate marker for vomiting in these non-emetic species
(Bradner and Schurig, 1981). Rats display two other behav-
iours which have been argued to be surrogate markers for
vomiting, nausea or activation of the emetic reflex afferent
pathways and both have been used to investigate emetic
liability and anti-emetic activity.

1. Pica is the consumption of non-nutritive substances and in
the laboratory is measured by the consumption of kaolin
(clay). Pica increases in a dose-related manner to a range of
stimuli such as motion, cytotoxic drugs, apomorphine and
intra-gastric copper sulphate, all of which would cause
vomiting in species with the emetic reflex (Takeda et al.,
1993). While pica is relatively robust in the rat it appears
less so or even absent in the mouse (Liu et al., 2005).

2. Conditioned taste aversion/food avoidance (CTA/CFA) studies
involve pairing a novel food or fluid with the administra-
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tion of the potential emetic and another novel food with
administration of vehicle. The animal is subsequently pre-
sented with both foods or solutions and the consumption
of each is measured, with avoidance of the food/fluid pre-
viously paired with the potential emetic being taken as an
indication that it induced an unpleasant ‘sensation’ on
prior exposure. CTA/CFA is present in species with and
without an emetic reflex (Andrews and Horn, 2006) and
has been used to investigate novel anti-emetic drugs
although with variable success (ibid.).

A number of compounds with either emetic or anti-emetic
potential have been investigated in rat pica and CTA models
and subsequently investigated in species with an emetic
reflex. This provides an opportunity for a systematic review to
provide evidence of whether such rodent models could
replace some of the studies in the larger species used in emesis
studies.

Until the anatomy and physiological and pharmacological
mechanisms underlying the absence of the emetic reflex are
understood, results from rodents in this area should be treated
with caution.

Lessons from chemotherapy-induced vomiting in the ferret:
identifying novel anti-emetics

The complexity of replacing animals in studies to identify
novel anti-emetics is illustrated by the chemotherapy-
induced nausea and vomiting model in the ferret. The ferret
has been widely adopted by the pharmaceutical industry glo-
bally for investigating both the emetic and the anti-emetic
potential of NCEs with studies published among others by
Abbott (Ji et al., 2007), Astellas Pharma Inc (Nagakura et al.,
2007), Astra Hassle AB (Lehmann and Karrberg, 1996), Dain-
ippon Sumitomo Pharmaceuticals (Isobe et al., 2006), Glaxo-
SmithKline (Minthorn et al., 2008), Merck Frosst (Cote et al.,
2003), Merck Sharp and Dohme (Robichaud et al., 2001), Mit-
subishi Tanabe Pharma Corp (Watanabe efal., 2008) and



Pfizer (Shishido etal.,, 2008). In man, cisplatin induces a
biphasic pattern of vomiting which is characterized by an
acute short latency phase and a delayed phase (Martin, 1996).
Improved clinical evaluation of anti-emetic drugs in man
showed that 5-HT; receptor antagonists (e.g. ondansetron,
granisetron) were highly effective in preventing vomiting on
the first day of chemotherapy treatment (acute vomiting)
(Fauser et al., 1999), as is the case in the ferret (Rudd and
Andrews, 2004), but were less effective or even ineffective in
reducing the vomiting on subsequent days (delayed vomit-
ing) (Rizk and Hesketh, 1999). This differential effect of 5-HT;
antagonists in man could not have been predicted from the
initial ferret studies as the observation times to assess anti-
emetic potential did not usually extend beyond 6 h (Rudd
and Andrews, 2004) and hence did not cover the ‘delayed’
phase.

