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Abstract
Anaesthesia is compulsory during surgery and other invasive procedures that are part
of everyday clinical practice, and in current experimental research using animal models.
Anaesthesia acts as a reversible intoxication and depression of the central nervous
system by interfering with the metabolism and the electrophysiology of the brain. The
mechanism by which anaesthesia affects brain functions and the duration of its effects are
not fully understood. In humans, particularly in the elderly, the post-operative cognitive
dysfunction phenomenon is problematic, because it may last for months. In rodents, the
effects of anaesthesia reported in the literature are not consistent, as it has been shown to
compromise cognition and cell viability, to enhance cognition in young animals or to cause
no alterations. The possible effects of anaesthesia on cognition in humans and other
animals depend on several factors, such as age of the individual, type and dose of the
anaesthetic used, acute or chronic administration, duration of anaesthesia, type of
cognitive function, species, and genetic background.
In addition to the potential clinical implications of anaesthesia, its interference with
behaviour may induce artefacts in the data generated from animal behavioural studies,
thus contributing to disparity in results or even erroneous conclusions.
Evidences regarding the effects of anaesthesia on cognition are described in
clinical contexts, in which the distinction between the effects of anaesthesia alone and the
effects of surgery and all its variables is not possible. Hence, this project aimed to study
the real effects of anaesthesia alone using experimental situations.
The present work addressed the effects of anaesthesia with the overall aim of
understanding the extent of the effects of anaesthesia and anaesthetic concentrations on
the behaviour and cognitive function of animals. Mice of the inbred strain C57BL/6 were
chosen because of their widespread use in research, particularly in behavioural tasks. To
obtain a broader view of the potential effects of anaesthesia, two different anaesthetic
techniques with different mechanisms of action were chosen: volatile isoflurane
anaesthesia (with agonistic activity in the γ-aminobutyric acid A receptor) and the
injectable combination of ketamine (an N-methyl-D-aspartic acid receptor non-competitive
antagonist drug) with midazolam (a γ-aminobutyric acid A agonist receptor agent). Both
anaesthetic protocols are frequently used in laboratory animals and in humans. Mice
treated with these agents were tested using various behavioural tasks that are currently
used to assess different types of memory and brain regions.
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Four studies were performed: two using isoflurane (chapter 3, sections 3.1 and
3.2) and two using the ketamine/midazolam combination (chapters 4 and 5).
In chapter 3, we describe the use of different concentrations of isoflurane that were
studied in a battery of behavioural tasks, using an opaque radial arm maze, an open- field
arena, T-maze spontaneous alternation, and a water maze. Volatile agents are excellent
to study the depth of anaesthesia, as expired gases can be easily monitored using a gas
analyser, without invasive procedures. Two studies are reported in this chapter: 3.1 and
3.2. In study 3.1, we assessed the learning ability of animals treated with low (1%) and
high (2%) concentrations of isoflurane. The study presented in section 3.2 included one
additional concentration (1.5%), thus allowing the establishment of a dose-effect curve. In
the latter study, we also assessed working memory and reference memory using a spatial
task, and neurodegeneration.
In chapter 4, we describe the first approach to study the ketamine/midazolam
combination, in which we used the minimum dose that causes the loss of the righting
reflex (40 mg.kg-1/10 mg.kg-1). The effect of a spatial task (appetitive y-maze) on different
processes of memory - acquisition, consolidation and recall - was evaluated. General cell
death was also assessed by hematoxylin-eosin staining.
In the study described in chapter 5, we used a higher concentration of
ketamine/midazolam (75 mg.kg-1/10 mg.kg-1), as ketamine was described to have a dosedependent effect on cognition. Acquisition of a task is the most labile process of memory;
thus, acquisition of a motor task (rotarod) and a demanding spatial task (radial arm maze)
were studied.

Studies performed using isoflurane (chapter 3) showed that low isoflurane
concentration (1%) caused learning impairment only in spatial tasks. In support of the
finding that low concentrations of this volatile affected spatial memory, a higher number of
cells expressing caspase-3 was detected at lower concentrations of isoflurane in the
region CA1 of the hippocampus. The impairment detected in the water maze was not
found 5 days post-anaesthesia; thus, the effect was transient.
In the study presented in chapter 4, a sedative dose of the ketamine/midazolam
combination did not disrupt the acquisition, consolidation or recall of a spatial task. This
outcome was supported by the similar number of dead cells present in different brain
regions of anaesthetised and control animals. Even at a higher concentration, this
combination did not interfere with the process of acquisition of a spatial radial arm maze
task, of a motor task, or working memory.
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In conclusion, low isoflurane concentrations caused impairments in spatial tasks,
whereas the results of the studies of different doses of the ketamine/midazolam
combination suggest that this anaesthetic protocol is unlikely to cause cognitive
impairments in adult mice. Contrary to what was expected, ketamine/midazolam may be a
safe anaesthetic combination for clinical and research purposes in adult individuals, with
no demonstrated effects on cognition. Isoflurane is not expected to have major clinical
implications as high isoflurane concentrations caused no deficits, and the impairment
detected after exposure to a low isoflurane concentration was transient and did not
prevent mice from learning the task. In the research context, low isoflurane concentrations
are used for minor procedures rather than for surgery. In this situation, animals may be
tested in cognitive tasks performed hours to a few days after isoflurane administration,
when the cognitive impairment may still be present. These findings highlight the need to
consider the depth of anaesthesia in neuroscience research with animals.
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Resumo
A anestesia é essencial para a realização de cirurgia ou outros procedimentos
invasivos que fazem parte da rotina clínica ou da investigação. A anestesia actua como
uma intoxicação e depressão reversível do sistema nervoso central, interferindo com o
metabolismo e electrofisiologia do cérebro. Os mecanismos pelos quais a anestesia
afecta as funções cerebrais e a duração desse efeito não são completamente
compreendidos.

A

disfunção

cognitiva

pós-operativa

encontrada em

humanos,

especialmente em idosos, tem sido descrita como problemática, pois pode durar meses.
Na literatura, a descrição dos efeitos da anestesia em roedores não é consistente, uma
vez que têm sido descritos efeitos nefastos na memória e na viabilidade celular, outros
estudo revelam uma melhoria na memória em animais jovens e há até estudos que
mostram a anestesia como sendo inócua a este respeito. Os potenciais efeitos da
anestesia na memória de humanos e de outros animais dependem de vários factores
como a idade do indivíduo, o tipo e dose de anestésico usado, administração aguda ou
crónica, duração da anestesia, tipo de função cognitiva, espécie e até do fundo genético.
Para além das implicações clínicas que a anestesia pode ter, a sua interferência
no comportamento animal pode induzir artefactos nos resultados de projectos de
investigação com animais, onde esta variável é estudada, contribuindo para a disparidade
de resultados ou mesmo conclusões erróneas.
Muitas das evidências de que a anestesia influencia a memória foram encontradas
em contextos clínicos, onde não é possível separar os efeitos causados apenas pela
anestesia e os efeitos causados pela cirurgia e todas as suas variáveis. Assim, este
projecto visa estudar o efeito real da anestesia sozinha recorrendo a situações
experimentais.
Este trabalho tem o objectivo geral de entender em que medida a anestesia e
concentrações anestésicas poderão afectar o comportamento e funções cognitivas dos
animais. O modelo animal escolhido para a realização deste projecto foi o murganho da
estirpe consanguínea C57BL/6 devido ao seu uso generalizado na investigação,
especialmente em tarefas comportamentais. Os anestésicos escolhidos para o estudo
fazem parte de dois protocolos anestésicos com diferentes mecanismos de acção, de
modo a se obter uma perspectiva mais ampla do efeito da anestesia: o anestésico volátil
isoflurano com actividade agonista sobre o receptor ácido γ-aminobutírico A, e a
combinação injectável de cetamina, um antagonista não competitivo do receptor ácido Nmetil-D- aspártico, com midazolam, um agonista do receptor ácido γ-aminobutírico A.
Ambos os protocolos anestésicos são frequentemente usados em animais de laboratório
vii

e

humanos.

Os

murganhos

usados

foram

testados

em

diferentes

tarefas

comportamentais usadas para avaliar diferentes tipos de memória e regiões cerebrais.
Foram realizados quatro estudos: dois usando isoflurano (capítulo 3- secção 3.1 e
3.2) e dois usando a combinação cetamina/midazolam (capítulo 4 e 5).
No capítulo 3, foi descrito o estudo de diferentes concentrações de isoflurano
numa bateria de testes comportamentais usando um labirinto de braços radial opaco,
arena em campo aberto, alternância espontânea num labirinto em T e labirinto de água.
Os agentes voláteis são excelentes para estudar profundidade anestésica, uma vez que o
gás expirado pode ser facilmente medido por um analisador de gases, evitando
procedimentos invasivos. Este capítulo contém dois estudos: 3.1 e 3.2. No estudo 3.1,
animais tratados com baixa (1%) e alta (2%) concentração de isoflurano foram testados
com vista a avaliar a sua capacidade de aprendizagem. No estudo da secção 3.2, foi
acrescentada uma concentração de isoflurano (1.5%) para que uma curva dose-efeito
pudesse ser traçada. Neste segundo estudo também se avaliou a memória do trabalho e
de referência numa tarefa espacial e a neurodegeneração por apoptose.
No capítulo 4 encontra-se a descrição da primeira abordagem ao estudo da
combinação cetamina/midazolam que consistiu em escolher a dose mínima necessária
para os animais perderem o reflexo de se endireitarem (40mg.kg-1/10 mg.kg-1). Neste
estudo, foram avaliados os efeitos desta combinação nos diferentes processos de
memória - aquisição, consolidação e evocação de uma tarefa espacial (labirinto em Y
apetitivo). A técnica de coloração hematoxilina-eosina foi usada para avaliar a morte
celular em geral.
Comparativamente com o estudo anterior, o estudo reportado no capítulo 5
analisou uma dose maior de cetamina/midazolam (75mg.kg-1/10 mg.kg-1), uma vez que
a cetamina foi descrita como tendo um efeito dependente da dose na funcionalidade da
memória. Como a aquisição de uma tarefa é considerado o processo mais lábil da
memória, este estudo avaliou a aquisição de uma tarefa motora (rotarod) e de uma tarefa
espacial exigente (labirinto de braços radial).
Os estudos com o isoflurano (capítulo 3) mostraram que a concentração baixa de
isoflurano (1%) causou aos animais um défice de aprendizagem, mas só nas tarefas
espaciais. O resultado de que a concentração baixa afectou a memória espacial foi
apoiado por um elevado número de células a expressar caspase-3 na região CA1 do
hipocampo comparativamente com as células tratadas com concentrações mais altas de
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isoflurano. O défice observado na tarefa do labirinto de água não foi encontrado 5 dias
após a anestesia, revelando que este efeito é transitório.
Ao resultados do estudo descrito no capítulo 4, não revelaram nenhum efeito
nefasto da dose sedativa da combinação cetamina/midazolam sobre a aquisição,
consolidação ou evocação de uma tarefa espacial. Este resultado é apoiado pelo igual
número de células mortas detectadas nos cérebros tratados com a combinação e nos
cérebros controlo. Mesmo com uma dose mais elevada (capítulo 5), esta combinação não
interferiu no processo de aquisição da tarefa espacial labirinto de braços radial, da tarefa
motora, nem interferiu na memória do trabalho.
Concluindo, uma baixa concentração de isoflurano danificou a performance dos
murganhos em tarefas espaciais, enquanto que os resultados sobre o efeito das
diferentes doses da combinação cetamina/midazolam apontam para que seja improvável
que este protocolo anestésico provoque défices nos murganhos adultos. Contrariamente
ao esperado, cetamina/midazolam parece ser uma combinação segura para usar na
clínica e na investigação em indivíduos adultos, sem sinais de interferência nos
processos de memória. Espera-se que o isoflurano não tenha implicações clínicas de
maior, uma vez que elevadas concentrações não causaram défices e os danos
observados após o tratamento com a baixa concentração do isoflurano foram transitórios
e não impediram os murganhos de aprenderem a tarefa. Na investigação, concentrações
baixas de isoflurano são usadas em procedimentos menores e não para cirurgia. Nesta
situação, os animais poderão ser testados em tarefas comportamentais pouco depois da
administração de isoflurano, quando o défice cognitivo ainda se manifesta, interferindo
com os resultados do estudo. Deste modo, os resultados desta tese realçam a
necessidade de se ter em conta a profundidade anestésica na investigação em
neurociências usando animais.
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Outline of thesis
In the General Introduction chapter some contents are explained. First, a number
of issues that need to be taken into consideration in research with animals are addressed
in section 1.1, “the use of laboratory animals: 3R‟s”. Thereafter, as it is important to
recognize the structures in which anaesthetics may act, a section on “Neuroanatomy” is
included. “Memory” and “Anaesthesia” are the following topics, and the relation between
these topics is explored in the section “Memory vs. Anaesthesia”. Finally, the issue
“Measuring anaesthetic effects” allows a better understanding of the methodologies latter
described to evaluate the effects of anaesthetics on memory function in mice.
In chapter 2, the general material and methods with the sub-sections animals and
husbandry, food restrictions schedule and reward, anaesthesia procedures, behavioural
tasks, histopathological and immunohistochemial techniques are described. Chapters 3-5
report the experimental studies:
-

Chapter 3 reports two studies about the effects of different concentrations of
isoflurane on memory. The study from the section 3.2 had one more concentration
of isoflurane compared with study from section 3.1, allowing the assessment of a
curve-dose effect.

-

Chapter 4 describes the effects of a sedative dose of ketamine/midazolam
combination in acquisition, consolidation and/or recall of a spatial task.

-

Chapter 5 describes a study that investigated the effects of a light anaesthetic
dose of ketamine/midazolam in the acquisition of a motor task and of a demanding
spatial task.

Chapter 6 contains an overview of all the results and a discussion of the general
outcomes and implications for research with animals.

1

2

1. General Introduction
It is estimated that every year 234.2 millions of surgeries in humans are performed
around the world. This number may even be underestimated, given the number of
unregistered interventions (Weiser et al. 2008). Several procedures are now done on
middle-aged and senior patients for diagnostics under sedation or light anaesthesia which
are probably not taken into account. The National Health Statistics Reports estimated that
in 2006 the most frequently performed procedures on ambulatory surgery, in the United
States of America, included endoscopy of large intestine (5.7 million), endoscopy of small
intestine (3.5 million), extraction of lens (3.1 million), injection of agent into spinal canal
(2.0 million), and insertion of prosthetic lens (2.6 million) (Cullen et al. 2009). The age
groups in need of more interventions were the middle-aged and senior patients (fig. 1).
These procedures, along with many other invasive techniques that are part of everyday
clinical practice, is nowadays inconceivable to be performed without anaesthesia.
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Fig. 1: Rate of ambulatory surgical procedures per 1,000 of the population of the United States of
America by age and sex, in 2006 (from National Health Statistics Reports, number 11).

Regarding pre-clinical research using laboratory animals, a statistical report of
procedures revealed that 33% of those were carried out under anaesthesia in the United
Kingdom in 2009; the majority of the animals used were mice and fish (Home Office,
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2010). Anaesthesia is a requirement for several procedures in neurobiological research,
such as the implementation of monitoring devices (electrodes, arterial catheters,
intracranial pressure monitors), neurotoxin administration, induction of traumatic brain
injury and surgery, amongst others. Although there is no information on the proportion of
animals being anaesthetized, official statistics of the European Union commission
(European Commission, 2010) reported that, of the 12 million vertebrates (59,3% of which
were mice) used in research in 2008, more than 60% had been used in research and
development for human medicine, veterinary medicine, dentistry and in fundamental
biological studies (fig. 2), many of which are estimated to have required the use of
anaesthetics.
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disease
1,6%

Others
12,2%
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other safety
evaluation
8,7%

Fundamental
biology studies
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Production and
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veterinary medicine
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Production and
quality control
human medicine
and dentristry
10,9%

Reseach and
develop
(human+veterinary+
dentist)
22,8%

Fig. 1: Representation of the percentage of animals used in research in 2008 according with their
use (from Report from the Commission to the Council and the European Parliament, 2010).

Anaesthesia needs to be considered as a variable that potentially influences
research

results,

in

particular

when

animals

are

subsequently

studied

in

behavioural/cognitive tests. Hence, this project focuses on the impact of anaesthesia on
normal animal behaviour, which is essential to obtain reliable data from research projects
using animals.
There are several studies about cognitive impairments detected after surgery and
anaesthesia in the elderly and middle-age humans (Monk et al. 2008). In rodents,
anaesthesia has been reported to cause cognitive dysfunctions to old (Culley et al. 2004a)
and infant animals (Fredriksson et al. 2004). In this scenario, little is known about the
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impact of anaesthesia in adulthood, which is the reason to use adult animals in this
project. Although the younger and older brain may be more prone to injury, this does not
mean that adults are safe from anaesthesia side-effects. To study the effects of
anaesthesia alone, other variables, such as surgery, were excluded. Only anaesthesia
was performed on these animals. Two different anaesthetic protocols often used in
laboratory animals practice were evaluated: the volatile hypnotic anaesthetic isoflurane,
and an injectable combination of ketamine (a dissociative) with midazolam (a
benzodiazepine). Because isoflurane is a volatile anaesthetic, its concentration is easy to
monitor in the expired air by a gas analyser, allowing the study of different depths of
anaesthesia. Ketamine is probably the most commonly used injectable anaesthetic in
laboratory rodents, and midazolam was chosen because of its rapid onset of action and
recovery, being administered through an extra-vascular route with no harm for the tissues
in the site of injection (Dundee et al. 1984).

1.1. The use of laboratory animals: 3R’s
The general aim of this work is to study the impact of anaesthesia in the results of
research projects using animals. Thus, the guiding principles for the use of animals in
research are of extreme importance.
Those guidelines were first introduced by Russell and Burch in 1959 (Russell et al.
1992, special edition), who proposed a series of procedures so that animals in research
could be treated in a more “humane” way, the 3R‟s politic, consisting in the principles of
Replacement, Reduction and Refinement. First, the researcher has to be sure that the
experiment cannot be done without animals, and instead be performed using alternative
scientific methods involving non-sentient material such as molecular, computer, and
mathematical models - Replacement. Russell and Burch also referred to the relative
Replacement where animals with lower complexity of nervous system or animal tissues
are used. Then the researcher has to reduce the number of animals necessary, through a
good experimental design, a proper statistical method and analysis (Festing et al. 2002),
or choose the number of animals based on a preliminary study (Sherwin et al. 2003) Reduction. However care should be taken not to use so few animals that results become
inconclusive, and in the end, those animals were used in vain (Flecknell 2002). After
efforts have been made to Replace and Reduce, researchers should apply Refinement,
described more recently by Buchanan-Smith as „„any approach which avoids or minimises
the actual or potential pain, distress and other adverse effects experienced at any time
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during the life of the animals involved, and which enhances their wellbeing‟‟ (BuchananSmith et al. 2005). Refinement can be obtained with the improvement of husbandry
conditions, refinement in the experimental procedures such as the use of anaesthesia and
analgesic techniques, maintenance of daily routines, avoidance of single housing in social
species, well trained operators/ researchers/ technicians, among other issues (Sherwin et
al. 2003). This way the animal behaves as naturally as possible, reducing the data
variability and achieving robust results on the experiment, which also reduces the number
of animals needed.
The implementation of the 3R‟s is essential before beginning an experiment with
animals since, besides being part of the legislation (Directive 2010/63/EU of the European
parliament on the protection of animals used for scientific purposes), the 3R‟s are an
ethical and scientific approach to be followed in research.
In this work, it is important to find an anaesthetic procedure that does not cause
memory dysfunction. Thus, researchers can use that method to avoid the animal suffering
in the experimental situation, refining the experiment and improving animal welfare.