The realization that delayed vomiting remained a problem
in the clinic even after the introduction of 5-HT; receptor
antagonists prompted a review of the original animal models.
It was clear that the initial cisplatin (~10 mg-kg™")-induced
emetic response occurring within the 4-6 h model was medi-
ated primarily by 5-HT acting upon 5-HT; receptors, but this
was not the case with delayed vomiting. Reducing the dose of
cisplatin to 5 mg-kg"' (Rudd et al., 1994) not only enabled
animals to tolerate cisplatin for 72 h but also mimicked the
biphasic profile of cisplatin-induced vomiting in humans.
Acute and delayed cisplatin-induced vomiting models have
also been developed in the piglet (Milano et al., 1995), pigeon
(Tanihata et al., 2000) and dog (Fukui and Yamamoto, 1999;
Yamakuni et al., 2000). Each model has its drawbacks, but
they have provided important data to support the hypothesis
that the NK; receptor antagonists could have utility to
prevent both acute and delayed vomiting in man (for review
see Andrews and Rudd, 2004). Although the NK; receptor
antagonists appeared to have an excellent control of vomiting
in animals (for review see Andrews and Rudd, 2004), they
were surprisingly less able to prevent nausea and vomiting
occurring during the acute phase of vomiting in patients,
where the 5-HT; receptor antagonists have their major activ-
ity (Rudd and Andrews, 2004). Clearly, even if a drug prevents
vomiting in animal models, we are still not entirely confident
that nausea (and vomiting) will be similarly affected until the
compound is tested in man under appropriate conditions.
Direct comparison of anti-emetic efficacy of compounds
between animal models and patients is further complicated
by the nature of the data collected: in animals it is possible to
count every retch and vomit and to obtain a precise temporal
distribution whereas in humans the emetic episodes are often
reported by the patients retrospectively in a daily diary. Thus,
it may be difficult to assess how well animal data have trans-
lated unless a particular compound blocks emesis completely
in both the animal and human.

Nausea and vomiting as a hurdle to
drug development

Nausea and vomiting are some of the most important side
effects of drug treatments in humans, potentially leading to
poor quality of life and, as nausea is a highly aversive sensa-
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tion (it has been argued to be more aversive than pain)
(Pelchat and Rozin, 1982), patient compliance with drug
treatment may be affected. In addition, if the medicine is not
fully absorbed due to it being expelled from the body, or
absorption is delayed due to slowing of gastric motility, expo-
sure to the drug may not be adequate to exert its effects. It has
been estimated that in healthy volunteer studies the inci-
dence of nausea and vomiting induced by NCEs can be as
high as 30% (R Wallis etal., unpublished; Pfizer Global
Research and Development, Sandwich, UK) and may halt
development of a valuable new drug. Figure 2 uses data com-
piled by Pfizer to highlight the magnitude of this problem.
Cancer chemotherapeutic drugs, until the development of the
5-HT; and NK; receptor antagonists may have been consid-
ered in this category. However, the nature of the condition
being treated also needs to be taken into account when assess-
ing the acceptability of nausea and vomiting as side effects. It
is important to be able to detect the propensity of a drug to
cause nausea and vomiting as early in drug development as
possible.

Use of rodents in the assessment of nausea and emetic liability
Ferrets have assumed increasing importance in anti-emetic
research and the investigation of emetic liability of novel
agents. However, emetic liability is investigated during toxi-
cology studies in rodents to satisfy regulatory requirements
for new drugs. Although rodents do not have an emetic
response (see above), they have been used to assess emetic
liability in two ways: (i) observational behavioural studies or
(i) in functional experiments when the mechanism(s)
of the induction of nausea and vomiting are believed to be
known.

In behavioural studies, animals are observed for clinical
signs which may correlate with nausea and vomiting, in-
cluding pica, CTA/CFA, chromodacryorrhea, vocalization,
hunched body posture, lack of grooming and excessive uri-
nation, increased defaecation and salivation (often accompa-
nied by increased swallowing), reduction in food intake and
loss of body weight. However, these effects can be induced by
a wide variety of compounds and are not necessarily specific
to agents known to induce nausea and vomiting in humans.
Therefore, the validity of these studies for predicting nausea
and emetic liability in humans is questionable.