1.2. Neuroanatomy
The aim of this section is to provide a brief notion about the location and structure
of the main brain regions referred to throughout the thesis.
The central nervous system (CNS) can be divided into seven regions: spinal cord,
medulla oblongata, pons, cerebellum, midbrain, diencephalon, and cerebral hemispheres.
The medulla, pons and the midbrain form the brain stem, while the diencephalon is
composed by the thalamus and the hypothalamus. The cerebral hemispheres are the
largest brain area, being also the most relevant for the evaluation of cognitive functions in
this project. The cerebral hemispheres comprises the cerebral cortex, and the three
clusters of functionally related neurons: basal ganglia, amygdala and hippocampal
formation; these last two structures belong to the limbic system (Kandel et al. 1995). The
rat and mouse brains have a triangular shape and a smooth surface, the latter being their
most notorious difference with the human brain. This feature indicates a lower complexity
as compared to the convoluted folds of human cerebral cortex divided in four lobes:
frontal, parietal, temporal and occipital (Fig. 1.2.1).
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Fig. 1.2.1: Comparative basic neuroanatomy of human and mouse. The top image represents the
surface of the brain of each species and the bottom figure is a coronal section. The midbrain is not
presented since it is located rostral to the pons. (figure adapted from Holmes & Cryan (2005)
Nature Reviews Drug Discovery 4, 775-790).

The hippocampal formation is also of great importance for this project since it is
strongly related with memory and several behavioural tasks. The hippocampus is formed
by three subfields termed Cornu Ammonis (CA): CA1, CA2 and CA3; besides these
regions,

the

hippocampal

formation

also

comprises

the

dentate

gyrus,

and

parahippocampal gyrus (subiculum and entorhinal cortex). The hippocampal formation
presents three different cell layers: a molecular (scattered small nervous cells), multiforme
(polymorphic nervous cells), and granular (in dentate gyrus) or pyramidal (in CA regions)
stratum (El Falougy et al. 2008).
In figure 1.2.2a, the hilus or hilar region of the dentate gyrus (area inside the C
shape), is formed by granule cells and it was at first identified as part of the hippocampus
and called the CA4 region. However, this region is different since the tightly packed
pyramidal cell layer of the CA1-CA3 regions becomes more disperse and less dense,
being more of a polymorph layer, belonging to the dentate gyrus (Amaral 1978).
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Fig. 1.2.2: Anatomy of the hippocampal formation in the human brain (a) and in the rat brain (b).
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1.3. Memory
The term “cognition” means “to know” in Latin and memory can be considered one
of its components. Memory and learning refer to the processing of information, by
acquiring it, storing it, applying it, and by changing previous knowledge. Described simply,
learning is the process by which animals acquire knowledge and memory is the retention
or storage of that knowledge. After Broca`s discovery in 1861 that damage in the posterior
portion of the frontal lobe on the left side of the brain caused a specific language deficit,
neuroscientists tried to verify if memory could also be localized. The first striking case was
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that of the patient named H.M., who had his hippocampus removed, as well as amygdala
and part of his parahippocampal gyrus on both sides of the brain in order to reduce
chronic seizures (Milner 1972). H.M. lost the capacity to form new long-term memories,
although he remembered all events that had happened prior to the surgery, and his shortterm memory was perfectly intact. Hence, memory involves several regions of the brain
and different types of memory are stored in different neural systems (Kandel et al. 1995).
Indeed, current behavioural and biological studies have shown that learning and memory
are not a unitary process of mind, but rather distinct processes, composed of multiple
systems with different principles and neuroanatomy (Squire 2004).
The classification of memory types differ between authors. In this work, the
classification of Izquierdo will be used. According to Izquierdo (Izquierdo et al. 1999),
memories can be classified according to their: content (declarative/ explicit, and
nondeclarative/ procedural/ implicit), duration (short-term memory, and long-term
memory), and nature which is divided in archival (short-term memory, long-term memory),
and transient, moment-to-moment memory (working memory).

1.3.1. Memory according to contents
Explicit memory is the conscious recall of information, involving evaluation,
comparison and inference, while implicit memory is the unconscious recall of information
for several tasks such as motor skills. Implicit memory can be further divided into
associative and nonassociative. The associative forms include the classical conditioning
and operant conditioning (Boakes 2003), while nonassociative forms are related to
sensitization, habituation, and priming (Kandel et al. 1995; Bailey et al. 1996).
Nondeclarative and declarative memories involve different circuits in the brain (Squire
1992). This organization is presented in figure 1.3.1 in more details.
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Fig. 1.3.1: The organization of different types of memory according to their content.

The tasks used in this project aimed mainly at evaluating declarative memory, with
the exception of the rotarod test, which is considered to assess implicit/ nonassociative
memory. Declarative memory depends on the integrity of the medial temporal lobe and
diencephalic structures, whereas implicit memory does not depend on temporal lobe
function but rather involves the same sensory, motor, or associational pathways used in
the expression of the learning process (Squire et al. 1991; Bailey et al. 1996). Figure 1.3.2
shows a schematic view of the anatomy of memory.
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Fig. 1.3.2: Simplified anatomical framework for declarative and nondeclarative memory. parahipp.
region- parahippocampal region; HPA axis- hypothalamic-pituitary-adrenal axis. (from handouts of
the Introductory Course in Neuroscience, lecture Learning and Memory by David P. Wolfer, MD in
15.03.2010; http://www.neuroscience.uzh.ch/education/handouts/wolfer_fs10.pdf).

1.3.2. Memory according to duration
Concerning duration, all types of memory have two components, short-term and longterm memory. In the long-term memory, the information consolidates slowly and it is
relatively permanent, while in short-term memory, the information develops in a few
seconds or minutes and lasts for several hours. To standardize terminology, the concepts
used in this thesis follow the ones stated by Izquierdo (Izquierdo et al. 1999): short-term
memory is a memory “that develops within a few seconds or minutes” while long term
memory consolidation proceeds “slowly”. The initial phase of storage of long-term memory
is highly sensitive to disruption; it involves specific molecular processes in the CA1 area of
hippocampus and its connections (Bailey et al. 1996; Izquierdo et al. 1999). Afterwards,
the hippocampus‟ role gradually decreases and cortical regions increase their
connectivity, establishing stable long-term memories (Squire 2009) though a mechanism
involving activation and phosphorylation of enzymes, gene expression and protein
synthesis. This leads to an increasing growth of new synaptic connections. Short-term
memory does not seem to involve any protein synthesis but only modifications of preexisting molecules and proteins such as hyperactivation of glutamate AMPA receptors,
ribosome changes, or the exocytose of glycoproteins that participate in cell addition
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(Bailey et al. 1996; McGaugh et al. 2000). The hippocampus, entorhinal and parietal
cortex are crucial for short and long term memory, while the anterolateral prefrontal cortex
and amygdala are described to be involved only in long term memory (Izquierdo et al.
1999).

1.3.3. Memory according to its nature
As previously mentioned, long and short term memories are a type of archival
memory which is preserved offline for later use, while working memory is a type of
transient memory. Another term found in the literature associated with long and short
term memory is reference memory. Working memory involves the retention of information
for short periods (seconds to a maximum of a few minutes) referring to a moment-tomoment memory for specific details in a particular situation (Hodges 1996; Izquierdo et al.
1999). Working memory is primarily dependent on the electrical activity of cells of the
prefrontal cortex; it persists only as long as this electrical activity persists. The regions
with a main role in this type of on-line system are the anterolateral prefrontal cortex, the
hippocampus, entorhinal and parietal cortices (Izquierdo et al. 1999).

1.3.4. Long term potentiation and hippocampus
The amazing ability of the brain to receive inputs and to translate them into memories
that can last for decades has been ascribed to the efficacy and plasticity of synaptic
communication. It has been shown that repetitive activation of excitatory synapses in the
hippocampus causes an increase in synaptic strength, helping the brain “to learn” and this
could last for hours or days (Malenka et al. 1999). This process is called Long Term
Potentiation (LTP) and it has been identified as the substrate to learning and memory
processes (Myhrer 2003). Long term potentiation occurs in several regions of the
mammalian brain (Malenka et al. 1999), but the most studied pathways of

LTP are

located in the hippocampus.
The hippocampus has three LTP-signalling pathways from the entorhinal cortex to
the dentate gyrus, from the dentate gyrus to the CA3 region and from CA3 to the CA1
region (fig.1.3.3).
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Fig. 1.3.3: Anatomical representation of the hippocampus and the pathways of long-term
potentiation. The signal passes from the entorhinal cortex (not shown) to the granule cells of the
hilus of the dentate gyrus using the perforant path fibres; the axons from granule cells form the
mossy fibre pathway that goes to the pyramidal cells of the CA3 regions. These cells are divided in
two branches, the Schaffer collateral pathway – that connects the CA3 to the pyramidal cells of the
CA1 region – and the commissural fibres that project to the contralateral hippocampus via the
corpus

callosum;

the

commissural

fibres

are

not

represented

in

this

figure.

(from

http://thebrain.mcgill.ca/flash/a/a_07/a_07_cl/a_07_cl_tra/a_07_cl_tra.html).

1.3.5. Hippocampus and spatial memory
In the 1970s a ground-breaking theory proposed by O‟Keefe and Nadel postulated that
hippocampal function is essential for the formation of cognitive maps. This occurs after the
observation of place cells in the hippocampus, i.e. cells that become active only when the
animal is located in a specific part of the environment (O'Keefe et al. 1971). This place
cells were found mainly in the hippocampus but they can also be located in other regions
of the brain, such as the frontal cortex, amygdala, and parahippocampal cortex (Bohbot et
al. 2004). If each cell is consigned to a specific location, the firing pattern of the cells can
form a very precise cognitive map about the position of the animal at any given time –
cognitive mapping theory. Jeffery and O‟Keefe (Jeffery et al. 1999) showed that
hippocampal cells respond firstly to visual inputs, especially the place cells located in CA1
region.
Data from literature has been supporting this cognitive mapping theory as, for
example, in studies on animals with hippocampal lesions, which revealed to be impaired
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in the learning of maze tasks (Bannerman et al. 2001; Broadbent et al. 2004). There is
also a growing body of evidence that the hippocampal formation in humans contributes to
the encoding and retrieval of spatial information, for example through the observation that
these processes are impaired in patients with hippocampal injuries (Good 2002). MRI
studies also showed that healthy participants using a spatial strategy to solve a placelearning task have a significant activation of the hippocampus, contrarily to the individuals
that chose a non-spatial strategy (Bohbot et al. 2004). Furthermore, Maguire and
colleagues (Maguire et al. 2000) reported that the posterior hippocampus of experienced
official London taxi drivers was significantly larger relative to control subjects, and that this
volume was positively correlated with the years of experience. This reveals that the
dependence on spatial navigational skills and training may induce morphological changes
in the brain.
In general, the outcome from both human and animal studies concerning navigation
tasks propose that the hippocampus has a crucial role in processing spatial information,
such as the information about the position of certain visual cues related with the location
of the individual.