Studies in anaesthetized or decerebrate animals

Emetic liability can be studied without the use of conscious
animals. Electrophysiological techniques have been used
extensively to investigate activation of brain regions that are
involved in the control of vomiting in dogs, cats and ferrets
(see reviews by Leslie and Reynolds, 1993; Fukuda et al., 1998)
and have also been used to record from abdominal vagal
afferents in response to emetic agents (e.g. Horn et al., 2004).
Other anaesthetized or decerebrate in vivo studies have been
used to test for anti-emetic efficacy and emetic liability. For
example, abdominal vagal afferent nerve stimulation can
induce vomiting in the ferret (Watson etal., 1995) and a
working heart/brainstem preparation has also been used in
Suncus (Smith etal., 2002). These studies are complex to

British Journal of Pharmacology (2009) 157 865-880



Replacement in a multi-system reflex

872 AM Holmes et af

Total Score

20+
10

Y7 ﬁf <

&

S LLE T
fﬁé

s
P77 7

B
3004
g DN ...
[
o
B
2
[+
2
o
=
Q
=
2
E
=
=

Figure 2 The impact of nausea and vomiting on the development of novel chemical entities. (A) An analysis by Pfizer assessing how various
side effects encountered in preclinical safety studies impacted on the development of a medicine for humans. More than 70 novel therapeutics,
including antivirals, agents to promote tissue repair, neurology, sex health, allergy and respiratory, cardiovascular, gastrointestinal and
urogenital disease targets were used in this analysis. The targets included were agents with both peripheral and central sites of action and were
assessed during the period 1998-2000. The total score represents the number of compounds progressing to clinical development that interact
with targets that have known or suspected safety liability based on experimental data or from literature reports. This analysis took into account
not only the impact to the patients but also to the drug development programme through the need for additional studies to investigate the
extent and seriousness of the safety issue and also to support regulatory acceptance by bodies such as the European Medicines Agency and
the US Food and Drug Administration. Whereas factors such as sedation, convulsion potential and changes in body temperature were
important, they could be easily examined both clinically and preclinically. In contrast nausea and vomiting were considered second only to
abuse liability as having an impact on the development of the drug. (B) A further analysis of side effects encountered in 16 phase 1 clinical
studies conducted by Pfizer between 2003 and 2005. While the most commonly encountered side effect was headache, with approximately
250 instances, the next most encountered was nausea, which accounted for over 80 instances, nearly half of which were rated as either
moderate or severe. There were also a similar number of observations of moderate vomiting. The 16 trials averaged approximately 35
individuals each.

lacking. Dogs are the commonly used non-rodent species
because they are perceived as having a ‘high-sensitivity to
emetics’. A positive response in a dog may lead to testing in
another species (e.g. a non-human primate) but as was dis-
cussed above the outcome may depend upon the nature of
the emetic challenge. Similarly, while the lack of an emetic
response in the dog may (correctly) be taken as evidence that

perform and time consuming to conduct on a regular basis
with many compounds.

Alternatives to the use of laboratory mammals in
the in vivo study of nausea and vomiting

Animal models have provided valuable insight into the devel-
opment of efficacious anti-emetics. Their use for establishing
emetic liability however is an issue for discussion as robust
data on their predictive value (especially for nausea) are
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the substance is unlikely to have a significant emetic liability
in humans the data to support such an assumption for a
diverse range of compounds is lacking. There are thus both
scientific and ethical drivers for applying the 3Rs to this area.



The complexity of multi-system reflexes has meant that
alternatives to traditional animal models of nausea and vom-
iting have not been fully explored. Bringing together experts
to examine opportunities for replacement and to inspire the
development and adoption of new approaches which can
replace, reduce or refine animal use is critical if this is to be
addressed. Here we consider how the 3Rs can be implemented
in basic research and drug development to reduce animals
and accelerate the development of new therapeutics.

Nausea: the neglected symptom

Relying on animal models to study the subjective human
sensation of nausea has meant the symptom remains largely
untreated. During the 1990s, there was an increase in the
number of studies using human volunteers to examine the
efficacy of anti-emetics and anti-nauseogenics in an attempt
to address this. The majority of these studies used ingested
ipecacuanha and this model has been used to test the anti-
emetic activity of several different 5-HT; receptor antagonists
with the doses that were effective against ipecac correlating
well with clinically effective doses (Minton etal., 1993).
Studies of emesis in humans have been conducted for ago-
nists at dopamine receptors (Proctor efal., 1978; Axelsson
et al., 2006) and opioid receptors (Rudd and Naylor, 1995).
Laboratory-based models of motion sickness have been devel-
oped in humans for characterization of the spectrum of
anti-emetic effects of 5-HT; NK; and muscarinic receptor
antagonists (Golding and Stott, 1997; Reid et al., 2000). While
using the target species negates the need to extrapolate find-
ings and provides reliable efficacy and dose data it has its own
inherent problems (see below).

Nausea and vomiting involve neuronal populations that do
not function in isolation. Rather, they interact with other
such elements through their afferent and efferent connec-
tions in an orchestrated manner. It is clear that in order to
fully understand the development and progression of nausea
and vomiting in humans, it is essential to tease apart these
interactions. Functional imaging technologies offer the best
opportunities in this area and rapid advances are being made
in the development of techniques such as MRI and positron
emission topography which offer a non-invasive alternative
approach to study neuronal processes in humans.

The need for human data to address the paucity of knowl-
edge regarding the neural pathways and mechanisms
involved in nausea was highlighted at the workshop. When
asked what single research question delegates would address if
applying for funding relating to the 3Rs and nausea and
vomiting research the response was overwhelmingly in favour
of conducting brain imaging studies in human volunteers in
which nausea has been induced under controlled conditions.

In the last decade, imaging techniques have proven to be
effective tools in the study of a number of pathologies includ-
ing nausea and vomiting. Functional MRI offers the greatest
potential for determining where activity occurs in the brain as
a result of various experiences and pharmacological chal-
lenges. A prerequisite of studying the brain processing of
nausea is the ability to induce nausea without vomiting.
Recently a number of human models have been described
which demonstrate that the two symptoms can be separated.
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These models rely on various nauseogenic stimuli, including
vagal nerve stimulation (Narayanan et al., 2002; Kraus et al.,
2007), pharmacologically induced nausea (Miller et al., 1996)
and vection-induced nausea (Faas et al., 2001; Kowalski et al.,
2006). Kowalski et al. (2006) have described a theoretical
experimental approach using fMRI to study cortical activity in
humans experiencing circular vection-induced nausea;
however, data using this approach have yet to be collected.
Combining this with electrogastrogram (EGG) recordings and
measurement of plasma vasopressin levels would provide
objective biomarkers of nausea with which to correlate fMRI
readings.

Brain imaging studies in humans offer the best opportunity
to study the neural correlates of nausea and vomiting and
could be used to test the efficacy of existing and novel treat-
ment strategies for the management of nausea. Greater uptake
of brain imaging could also replace the use of animal models
with the most relevant of species: the human. However,
encouraging volunteers to participate in a study where nausea
and possibly vomiting will be induced can be difficult. Previ-
ous studies of human volunteers where anti-emetics have not
been available have resulted in protracted bouts of retching
and vomiting (Minton et al., 1993; (Hammas et al., 1998b).
This problem can be reduced using vection where the subject
can stop the stimulus by closing their eyes. However, this will
not be the case with systemically administered agents.

Why there have been few recent studies of nausea and
vomiting in human volunteers remains unclear. Recruiting
volunteers for such studies can be difficult, but not impossible
(Minton et al., 1993; Minton, 1994; Hammas et al., 1998a,b;
Axelsson et al., 2004; 2006) and some of the issues are similar
to those involved in recruiting humans for studies of pain (see
Langley et al., 2008). Given the obvious advantages of using
human subjects, particularly for studies of nausea it would be
sagacious to investigate why the number of studies has been
limited and how more work in this area could be encouraged.

Replacement of animals in emetic liability detection
Invertebrates and other lower organisms have been used suc-
cessfully in many research areas and given the many advan-
tages of these systems for studying human health and disease,
their potential as a model for the detection of substances
with a potential to induce nausea and vomiting should be
explored. Although vomiting in response to food containing
toxins has been reported in the sea anemone (Aiptasia pallida;
Lindquist and Hay, 1995) and a gastropod mollusc (Pleuro-
branchea; McClellan, 1983) the potential use of lower organ-
isms to assess emetic liability is illustrated by reference
to studies in Caenorhabditis elegans and the social amoeba
Dictyostelium discoideum.