1.4. Anaesthesia
Although general anaesthetics were first used more than 150 years ago (Horine
1946), their mechanisms of action remain not fully understood. The concept of adequate
anaesthesia was described in 1950 by Rees and Gray (Rees et al. 1950) as being a triad
of components (fig. 1.4.1): hypnosis (lack of awareness), muscular relaxation, and
analgesia (pain relief).

Fig. 1.4.1: The three main components of general anaesthesia.
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Lately, amnesia (inability to recall events) and suppression of stress response
were also referred as important elements (Schneider et al. 1997). Since a sole drug does
not seem to achieve all these effects with a reasonable safety margin, several drugs are
used in combination. This is the concept of balanced anaesthesia (Tonner 2005), which
postulates that low concentrations of drugs administered in combination act synergistically
to produce the desired effects, while reducing the risk of side-effects such as
hemodynamic instability (Arras et al. 2001; Alves et al. 2007).
These different actions indicate that anaesthetics have different CNS target
locations to mediate specific effects. These targets are mainly proteins such as ion
channels and neurotransmitter receptors that have different sensitivity and distribution in
the central nervous system (Hemmings et al. 2005). For example, analgesia and
immobility may be provoked by a blockage at the spinal cord level, but hypnosis and
amnesia are effects only caused by interference in the brain (Villars et al. 2004). The
action of anaesthetics towards ion channels regulates membrane potentials and synaptic
transmission through neurotransmitter molecules. Hence, anaesthetics alter neuronal
activity by hyperpolarization of neurons, increasing inhibition and/or decreasing excitation
(Wakasugi et al. 1999; Alkire et al. 2009). This alteration in the action potential of the
neurons blocks the elaborate paths of conscious perception within the central nervous
system (Villars et al. 2004; Heinke et al. 2005). Neuroimaging (Peltier et al. 2005) and
electroencephalogram (John et al. 2001) studies support that this blockage decreases
brain activity and produces behavioural changes at anaesthetic concentrations, with
impaired corticocortical and thalamocortical connectivity as well as electrical uncoupling of
diverse brain regions. So, anaesthetics may cause loss of consciousness and amnesia by
disrupting the interaction between brain areas and by the specific suppression of neuronal
activity, reducing the integration and the amount of information processed (Heinke et al.
2005).

1.4.1. Neurotransmitters
Anaesthetic drugs act in the neurotransmitter system. Neurotransmitters are
molecules belonging to the group of amino acids (glutamate, γ-Aminobutyric Acid (GABA),
apartate and glicine), peptides (e.g. vasopressin, somatostatin, neurotensin), monoamines
(norepinephrine, dopamine, serotonin), and the chemical compound acetylcholine. These
molecules bind to large complex proteins called receptors that are present in the cellular
membrane of the neurons. Following this binding, a signal is triggered provoking
responses mediated by secondary messengers and/or ion channels (ligand-gated ion
channels) (Verhoeff 2004). Hence, a transmitter released presynaptically binds to a
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postsynaptic receptor causing depolarization or hyperpolarization of the postsynaptic
membrane (fig. 1.4.2). The effect of the binding described depends on the affinity of the
molecule to the receptor and the receptor density in the brain regions (Heiss et al. 2006).
Glutamate and GABA are the major excitatory and inhibitory neurotransmitters of the
central nervous system, respectively.
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Fig. 1.4.2: Schematic representation of the synaptic transmission. 1- Neurotransmitter molecules
are stored in vesicles. 2- The action potential at the presynaptic neuron causes the entry of calcium
2+

(Ca ) ions through voltage-activated calcium channels, leading vesicles to fuse with the
presynaptic membrane and the release of their neurotransmitters into the synapse. 3- the
presynaptic receptor or autoreceptor may bind to the neurotransmitters causing a negative
feedback. 4- Neurotransmitters may also be re-uptaken through the presynaptic membrane.
Neurotransmitters released in the synapse may bind to post-synaptic receptors causing a direct (5)
or an indirect (6) opening of an ion-channel. 6- The neurotransmitter binding activates a secondmessenger (triangle) that when attached to the ion-channel causes it to open. The opening of the
ion-gated channel allows the correspondent ion to enter or leave the cell, depolarizing or
hyperpolarizing the postsynaptic membrane.
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1.4.1.1.

GABA receptors

There are at least two subtypes of GABA receptors, GABAA and GABAB; no role in
anaesthesia is currently known for the GABAB receptor (Villars et al. 2004). The GABAA
receptor has an inhibitory action due to its connection with a chloride ion channel; the
entry of chloride ions in the cell makes the membrane less likely to depolarize (fig. 1.4.3).

Extracellular
fluid

GABA

Cl-

Cytosol
GABAA receptor
Fig. 1.4.3: Representation of the GABAA receptor in the cell membrane. The binding of the γ-

Aminobutyric Acid (GABA), allows the opening of the ion chloride (Cl ) channel and the consequent
entry of this ion in the cell, hyperpolarizing it (from Villares et al (2004) AANA J, 72 (3) 197-205).

GABAA receptors consist of several protein subunits. Some subunits are
expressed almost throughout the brain, whereas the localization of most subunits is more
narrowly confined. Anaesthetics have different affinities to the GABAA receptors
depending on the subunits configuration in these receptors (Uusi-Oukari et al. 2010).
Aside from the GABA ligand, this receptor has binding sites for benzodiazepines (such as
midazolam), barbiturates, steroids and volatile anaesthetics (such as isoflurane) (Harris et
al. 1995; Jenkins et al. 2001). The neurotransmitter GABA are presented in 30-40% of all
the synapses but its concentration is highest in the substantia nigra and globus pallidus
nuclei of the basal ganglia, followed by the hypothalamus, the periaqueductal grey matter
and the hippocampus (van der Zeyden et al. 2008).
The binding of benzodiazepines and most inhaled anaesthetics to GABAA receptor
increases the frequency of channel opening, enhancing the inhibitory effect of GABA on
both synaptic and extrasynaptic GABAA receptors (Hemmings et al. 2005), which may
disturb memory function (Evans et al. 1996). This is of crucial relevance for this project,
since isoflurane and midazolam, two GABA agonists agents, were studied in the present
work.
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1.4.1.2.

Glutamate receptors

Excitatory neurotransmitters bind to glutamate receptors causing an increase of flow of
positive ions into the cell through the opening of ion channels. Glutamate receptors can be
divided into ionotropic and metabotropic glutamate receptors. In the ionotropic receptor,
the ion channel is activated when glutamate binds, while in the metabotropic receptor the
activation is caused indirectly by a signalling cascade that involves G proteins. The
ionotropic receptors are the α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate kainite
(AMPA), and the N-Methyl-D-aspartic acid (NMDA) receptors. The name of the receptors
is given according to one of the binding substances. Thus the designation of the NMDA
receptor is due to the discovery that this receptor binds to the synthetic substance NMDA,
not present in biological systems. (Jorgensen et al. 1995; Palmada et al. 1998). NMDA
receptor is of particular interest in this work, since ketamine, one the anaesthetics studied,
binds to it.

1.4.1.2.1.

NMDA receptors

NMDA receptors are involved in a variety of physiological and pathological processes,
including memory and learning, neuronal development, epileptiform seizures, synaptic
plasticity, and acute neuropathologies related to stroke and traumatic injury (Wang et al.
2008). In humans, these receptors are most densely concentrated in the cerebral cortex,
hippocampus (especially CA1 region), amygdala, and basal ganglia (Morgan et al.
2004a). Similarly, in rats, the highest density of NMDA receptors can be found in the
hippocampal formation, followed by cortical and olfactory regions (Maragos et al. 1988).
The NMDA receptor has seven binding sites for regulatory activity (Kandel et al. 1995).
The endogenic ligands are glutamate or aspartate, glycine, magnesium, zinc, polyamines
with unknown function (spermine and spermidine), and enzymes. The synthetic
substances that bind to these receptors may be phencyclidine (PCP) and ketamine (fig.
1.4.4). The phosphorylation enzyme binds to a site located inside of the cell that is not
represented in the figure 1.4.4.
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Fig. 1.4.4: Schematic presentation of the NMDA receptor structure and its binding sites for the
2+

2+

different substances. Mg - magnesium ion; Zn - zinc ion; PCP- phencyclidine (adapted from
http://www.erowid.org/chemicals/dxm/faq/dxm_neuropharm.shtml).

Phencyclidine and ketamine only bind to the NMDA receptor when its channel is fully
open, since the binding site of these substances is in the interior of the NMDA receptor
channel. The channel is open just when glutamate or aspartate and glycine bind to the
receptor (fig. 1.4.5.a). This opening only allows the passage of potassium and sodium
ions, since magnesium partially blocks the channel (fig. 1.4.5. a). When the cell potential
rises enough to release magnesium ions, calcium enters through the fully open NMDA
channel (fig. 1.4.3. b). Inside the cell, calcium activates a series of reactions that improve
the strength of the synapse, enhancing LTP, and so memory processes. This mechanism
is associative since a strong activation of one set of synapses depolarizes adjacent
regions of the dendritic tree, activating LTP in a large scale (Kandel et al. 1995; Malenka
et al. 1999). Apart from this entry of calcium, LTP may also require activation of other
metabotropic glutamate receptors and the generation of diffusible intercellular
messengers (Bear et al. 1994). When postsynaptic calcium increases but do not reach the
threshold for LTP, it can generate either a short-term potentiation, during 5-20 minutes, or
a long-term depression (LTD), that decreases synaptic strength for a long time. This
diversity of mechanisms may give increased flexibility to neural circuits involved in
information processing and storage (Malenka et al. 1999).
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Fig. 1.4.5: NMDA receptor activation. a) The combined binding of glutamate (Glu) and glycine (Gly)
+

+

causes the partial opening of the channel allowing the passage of sodium (Na ) and potassium (K )
ions. This ion passage leads to the cell`s potential to rise and so, as represented in b), magnesium
2+

(Mg) is released allowing the entry of the ion calcium (Ca ) into the cell (adapted from
http://www.erowid.org/chemicals/dxm/faq/ dxm_neuropharm.shtml).

1.4.2. Anaesthetics
The activity of the neurotransmitter system may be modulated by anaesthetic
agents.
According to the administration route, general anaesthetics may be classified in
injectable and volatile agents. Anaesthetics are often administered in combination, since
each one provides different actions to achieve a properly balanced anaesthesia (fig.
1.4.1). According to their main effects, agents used to cause anaesthesia may be
classified as hypnotics, dissociatives, tranquilizers/ sedatives, muscular relaxants, and
analgesics (Flecknell 2009).
In this project, two different anaesthetic protocols which drugs have different
mechanisms of action were studied to have a broader view of the effects of anaesthesia in
memory: isoflurane was chosen as the volatile agent and ketamine/midazolam as the
injectable combination. The injections were administered intraperitoneally, since this is the
route of administration routinely performed in laboratory mice. Intraperitoneal (ip.) injection
is practical and triggers a rapid onset of action of the drug administered (Flecknell 2009).

1.4.2.1. Isoflurane
Isoflurane is a halogenated volatile drug (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoroethane) routinely used in laboratory animal and in clinical anaesthesia. Although it is still
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used in humans, it is gradually being replaced by sevoflurane (Gadani et al. 2011).
Isoflurane is a hypnotic agent commercially available as a liquid that is placed in a
vaporizer where it is mixed with oxygen to be administered in the breathing air, avoiding
hypoxia. In the case of small animals, this mixture can be delivered into a chamber to
induce anaesthesia, and then animals are put into a facial mask or intubated with an
endotracheal tube for maintenance of anaesthesia. In large animals, the induction of
anaesthesia is achieved with a face mask (Flecknell 2009). In humans, volatile
anaesthesia is delivered by a facial mask for induction, followed by intubation for
maintenance. The anaesthetic is inhaled into the lungs, where it rapidly diffuses to the
bloodstream. Due to its high lipid solubility, it leaves the circulation and enters the brain
inducing anaesthesia. At the brain level, isoflurane reaches an equilibrium when the
concentration of anaesthetic measured in the exhaled air reflects alveolar gas
concentrations, which are equivalent to the central nervous system concentrations
(Hemmings et al. 2005). Thus, the rapid elimination of the major part of isoflurane by
respiration confers safety to this anaesthetic and allows a rapid recovery avoiding toxic
effects on liver and/or kidney. Only less than 0.2% is thought to be excreted by the urinary
system in the form of inorganic fluoride and trifluoroacetic acid (Eger 1981).

Mechanism of action and clinical effects
The mechanism of action of volatile anaesthetics is still not well understood, and
several theories have been brought forward. In the late 19th century, Meyer-Overton
described the “lipid hypothesis” which stated that anaesthesia occurred when a sufficient
number of volatile molecules were dissolved in the lipid cell membrane (Miller et al. 1967).
However, the fact that optic isomers of inhalational anaesthetics, such as isoflurane and
enflurane, do not have the same potency, contradicts this theory. Furthermore, this theory
does not explain how anaesthesia occurs (Mashour et al. 2005). Hence, Mullins extended
the “lipid hypothesis” to the “critical volume hypothesis”, proposing that inhalational
anaesthetics bind to the membrane increasing the volume of a hydrophobic region within
the cell membrane. This would subsequently distort channels required for sodium ion flux
that leads to the development of action potentials necessary for synaptic transmission
(Miller et al. 1973). In the end of the 20th century, the work of Franks and Lieb contradicted
the previous theory showing that lipids are not required for the action of volatile agents
(Franks et al. 1994). Hence, other hypothesis called “protein hypothesis” appeared,
showing that inhalational anaesthetics act on a variety of proteins, especially in ion
channels, such as potassium and calcium channels, glycine, GABAA and nicotinic
acetylcholine receptors (Villars et al. 2004). These proteins are essential for establishing
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the membrane action potential and propagating synaptic transmission (Rudolph et al.
2004). Probably, the mechanism of action of volatile anaesthetics is a combinations of the
theories and hypothesis described, acting by a non-specific mechanism (lipophilic
membrane site) and/or by specific mechanisms (protein sites) (Stanley et al. 1999).
It is widely described that isoflurane binds to the allosteric sites on the GABAA receptor
complex, increasing the conductance of ion chloride (fig. 1.4.3) and leading to the
hyperpolarizing of the membrane. Isoflurane has also a minor effect on the NMDA
receptor antagonist, inhibiting glutamate channels, and glutamate release (Hemmings et
al. 2005; Alkire et al. 2009). Furthermore, high concentrations of isoflurane (as well as of
the related substances halothane and enflurane) inhibit the receptors of substance P, a
neuropeptide that modulates nociceptive transmission within the spinal cord. This could
be the process leading to the reduction of the nociceptive response associated with these
agents (Minami et al. 2002).
As a hypnotic, isoflurane changes individuals‟ state from consciousness to
unconsciousness. This can be detected in data from the electroencephalogram of
anaesthetized primates with high concentrations of isoflurane, which present lower
amplitude from the posterior portion of the brain compared with the amplitude from the
anterior portion that became more active (Clark et al. 1973; Tinker et al. 1977).

Uses and clinical implications
In both humans and other animals, high concentrations of isoflurane induce
unconsciousness, amnesia, muscle relaxation, blunting of autonomic reflexes and
immobility, allowing the maintenance of anaesthesia (Mashour et al. 2005; Flecknell
2009). However, in order to reduce concentrations and minimize side-effects, isoflurane is
often used in association with an injectable agent for induction and maintenance of
anaesthesia; analgesics may be used to increase analgesia in surgical procedures.
Isoflurane alone can also be used at low concentrations to provide light anaesthesia for
minor procedures not requiring unconsciousness (Antognini et al. 1997).
Isoflurane may cause peripheral vasodilatation and a decrease in the vascular
resistance, consequently decreasing blood pressure. In order to compensate this, heart
rate may increase. Concerning the respiratory function, isoflurane causes a mild
respiratory depression, which could be problematic at high doses. Isoflurane also
decreases the cerebral metabolism, inducing a decrease in cerebral blood flow (Eger
1981). The effects of isoflurane among animal species are similar (Steffey 2009).
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In conclusion, the main advantages of isoflurane anaesthesia are its relative safety
and the quick recovery from its effects, with almost no toxicity associated (Eger 1981).
Furthermore, it is easy to measure its concentration in the expired air (Hemmings et al.
2005), making the use of isoflurane a practical protocol when depth of anaesthesia is an
important factor to control.

1.4.2.2. Ketamine
The ketamine molecule (2(2-chlorophenyl)-2-(methylamino)-cyclohexanone) has
two enantiomers: S(+)ketamine and R(-)ketamine, and it is commercially available in a
racemic mixture of an equal proportion of the two enantiomers. S(+)ketamine is an
analgesic 2-3 times more potent than R(-)ketamine (Hirota et al. 1996).
Ketamine can be administered intravenously or intramuscularly in large animals. In
rodents, the intraperitoneal route is very common and practical. The major metabolic
pathway of ketamine involves its N-demethylation in norketamine by the hepatic
microsomal system. Norketamine is an active metabolite with one third of the anaesthetic
potency of ketamine. Norketamine is later solubilised by hydroxylation and excreted in the
urine and, to a lesser extent, in the faeces (Adams et al. 1981). The active metabolites do
not prolong the dissociative effects of ketamine (Reich et al. 1989) but may contribute to
some of its pharmacological effects, such as analgesia (Bolze et al. 1998). Dissociative
anaesthesia is “a CNS state characterized by catalepsy, analgesia and altered
consciousness” (Muir et al. 2007).

Mechanism of action and clinical effects
Ketamine is a noncompetitive NMDA antagonist, which depresses the synaptic
transmission of the excitatory neurotransmitter glutamate by blocking the NMDA receptors
postsynaptically (fig. 1.4.4 and 1.4.5). Ketamine also interacts with nicotinic and
muscarinic cholinergic, monoaminergic and opioid receptors, and with voltage-dependent
ion channels, such as the calcium channel, and, at higher doses, it also blocks the sodium
channels (Kohrs et al. 1998; Karmarkar et al. 2010). All these mechanisms contribute to
the anaesthetic actions of ketamine.
As referred, ketamine is a dissociative anaesthetic that induces a lack of
responsive awareness in a dose-dependent manner, blocking the NMDA receptor.
Dissociation does not refer to the commonly designated “loss of consciousness”, but
rather unawareness of the environment. The dissociation may happen by an
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electrophysiological inhibition of the thalamocortical pathways and a stimulation of the
limbic systems (Kohrs et al. 1998; Bergman 1999). This capacity to disrupt thalamocortical gating of external and internal information to the cortex may lead to the
development of hallucinations, emergence phenomena and schizophrenia symptoms,
especially when low doses of ketamine are administered (Copeland et al. 2005a).
Ketamine also induces amnesia, analgesia, and muscular rigidity. The analgesic effect is
described to be mediated by the opiate receptors in the spinal cord, brain, and peripheral
sites, while the neuromuscular rigidity is caused by the interaction between ketamine and
muscarinic receptors in a dose-dependent manner (Haas et al. 1992). Inhibition of the
sodium channel provides a mild local anaesthetic effect (Kohrs et al. 1998). In rodents,
low doses of ketamine induce hyperactivity that is dependent of the changes in dopamine
activity (Giuliani et al. 1997).