Olfactory chemotaxis towards food-associated odours is one
of the nematode C. elegans’ most robust behaviours (Barg-
mann et al.,, 1993) and it has been demonstrated that this
behaviour can be altered by a number of factors, including
prolonged exposure to aversive odours (Bargmann etal.,
1993; Colbert and Bargmann, 1995; Nuttley et al., 2002;
Pradel et al., 2007). Zhang et al. (2005) demonstrated that C.
elegans uses olfactory aversion as a learned protective mecha-
nism to avoid ingesting pathogenic bacteria which can kill

British Journal of Pharmacology (2009) 157 865-880



Replacement in a multi-system reflex
874 AM Holmes et al

the nematode, much in the same way that animals without
an emetic reflex learn to avoid foods associated with visceral
malaise (CTA/CFA). This behaviour is mediated through a
5-HT-gated ion channel (MOD-1) in the C. elegans (Zhang
et al., 2005). Similarly, 5-HT-mediated activation of 5-HT;
receptors is one of the pathways by which mammals signal
intestinal malaise such as nausea. Taken together, the learned
olfactory aversion and S5-HT-mediated identification of intes-
tinal pathogens suggest that C. elegans possess a number a
molecular parallels with vomiting in mammals and could
potentially represent an alternative for nausea and vomiting
studies, for example, providing a screen with which to iden-
tify emetic liability. Examining whether C. elegans responds
selectively to known emetics in a reproducible fashion is an
interesting research question.

Bitter taste has evolved as a warning signal against the
ingestion of potentially toxic substances and many naturally
poisonous substances taste bitter to humans. Recent studies of
how the human gastrointestinal tract can detect nutritive and
beneficial compounds and absorb them as well as harmful or
toxic substances and reject them, have identified a large
family of bitter taste receptors (T2Rs) similar to those found
within the taste buds of the tongue (Wu et al., 2002; Chen
et al., 2006). Furthermore, it has been demonstrated in ente-
roendocrine STC-1 cells that bitter tastants bind to T2Rs
resulting in release of cholecystokinin (CCK) which is capable
of inducing nausea and vomiting in man and the ferret (Billig
et al., 2001; Castillo et al., 2004; Chen et al., 2006). Cyclohex-
imide, an inhibitor of protein synthesis in eukaryotes, is a
bitter tastant that has been shown to elicit an aversive
response in humans and some animal species and is emetic in
the ferret (Andrews etal.,, 1990). Interestingly however,
C. elegans is strongly attracted to this compound (Tajima et al.,
2001; 2003). What the mechanism(s) behind this response is
(i.e. 5-HT-mediated) or whether or not this is a universal
response of C. elegans to substances that are aversive to
humans remains to be examined. It can be assumed that
G-protein-coupled receptors (GPCRs) are involved as more
than 700 genes encoding putative GPCRs exists in the
C. elegans genome (Bargmann, 1998); and two G-protein sub-
units have been shown to be necessary for detecting other
tastants, such as quinine, in the nematode (Hilliard et al.,
2004). There are distinct parallels between the C. elegans and
mammalian GPCR signalling pathways and researchers have
taken advantage of this to develop a C. elegans-based expres-
sion system to express functional mammalian GPCRs of
medical importance (Teng et al., 2006) and of the T2R family
(Conte et al., 2006). These studies demonstrate the potential
utility of C. elegans as a heterologous expression system for
mammalian GPCRs for screening agonists and antagonists for
potential emetic liability, and for carrying out structure-
function studies on GPCRs and their ligands. A similar
approach could be examined in the social amoeba D. discoi-
deum which has been demonstrated to respond to cisplatin,
providing a useful model with which to examine the mecha-
nism of cisplatin resistance (Williams et al., 2006), and which
migrates directionally in response to external chemoattrac-
tant gradients. Furthermore, this chemotaxis is mediated by a
signalling cascade initiated when chemoattractants bind to
transmembrane receptors that couple to G-proteins (Kimmel

British Journal of Pharmacology (2009) 157 865-880

and Parent, 2003). Exposing D. discoideum to known emeto-
gens and assessing its response will quickly determine if this
model is worth pursuing as a novel means to potentially
detect emetic liability of NCEs.