Uses and clinical implications
Ketamine is a relatively safe analgesic and short-acting anaesthetic agent
(Bergman 1999). It is currently used in paediatrics, in critically ill patients, in the treatment
of refractory status epilepticus (Borowicz et al. 2003), in asthmatic individuals (Haas et al.
1992; Bergman 1999), and in pain management (Schmid et al. 1999). Furthermore, in
high doses and in combination with other drugs, ketamine is widely used in veterinary
practice and in laboratory animal research (Maddison et al. 2008). It is also used as a
drug of abuse (Morgan et al. 2004b).
Ketamine is the only intravenous anaesthetic that stimulates the cardiovascular
system in a dose-dependent way, by the increase of heart rate, systemic and pulmonary
arterial and vascular resistance (Haas et al. 1992).
Ketamine is also a mild respiratory depressant in a dose-dependent manner, which
may be related with its modulatory effect in the opioid receptors (Reich et al. 1989; Villars
et al. 2004). Transient hypoxia may happen in animals not provided with additional
oxygen, but this is usually associated with very high doses (Copeland et al. 2005a;
Maddison et al. 2008). After the induction of anaesthesia, ketamine is distinctive from
other anaesthetics in maintaining the functional residual capacity, i.e. the volume of air
present in the lungs at the end of passive expiration (Haas et al. 1992). This drug has also
the advantages of increasing lung compliance and decreasing airways resistance, and it
has been described as a potent bronchodilatator. This effect may be caused by the
blockage of calcium channels and to the levels of catecholamines in the blood (Reich et
al. 1989; Haas et al. 1992). In addition, ketamine is a strong stimulator of salivary and
tracheobronchial secretions, probably due to the stimulation of cortical centres connected
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to the superior salivatory nucleus (Reich et al. 1989; Bergman 1999). This effect seems to
be dose-dependent (Morse et al. 2001). This anaesthetic may also cause an increase in
the cerebral blood flow, oxygen consumption, and intracranial pressure (Copeland et al.
2005a). Cerebral vasodilation may be caused by the blockade of calcium channels (Kohrs
et al. 1998).
In general, the use of ketamine is adequate when analgesia and amnesia are
required for short periods of time without depressing the cardiovascular and respiratory
system, maintaining hemodynamic stability. That is one of the reasons for the use of
ketamine in situations where doctors have to work alone and with limited equipment for
drug delivery and patients‟ monitoring (Copeland et al. 2005a).

1.4.2.3. Midazolam
Midazolam is an imidazobenzodiazepine (8-chloro-6-(2-fluorophenyl)-1-methyl-4Himidazo[1,5-a][1,4]benzodiazepine), more potent and with a shorter action compared with
other benzodiazepines. These properties are conferred by its imidazole ring, responsible
for the stability and rapid metabolism of midazolam (Midtling 1987). In a pH environment
lower than 4, the imidazole ring opens and the water solubility is increased with no need
of solvents. At a physiological pH, the ring closes and midazolam becomes very lipophilic,
which explains its rapid onset of action (Nordt et al. 1997). Other benzodiapepines, such
as diazepam, require organic solvents which may not be well tolerated in the injection site
(Dundee et al. 1984).
Midazolam can be administered orally, intravenously or intramuscularly. In
laboratory animals it is more often delivered by a subcutaneous or intraperitoneal
injection.
Midazolam is metabolized by hepatic microsomal oxidative mechanisms in αhydroxymethylmidazolam

(major

metabolite),

4-hydroxymidazolam,

and

α,4-

hydroxymethylmidazolam (Pieri 1983). Only the major metabolite has an active role in
midazolam effects contributing with 10% of the biological activity of the midazolam (Riss
et al. 2008). In the end, α-hydroxymethylmidazolam is conjugated in glucuronide (Dundee
et al. 1984) and excreted by the urine. Less than 0.03% of midazolam administered is
excreted in the form of intact drug (Midtling 1987).

Mechanism of action and clinical effects
Midazolam is a GABA agonist that mimics the actions of the glycine
neurotransmitter. In general, benzodiazepines can bind to the glycine receptors in the
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spinal cord and brain stem or to one of the allosteric binding sites of the GABAA receptor
in the brain. When midazolam binds to GABAA receptor, it facilitates GABA binding and
enhances GABA effects by increasing the cavity of chloride channel and its frequency of
openings (fig.1.4.2). These effects cause membrane hyperpolarization and subsequent
reduction in membrane excitability inducing neuronal inhibition. Hence, midazolam
decreases the synaptic transmission, interfering with the encoding of information – the
benzodiazepines‟ characteristic amnesic effect (Park et al. 2004). The occurrence and
duration of anterograde amnesia depends on the dose of midazolam (Midtling 1987). The
GABA uptake and its consequent accumulation caused by midazolam induce the sedative
effects (Nordt et al. 1997). The binding of midazolam to the GABA receptor may also
confer anticonvulsant activity. It is not fully clarified if the mild analgesic properties of
midazolam are conferred by its binding to the GABA receptor or if it is associated with the
sedative effect and to a possible central suppression of pain perception (Reves et al.
1985; Midtling 1987). Furthermore, after a stressful event, midazolam decreases the level
of cathecholamines – stress-associated hormones – in the plasma, probably also through
the GABA receptor (Pieri 1983; Crozier et al. 1987) (fig.1.4.6).
The action of midazolam in the glycine receptor increases glycine concentration,
resulting in anxiolytic effects (Reves et al. 1985; Midtling 1987), and muscular relaxation;
this later effect occur especially in rodents (Dundee et al. 1984). Midazolam can also
cause sedation and amnesia by decreasing the cerebral blood flow in a dose-dependent
manner in regions related with arousal of attention and memory (Veselis et al. 1997)
(fig.1.4.9).
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Benzodiazepines enhanced inhibitory actions of GABA
Motor circuits in
the brain

1

Anticonvulsant
action

Cortex
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Amnesic and
sedative action

Benzodiazepines
Muscular
relaxation

3

Spinal cord

3
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action

Brain stem

Benzodiazepines mimics inhibitory actions of glycine
Fig. 1.4.6: The general effects of benzodiazepines in the presynaptic terminals of their
binding sites: GABA and glycine receptors. The benzodiazepine effects in different
regions of the CNS are shortly described in bold. 1- Binding site of the neurotransmitter
GABA; 2- Benzodiazepine allosteric binding site in the GABA receptor; 3- Binding site of
the neurotransmitter glycine where benzodiazepine also binds. (Adapted from Richter.
Anesthesiology (1981); 54: 66-76).

Uses and clinical implications
Midazolam has been used as a hypnotic-sedative agent, and, in combination with
other drugs (ex.: volatile anaesthetics, opioids or ketamine), as an induction agent for
general anaesthesia or for maintenance of anaesthesia. It is also used in the treatment of
status epilepticus and tetanus, due to its anticonvulsant properties. Midazolam causes
reliable amnesia, which is important for reducing incidence and severity of emergence
agitation and to forget the unpleasant or painful procedures. It can also be used for
premedication, sedation, as well as for diagnostic and therapeutic procedures such as
treating anxiety, for dentistry and endoscopic practice (Dundee et al. 1984; Reves et al.
1985).
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Midazolam causes minimal changes in the cardio-respiratory stability, being
suitable for the elderly and cardiac patients (Dundee et al. 1984). However, a slight heart
rate increase can be seen in high sedative doses (Dundee et al. 1984; Reves et al. 1985).
Also in high midazolam doses, mild respiratory depression may occur, probably related
with a depression in the central nervous system rather than related with respiratory
mechanisms (Reves et al. 1985).
In conclusion, midazolam is almost free of side-effects. Its water solubility when
injected, and short duration of action are also characteristics that promote its use.

1.4.2.4. Ketamine/midazolam combination
As previously referred to, there are advantages in using anaesthetic combinations
in order to reduce the amount of drugs necessary to produce the desired effect (fig.1.4.1).
The combination of agents with different clinical effects is common. In this case ketamine
induces loss of righting reflex in rodents with mild analgesia, aided by midazolam that
causes sedation, amnesia, and also muscular relaxation. In laboratory animals, it is very
important to combine ketamine – which in itself causes muscle rigidity - with an agent that
induces muscular relaxation (Maddison et al. 2008). In humans, the combination
ketamine/ midazolam has an additive effect on hypnosis, but may not have any effect on
the analgesic component (Hong et al. 1993). The majority of injectable combinations
produce synergetic effects but, in this case, the additive effect may be the result of
different mechanisms of action: ketamine acts mainly on the NMDA receptors, and
midazolam on the benzodiazepine binding site in GABA and/or in glycine receptors
(Schüttler et al. 2008). Therefore, a combination does not simply provoke the effects of
the individual drugs, rather it has to be faced as an unique substance with its own
properties (Short et al. 1992).

Uses and clinical implications
Ketamine/midazolam is used whenever one needs a safe and effective sedation
and analgesia for painful therapeutic and diagnostic procedures (White 1982; Slonim et al.
1998). It is also used in emergency departments (Kennedy et al. 2000), in developing
countries or in catastrophes, when the equipment is limited and the history of the patient
may not be known, since this combination showed little effect on cardiovascular and
respiratory functions (Rice et al. 2010). In laboratory animals, the addition of
benzodiazepines, such as midazolam, to ketamine is very important to minimize the
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muscular rigidity provoked by ketamine, avoiding a potential poor recovery. Midazolam
combined with ketamine avoids the recall of unpleasant effects and of unpredicted
awareness during anaesthesia due to its amnesic properties (Maddison et al. 2008).
High doses of midazolam reduce the ketamine requirements for induction of
anaesthesia, and so it may reduce the dose-related psychedelic effects (Bowdle et al.
1998). Furthermore, midazolam can also attenuate the cardiostimulatory responses of
ketamine, conferring hemodynamic stability (White 1982; Toft et al. 1987; Reich et al.
1989). Most studies showed ketamine/midazolam as a

cardiorespiratory stable

combination (Morse et al. 2001).

1.5. Anaesthesia vs. Memory
Anaesthesia acts as a reversible intoxication and depresses the activity of the central
nervous system interfering with the biochemistry and the electrophysiology of the brain
(Alkire et al. 2009). General anaesthetics are highly liposoluble, penetrating the
membrane and into organelles where they interact with cellular constituents. The
reversibility of this action was thought to be dictated by the pharmacokinetic profiles of
anaesthetic uptake and elimination. However, several studies showed that anaesthetics
may affect gene expression, protein synthesis, cellular functions, among other effects
which may interfere negatively with cognitive processes and persist after the drug is
eliminated (Perouansky et al. 2009). The mechanism by which anaesthesia affects brain
functions is not fully comprehended. How long these effects can last is also not known.
In humans, the well-known Post Operative Cognitive Dysfunction (POCD),
characterized by a decline in cognitive function after surgery is worthy of notice. Several
reports suggest that cognitive impairments may persist for several weeks or even months.
Long-term POCD after cardiac surgery was associated with the cardiopulmonary bypass
procedure (Savageau et al. 1982; Shaw et al. 1987). On the other hand, the occurrence of
cognitive dysfunction after non-cardiac surgeries is controversial. The first International
Study of POCD in non-cardiac patients showed that the incidence of early cognitive
dysfunction, i.e. 1 week after surgery, was 22% higher than in age-matched controls and
7% higher 3 months after surgery (Moller et al. 1998). The factors of risk for early POCD
were increasing age, long duration of anaesthesia, less education, second operations,
postoperative infection, and respiratory complications, while age was the only risk factor
for late POCD, 3 months after surgery. Hipoxaemia and hypotension were not considered

29

risk factors in healthy patients for these conditions. Likewise, Monk and colleagues found
that higher age and less education are risk factors for POCD 3 months after surgery; in
this study duration of anaesthesia was not a risk factor to POCD (Monk et al. 2008).
Contradictory results could come from differences in the methodology to evaluate
cognitive dysfunction such as in the tests used, interval between sessions, analysis of
endpoints, statistical methods, and the definition of neuropsychological deficits
(Rasmussen et al. 2001). A study in middle aged patients reported early POCD 7 days
after surgery, from which the patients showed to recover when evaluated 3 months later;
POCD persisted in only 11% of the patients (Johnson et al. 2002) and it was not statistical
different from control group. In this younger age group, there was no association between
duration of anaesthesia or educational level with early POCD. All these studies point to
POCD at 3 months after non-cardiac surgery as primarily related to older age.
The balance between the effects of anaesthesia and the effects of surgery in the
development of POCD is not clear. Moreover, the possible effects of anaesthesia on
human and animal memory processes may depend on several factors. Age of the
individual, type of anaesthetic, concentration of the anaesthetic, regime of administration,
duration of anaesthesia, type of cognitive function, species and even genetic background
are factors to take into consideration.

1.5.1. Age
Post operative cognitive dysfunction seems to be more problematic in elderly humans,
while data from animal studies showed variable results. In rodents, anaesthesia has been
shown to compromise memory function (Culley et al. 2003; Culley et al. 2004a) and cell
viability (Jevtovic-Todorovic et al. 2005) in old rodents, while enhancer effects of
anaesthesia on memory have been described for young adult animals (Komatsu et al.
1998; Culley et al. 2003; Crosby et al. 2005), but there are also studies in which no
cognitive alterations were detected in any of the age groups (Butterfield et al. 2004). The
outcome of studies with infant rodents seems to be more consistent (Jevtovic-Todorovic et
al. 2003; Fredriksson et al. 2007). The nervous system in development is highly
susceptible to insults during synaptogenesis, and brain growth spurt. The lack of synaptic
feedback causes cell apoptosis, because an isolated cell is not viable. This mechanism is
extremely important for the formation of the adult central nervous system. Although this is
a normal mechanism, the rapid trigger of apoptosis makes the infant brain very sensitive
to a neurotoxic stimulus (Cottrell 2008). Older brains have lower anaesthetic requirements
than younger ones, but are also very likely to be injured by drugs. The old brain is
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characterized by some deranged mechanisms, such as the oxidative phosphorylation, the
scavenging of free radicals through vitamins C, E and melatonin, mutations, and
manifestation of silent genes (Cottrell 2008), that make it difficult for the brain to recover
from an insult. Few studies are available on the evaluation of the effects of anaesthesia on
memory of adult individuals.

1.5.2. Types of anaesthetic agents
Different types of anaesthetics, at clinically effective concentrations, act in different
neurotransmitter systems and brain regions (Jevtovic-Todorovic et al. 2003). Thus,
anaesthetics have different pathways of action that can lead to different impacts on
behaviour and on cellular viability. For example, in rats, the neurotoxicity of nitric oxide
was higher than that of ketamine in young adult brains (Jevtovic-Todorovic et al. 2005),
but lower compared with high concentration of isoflurane (Jevtovic-Todorovic et al. 2003),
while propofol produced no spatial memory impairment in aged rats (Lee et al. 2008).
Furthermore, different anaesthetics have different electrophysiological effects in humans
and animals (Alkire et al. 1997; Alkire et al. 1999; Antunes et al. 2003). Recent findings
indicate that drugs acting by either inhibition via GABAA receptors or by decreasing
excitation through NMDA receptors induce widespread neuronal apoptosis (JevtovicTodorovic et al. 2003; Fredriksson et al. 2007; Bianchi et al. 2008) which may have
serious implication on learning and memory processes.

1.5.3. Anaesthetic dose
For most anaesthetics a dose-dependent effect regarding cellular death and cognitive
functions has been described (Jevtovic-Todorovic et al. 2005; Imre et al. 2006; Pitsikas et
al. 2008). In humans, the relation between POCD and depth of anaesthesia is not clear
(Steinmetz et al. 2010). There is, however, studies reporting that deeper levels of
anaesthesia are associated with better cognitive function when compared with lower
levels (Farag et al. 2006; An et al. 2011). In general, and contrarily to the effects of high
concentrations, low anaesthetic concentrations were described to have little or no effect
on the thalamus and regions involved in primary information processing, and on the
depression of neuronal activity in the cortex or in the hippocampus, amygdala and
prefrontal cortex. These mechanisms may impair encoding of new information or cause
sedative effects and could therefore disrupt retention of encoded information in long-term
memory or cause amnesia (Heinke et al. 2005).
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1.5.4. Regime of administration
The regime of administration of anaesthetics may also influence how cognitive
functions are affected. It has been described that a chronic administration of ketamine is
more likely to cause behavioural changes (Pitsikas et al. 2009; Goulart et al. 2010;
Venâncio et al. 2011) than a single acute administration (Chrobak et al. 2008).
Furthermore, these alterations persisted for days after the ketamine withdrawal
(Chatterjee et al. 2011). By the contrary, an acute anxiolytic dose of diazepam showed a
significant impairment of working memory (Nakamura-Palacios et al. 1997). In the case of
volatile anaesthesia, outcomes are not clear, since some studies revealed impairments
with a single exposure (Culley et al. 2003), while others only detected effects on memory
in animals repeatedly exposed to the anaesthetic (Komatsu et al. 1998; Butterfield et al.
2004; Su et al. 2011b).

1.5.5. Duration of anaesthesia
In humans, the duration of general anaesthesia has been found to be a risk for early
POCD (Moller et al. 1998), but not for long-term impairment (Dijkstra et al. 1998). In
animals, only rats exposed to 4 hours of isoflurane revealed cognitive dysfunctions and
neurotoxicity, but not those exposed to this agent for a shorter period of time (Stratmann
et al. 2009a). This is an expected outcome since the prolonged binding of the
anaesthetics to the neurotransmitter receptors may induce an effective unbalance in the
brain.

1.5.6. Type of cognitive function
As previously referred to, different pathways, and/or brain regions are used to solve a
task, depending on the type of cognitive function required (Izquierdo et al. 1999). In this
sense, each anaesthetic may interfere differently with the type of cognitive function
studied. For example ketamine impaired performance in a spatial T-maze task but not in
the non-spatial task passive avoidance task in rats (Wang et al. 2006), while in humans
midazolam impaired working memory but to a lower extent compared to its effects in longterm memory (Fisher et al. 2006).
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1.5.7. Species and strain
Although the neuroanatomy of different mammalian species is similar, there are
differences such as volume, proportion of each area, amongst other factors, that may
contribute to differences in the effects of anaesthetics between species (fig. 1.2.1). Even
different strains of rats and mice may behave differently with the same anaesthetic
procedure. Two commonly used strains of mice had significant strain differences in the
hypnotic action of propofol, pentobarbital, ketamine and nitric oxide, but not of isoflurane
(Sato et al. 2006). However, a study with 15 inbred strains of mice, revealed that the
range of MAC values was 39% for desflurane, 44% for isoflurane, and 55% for halothane.
This variability due to strains may be concerning in highly variable outbred species, such
as humans (Sonner et al. 2000).

Among all these factors, age, concentration and duration of anaesthesia in animals,
and age in humans, are thought to be the most significant contributors for the neuronal
toxicity intimately related with cognitive functions (Ricci et al. 2007; Cottrell 2008; Wang et
al. 2008). However, very few studies have attempted to separate the effects of
anaesthesia from those of surgery. Thus, experimental studies using anaesthetized mice
without surgery were performed.

1.6. Measuring anaesthetics effects
Anaesthetic drugs can cause cellular death, as well as the development of long-term
cognitive impairments that can be assessed by several behavioural tests, along with the
counting of dead cells.

1.6.1. Behaviour and behavioural tests
Behaviour is a natural phenomenon that is influenced by past and current
experiences as well as physiological events, being manifested in order to achieve a
certain result in the future (Chance 2009). As any natural phenomena, behaviour can be
studied and measured. One way of measuring behaviour is by behavioural tests, which
have the advantage of assessing the neurological function in a non-invasive way.
Although several theories had been proposed before, only in the mid-19th century
Herman Ebbinghaus made the first scientific approach to study memory in humans
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(Ebbinghaus 1885/1962). The experiment consisted in learning and remembering a list of
nonsense syllables, and from this work he described for the first time the learning and
forgetting curve. In animals, one of the first formal experiments of learning was done by
Ivan Pavlov in 1927, in which a dog learned to associate a tone with the presentation of
food – classical conditioning (Pavlov, 1927 #464). Meanwhile, more complex tasks have
been developed to study other forms of learning and memory.
Behavioural studies have increased our knowledge on several topics (National
Institute of Mental Health, 2002), including cognitive, and motivational processes; social
deprivation; the value of environmental stimulation; processing of vision and audition; drug
and alcohol addiction; diagnosis and treatment of several neurological, sleep and
behavioural disorders; effects of drugs (as in this study), among other issues. In all the
behavioural tests, animals have to be motivated to perform the task, which can involve
food as a reward (appetitive) or some unpleasant event (aversive). Animals can also
simply be motivated to explore new environments (Crawley 2007). Behavioural tests
driven by different motivations may lead to different rates of acquisition (learning) (Hodges
1996; Ormerod et al. 2002). Appetitive tests often require the implementation of a
restriction schedule to enhance animals‟ motivation to complete the task, since the
motivation to eat a sweet treat, alone, does not fully sustain the drive to complete the task
(Toth et al. 2000). The choice of the behavioural task depends on the aim of the
experiment, on the type of memory target, and on the specie and strain used. The
different behavioural tasks developed in this thesis are explained in more detail in the
materials and methods section.