The adoption of lower organisms to predict NCEs likely to
induce nausea and vomiting is worthy of attention and the
need to identify emetic liability early in the drug develop-
ment process should be enough to merit examination of these
tools. Assessing the utility of these models is potentially quick
and inexpensive and would involve exposing these organisms
to known emetogens in rank order of emetic potential and
examining their response. Validating these models against
existing preclinical and clinical data is essential if they are to
ever be considered viable as a screening tool by industry;
potentially improving lead compound identification and
reducing both the number of compounds going forward to
preclinical studies and the rate of attrition of NCEs due to
emetic liability.

Pharmacogenomics. Important lessons for nausea and vomit-
ing can be learnt from the use of gene analysis in drug dis-
covery for treating depression. The challenges of treating
depression are similar to those of treating nausea and vomit-
ing. The complexity of both pathologies has meant that drug
activity can only be tested in vivo at the present time and the
development of novel anti-emetics/nauseogenics and psycho-
active drugs has often been limited to compounds aimed at
known therapeutic targets or with activities similar to existing
drugs. Microarray-based gene expression profiling is a high-
throughput, automated technology platform that offers
researchers the opportunity to identify therapeutic efficacy
and secondary drug targets in vitro. Using gene expression
profiles induced in primary human neurons by various psy-
choactive drugs, Gunther et al. were able to derive general
efficacy profiles of biomarker gene expression that correlate
with antidepressant, antipsychotic and opioid drug action in
vitro (Gunther et al., 2003). A similar approach could be taken
for known emetics using neurons from the NTS, area pos-
trema and enteroendocrine cells from the gut. This could be
used as a template to identify possible emetic liability of novel
compounds.

In vitro approaches. Very few studies examining molecular
changes induced by known anti-emetics and emetics have
been carried out at the cell/tissue level. Tissue models of
enteroendocrine cells from the gastrointestinal (GI) tract have
been developed in many studies investigating the release of
neurotransmitters in response to mechanical forces (Bertrand,
2006) and dietary components (Chen et al., 2006; Cummings
and Overduin, 2007; Sternini, 2007) and there is potential to
apply these to nausea and vomiting. Tissue engineering
models incorporating enteroendocrine cells and vagal affer-
ents could be used to assess if NCEs elicit the release of
neurotransmitters associated with nausea and vomiting.
Other in vitro techniques including the isolated abdominal
vagal grease gap preparation (Nemoto efal., 2001) and the
nodose ganglion (the location of the vagal afferent cell
bodies) preparations from both rats and humans (Burdyga
et al., 2006; de Lartigue et al., 2007) could be used to assess a
compounds emetic liability and perhaps to identify novel



targets for anti-emetic agents intended to target peripheral
emetic inputs. Additionally, tissue slices of the area postrema/
brainstem have been used to examine the effect of angio-
tensin II in the NTS (Butcher et al., 1999; Kasparov and Paton,
1999) and could be modified to study nausea and vomiting.

Cell cultures of enteroendocrine STC-1 cells have been used
to demonstrate that CCK is released in the presence of aver-
sive substances such as bitter tastants (Chen et al., 2006).
Once again, this is mediated by activation of luminal GPCRs,
most likely T2Rs in this case and could result in the release of
CCK which may enter the circulation and activate targets
such as the area postrema potentially inducing nausea and
vomiting. The functional implications of chemosensing com-
ponents within the GI tract and their relationship with neural
pathways responsible for the generation of specific responses
to luminal contents have been summarized elsewhere (Ster-
nini, 2007).

Other cell types have also been examined for their utility in
studies of nausea and vomiting. Mantovani and colleagues
have demonstrated that cisplatin induces 5-HT release from
human peripheral blood mononuclear cells, highlighting an
additional mechanism through which cisplatin could induce
emesis (Mantovani et al.,, 1996). In addition, this effect is
reduced by methylprednisolone which has anti-emetic effects
in patients undergoing cisplatin-based chemotherapy. These
models offer an opportunity to screen NCEs for their potential
to release neurotransmitters associated with nausea and vom-
iting in relevant human tissues. However, while some tech-
niques are currently available (e.g. abdominal vagal grease
gap, nodose ganglia), others need further development (e.g.
tissue engineering).

Emetic database. A database containing information from
the public domain and pharmaceutical industry regarding (i)
species’ responses to various chemical classes with known
anti-emetic efficacy or emetic liability; (i) human data from
clinical trials of successful drugs and those that have failed on
the basis of emetic liability and (iii) pharmacogenomic data,
would be an invaluable tool for improving drug development
and reducing animal use. Including data from studies that
are never likely to be repeated such as early studies using
non-human primates (Light and Bysshe, 1933) or intra-
cerebroventricular administration in humans (Cushing, 1931)
would ensure best use of this data.

Nausea and vomiting is a relatively circumscribed and man-
ageable subject area and conducting systematic reviews
and/or meta-analyses of the literature would be the most
appropriate way to compile the information required for such
a database. Percie Du Sert et al. have conducted such a review
of the ferret model of cisplatin-induced emesis which identi-
fies ways to refine the experimental protocol by reducing the
observation time required to identify anti-emetic effects in
the acute phase and to reduce the number of animals required
to draw valid conclusions (Percie Du Sert and Andrews, 2007).
Furthermore, quantitative systematic analysis of the literature
provides the basis for a predictive algorithm of emetic liability
and anti-emetic efficacy of new drugs which could potentially
lead to a reduction and perhaps the eventual replacement
of animal-based studies in this area. The algorithm would
provide (i) a method to identify whether a substance in a
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particular class has been tested before and (ii) an evidence-
based assessment of the probability of emetic liability of NCEs
in humans. Additionally, information about species sensitiv-
ity or resistance to specific classes of compound could aid
species selection, for example, dogs are particularly sensitive
to apomorphine whereas the house musk shrew is resistant.

Predictive modelling. Predictive modelling using functional
in vitro assays or in silico methods (e.g. quantitative structure—
activity relationships) not only provide information on
whether a drug interacts with its intended targets, but also on
its interaction with secondary unintended targets and can
therefore identify possible side effects including nausea and
vomiting. Using ligand profiling in vitro it is possible to assess
a NCEs potential for affinity at particular receptors/sites
known to lead to vomiting in animals or humans. This allows
assessment at early stages of development and rejection of
compounds with undesirable binding. This is an iterative
process allowing additional assays to be conducted as novel
sites are identified that have liability for the induction of
vomiting or indeed any other undesirable activity. Xie et al.
used a similar protein-ligand binding approach, incorporating
additional small molecule screening and functional protein
site similarity searches to identify the molecular mechanism
that defines the adverse effects of selective oestrogen receptor
modulators (Xie et al., 2007). The authors postulate that their
strategy could be applied to discover off-target interactions
in other commercially available pharmaceuticals. This could
potentially include off-target interactions responsible for
nausea and vomiting. This strategy would provide the oppor-
tunity to remove or modify the drug prior to preclinical and
clinical studies.

A caveat to some of these approaches is the possibility of
discarding a potentially beneficial drug based on transient
emetic liability. For example, several classes of the antidepres-
sant monoamine reuptake inhibitors initially cause nausea
and vomiting following the first dose. However, subsequent
doses see these side effects decrease over time as the therapeu-
tic action of the drug is established (Kasper et al., 1992). Fur-
thermore, drugs such as cisplatin and methotrexate used in
the treatment of cancer and arthritis respectively, where the
therapeutic benefit is considered to outweigh the nausea and
vomiting side effects could have been removed from develop-
ment based on emetic liability. Avoiding this requires a degree
of flexibility in the screening system. The decision of whether
a drug should continue through development should include
an analysis of patient benefit so that if a NCE is efficacious a
decision could be made to accept a degree of nausea and
vomiting as a side effect. Anti-emetics can then be adminis-
tered concurrently, as is the case with chemotherapy.

Opportunities for reduction and refinement in anti-emetic
development

Developing anti-emetics is likely to require the continued use
of animals since (i) the mechanism by which emetogens
induce nausea and vomiting is complicated and can involve
more than one afferent pathway; and (ii) emetogens can act
via the release of secondary mediators (e.g. 5-HT and hor-
mones from the gut). Where animals are required, it is impor-
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tant that every effort is made to reduce their numbers and
refine procedures to minimize suffering. Biomarkers provide
useful tools to support both reduction and refinement. Two
physiological markers have been proposed to correlate with
malaise in animal models of nausea and vomiting and nausea
in humans. These are (i) blood levels of the neurohypophy-
seal hormone vasopressin (Verbalis ef al., 1987; Nussey et al.,
1988; Koch et al., 1990b; Billig et al., 2001); and (ii) gastric
dysrhythmia measured either from surface recordings (EGG)
or implanted electrodes (Koch et al., 1990a; Caras et al., 1997;
Lang et al., 1999). Note that marked elevation of vasopressin
is only observed in species with a vomiting reflex, in the rat a
marked elevation of oxytocin occurs in response to emetic
stimuli (for references see Verbalis ef al., 1987; Billig et al.,
2001). By conducting dose escalation studies and measuring
such markers it is possible to identify when to stop an experi-
ment as higher doses could lead to unnecessary suffering
through nausea and vomiting.

Further refinement and reduction can be achieved by using
an implanted telemetry device to continually capture valu-

In vitro / In silico
Replacement

Database, Systematic reviews,
binding data, clinical setting, QSAR

Invertebrates/microorganisms

5-HT/other mediator
release, Cell culture

able physiological data (e.g. blood pressure, heart rate, tem-
perature, gastric electrical activity and abdominal pressure)
that would otherwise be missed, without unnecessary han-
dling and invasive procedures (Percie Du Sert et al., 2007).
Furthermore, telemetry allows physiological and locomotor
activity data to be obtained from a freely moving animal once
it has been returned to its home cage environment, allowing
the more effective study of delayed nausea and vomiting. This
would increase understanding of events occurring during
vomiting, and reveal early warnings on potential drug candi-
dates, in addition to providing sub-emetic end points and
reducing the number of animals in emetic research.

Future steps and considerations

Replacing animals in the study of multi-system reflexes, such
as nausea and vomiting, is inherently complicated and this
has contributed to the lack of non-animal alternatives in this
area of research. However, the gaps in knowledge regarding
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Test Number

Figure 3 A hypothetical tiered approach to illustrate assessment of potential emetic liability of novel chemical entities (NCEs) that could
reduce animal use. This approach consists of a series of tests, starting with in vitro/in silico methods to assess emetic liability prior to progressing
to conscious animal studies. Each test investigates the dose-response (e.g. C. elegans chemotaxis, neurotransmitter release, pica) relationships
of the NCE (see inset). Such a weight-of-evidence approach would enable researchers to classify the emetic potential of a NCE as either
relatively ‘high’ or ‘low’ risk over a series of in vitro/in silico tests. This should provide a more accurate overall indication of a NCEs potential
to be emetic prior to undertaking any in vivo studies and may perhaps obviate their necessity. NCEs would be compared against a panel of
compounds with known emetic liability in humans. An increasing probability of emetic liability in each test increases the probability of emetic
liability being seen in humans. The in vitro/in silico studies would inform the in vivo studies and may enable studies to stop at a lower sentient
species and potentially use less animals overall by reducing the number of compounds/doses tested in vivo. 5-HT, 5-hydroxytryptamine; AP,
area postrema; CTA, conditioned taste aversion; DVC, dorsal vagal complex.
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the basic mechanisms involved in nausea and vomiting in
humans, the paucity of efficacious anti-emetics/nauseogenics
and the consistent observation of nausea and vomiting as
adverse side effects of NCEs in man should be drivers for a
change in experimental approach. The workshop has demon-
strated that by challenging the status quo and asking experts
to think critically about the use of animal models and later-
ally about the use of non-animal alternatives, it is possible to
identify many potential opportunities for replacements.

There was considerable support at the workshop for the
development and use of alternative models that could realis-
tically minimize the use of animals, especially using humans
for nausea studies and better models for predicting emetic
liability. Figure 3 describes a theoretical approach to assessing
emetic liability of NCEs using the alternative methods
described in this review. Data obtained using the in silico/in
vitro approaches may provide the researcher with enough
information regarding the emetogenic risk of a NCE to allow
the use of only one in vivo study (preferably in the lowest
sentient species) prior to deciding if the compound should
progress through development. The cost of such approaches is
minimal when compared with the cost of end-stage drug
failures. Providing funding for research and facilitating col-
laboration between industry and academia is critical if the use
of alternatives is to be explored and exploited in nausea and
vomiting research.
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