1.6.2. Cellular death
The alterations of phenotype detected in behavioural tests may be the earliest external
manifestation of neuronal damage (Hanning 2005).
When the metabolic adaptive processes are insufficient for recovery from an injury
caused by anaesthetic drugs, for instance, cellular death occurs (Cobb et al. 1996).
Different processes of cellular death have been described, such as necrosis and
apoptosis (Vermes et al. 1994). Necrosis is also named accidental cell death, since it is
triggered by external disturbances, and whenever the cells are injured (van der Meer et al.
2010). This process culminates with membrane disruption. Subsequently, an inflammatory
response is developed which may also affect the surrounding cells. In this situation the
tissue suffers irreversible injuries (Ziegler et al. 2004) (fig. 1.6.1a). Contrarily, apoptosis
only affects the cell where the process started, without causing inflammation, maintaining
the tissue homeostasis. Apoptosis is also called programmed or physiological death since
34

it usually occurs when the cell has no function or has an aberrant function (Kerr et al.
1972). The apoptosis is characterized by the formation of apoptotic bodies composed by
fragmented nucleus and some cellular structures surrounded by a membrane (Cobb et al.
1996)(fig. 1.6.1b).
In simple terms apoptosis is mediated by the activation of specific death signalling
pathways, such as the activation of proteases named caspases, and the release of the
cytochrome c which alters the membrane potential. One of the effectors caspases acting
in the final period of the apoptotic process is called caspase-3, and the presence of this
caspase is used as an indicator of imminent cell death. Caspase-3 activates the caspaseactivated DNase which provoke DNA fragmentation (Hengartner 2000).

Fig. 1.6.1: Schematic representation of two mechanisms of cell death, necrosis (a) and apoptosis
(b). In the necrosis mechanism, the cell volume increases, the chromatin is aggregated, the
cytoplasm disarranged, enzymes released and the membrane disrupted. In apoptosis, the cell
shrinks and loses adherence with the extracellular matrix and with the neighbouring cells.
Furthermore, the chromatin condenses, and the nucleus becomes fragmented forming apoptotic
bodies (1) surrounded by a membrane. Those are either phagocyted by macrophages and/ or by
surrounding cells (2) or they undergo necrosis (c). Note that neighbouring cells are only affected in
necrosis (adapted from Meer et al. Lasers Med Sci. (2010) 25:259-267).

The importance of studying cellular death in the context of anaesthesia lies in the fact
that anaesthetics have been shown to induce widespread neurodegeneration, especially
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in developing (Ikonomidou et al. 1999; Jevtovic-Todorovic et al. 2003; Fredriksson et al.
2004) and aged brains (Jevtovic-Todorovic et al. 2005; Culley et al. 2007). Although the
basic mechanisms of cellular death are similar in the different ages, very young and old
animals are more sensitive to the alterations caused by anaesthesia, due to the
synaptogenesis period (Asimiadou et al. 2005) in the case of infants, and due to the
disruption of mechanisms of cellular repair in the elderly (Wei et al. 2002).

1.7. Aims of the thesis
Several procedures in neurobiological research requires anaesthesia and it should not
have any effect that interferes with the results. However, several evidences point to an
influence of anaesthesia in cognitive function and cellular viability. Hence it may induce
artefacts in projects that address neurological functions, contributing to disparity in results
or even erroneous conclusions.
Therefore, in experimental works, it is important to optimize anaesthesia protocols and
to understand to which extent anaesthetics and anaesthetic concentrations may affect the
behaviour and cognitive function of animals. Furthermore, increased understanding of
how anaesthesia affects the nervous system and memory processes will also be valuable
for human and veterinary clinical practice, where standard experimental studies of this
type are not possible. Adult animals were chosen due to their widely use in research and
because there is a lack of studies regarding the influence of anaesthesia in that age.
Anaesthetics were chosen according to different routes of administration (volatile and
injectable) and major pathways of action (GABA and NMDA neurotransmitter systems).

Specific aims:


To study the influence of different anaesthetics on the memory function of adult
animals without surgery as a confounding variable, using behavioural tests



To study the potential effects of anaesthetic depth on the memory function of the
animals:
-

to investigate the effect of different concentrations of isoflurane in a battery of
behavioural tests.
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To analyse the effects of anaesthesia on different aspects of the memory process;
-

to assess the influence of the combination ketamine/midazolam on acquisition,
consolidation or recall of a spatial task, and its influence in a species typical
behaviour;

-

to investigate, in more detail, the effect of ketamine/midazolam on the
acquisition of a motor and spatial task.



To improve refinement in research by finding a safe anaesthetic procedure to be
used in adult mice, avoiding their suffering and distress.
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2. General Material and Methods
All procedures of all the studies were performed under personal and project licenses
approved by the national regulatory office for animal experimentation in Portugal
(Direcção

Geral

de

Veterinária).

POCTI/CVT/59056/2004

called

The

project

“Refinements

in

licenses

refers

laboratory

to

animal

the

project

anaesthesia:

behavioural and physiological measures” and to the project FCOMP-01-0124-FEDER009497, PTDC/CVT/099022/2008 named “Effects of ketamine anaesthesia in animal
models used on research”.

Animals and Husbandry
Adult, locally bred, male C57BL/6 mice of conventional microbiological status were
randomly distributed into type II cages (Makrolon, Tecniplast, Dias de Sousa, Alcochete,
Portugal) with 3-5 animals each. Each cage was provided with standard corncob litter
(Probiológica, Lisbon, Portugal), a piece of tissue paper and a cardboard tube. Water and
rodent pellets (4RF25-GLP Mucedola, SRL, Settimo Milanese, Italy) were provided ad
libitum before the start of any food restriction schedule required for certain behavioural
tests motivation. The animals were kept in a room with controlled temperature (21ºC ±
1ºC) and humidity (55%). Lights were kept on a 12/12h cycle.
Animals became familiar with the researcher by daily handling at least one week
prior to the beginning of the experiment. This procedure decreased the animal‟s stress,
and, at the same time, the researcher was also learning the normal behaviour of each
animal identifying easily possible changes to it. The first approach was to placed both
hands inside the cage and let the animals explore. Then animals were picked individually
and handled during the same period of time (1-5 minutes).

Food restriction schedule and reward
A food restriction schedule was established one week before the beginning of any
experiment requiring food reward as a motivation to perform the cognitive task. A limited
amount of food was fed each day by splitting pellets in small pieces and distributing them
over the cage floor once a day (Valentim et al. 2008). Initially, 2.2 grams per mouse per
day were given, and by weighing the mice daily this amount was adjusted to a level that
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keep the mice on 85-95% of their free-feeding weight. The animals were weighed
throughout the experiment to make sure they maintained this weight.
In the first study pieces of breakfast cereals with ~ 2mm (Cheerios, Nestlé Portugal
SA, Linda-a-Velha, Portugal) were used as a reward in the radial arms maze. However, in
the last studies, commercialized pellets (Dustless Precision Pellets, 20mg, chocolate
flavour rodent purified diet, Bio-Serv, Frenchtown, New Jersey, USA) for laboratory
animals were used. The change of the type of reward was related to the precision of size
of commercialized pellets and to the nutritional status of the animal, i.e. it is better that
animals obtained calories through balanced and controlled diet (purified) rather than by
“treats”.

Anaesthesia
Volatile anaesthesia (protocol used in Chapter 3)
Mice were randomly assigned into treatment groups: the control group, and
different isoflurane concentrations (1% and 2% for the study reported in section 3.1 and
1%, 1.5% and 2% for the study reported in section 3.2). The animals were placed
individually in an acrylic induction chamber and anaesthesia was induced with 3-4% of
isoflurane (Isoflo; Abbot Laboratories Ltd, Queenborough, Kent, United Kingdom; Esteve
Farma Lda., Carnaxide, Portugal) in 100% of oxygen with a delivery rate of 5 litres/minute
until loss of righting reflex, i.e. loss of the capability of returning to ventral recumbence.
This isoflurane concentration allowed a quick induction and hence reduced the stress
caused to the animal. As soon as loss of consciousness was observed the animals were
placed in dorsal recumbence inside a plastic resealable-zipper storage bag (zip bag) and
the concentration was decreased to the respective treatment concentration. The zip bag
had three holes: the first to pass the wires for measuring heart rate and rectal
temperature, the second for the vaporizer connected to isoflurane container, and the last
for the exit gas tube connected to the capnograph, allowing the control of the gas
concentration. After installing the connections, the holes were well sealed with adhesive
tape. To introduce the animal, the zip was simply opened and then closed. This is a
refinement that reduces the dead space and facilitates the monitoring of gas compared
with the acrylic box chamber conventionally used for induction.
Anaesthesia was then maintained with isoflurane in 100% oxygen with a flow of
1.5-1 litres/minute. Pulse and respiratory rate were recorded in intervals of 10 minutes. In
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study 3.1 pulse rate was monitored by a pulse oximeter placed on the upper, right hindleg
of each mouse, while in the following study a cuff and a transducer connected to a
pressure meter (LE 5001; Panlab, Barcelona, Spain) was placed on the tail base. Body
temperature was maintained at 37 °C± 2ºC by a homeothermic blanket (N-HB101-S-402,
Panlab, Barcelona, Spain) connected to a rectal thermal probe (50-7061-F, Harvard
Apparatus Ltd, Kent, UK) and placed under the zip bag; the blanket was covered with a
cap to avoid burns. Animals were anaesthetized for one hour. Isoflurane concentration
was monitored and controlled in the exhausted air with an agent gas monitor (Datex
Capnomac Ultima, Helsinki, Finland), and no stimuli were applied during that hour; for
example background noise was reduced to a minimum.
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Fig. 2.1: Set-up for the volatile anaesthesia. 1- oxygen level, 2- isoflurane vaporizer, 3- gas
extraction system, 4- volatile agent analyser, 5- induction chamber, 6- anaesthetised mouse, 7plastic resalable-zipper storage bag, 8- probe from the pulse meter, 8- rectal probe to measure
temperature.
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At recovery, all animals received 100% oxygen until recovery of the righting reflex.
No mice were restrained during anaesthesia. The animals from the control group were not
anaesthetized; however, they were manipulated and placed inside the induction chamber
during one minute (average time until loss of the righting reflex in anaesthetized animals)
where 100% of oxygen was delivered in order to also mimic the air flow. To avoid isolation
stress in the non-anesthetized control animals, these were hereafter returned to their
home cage.

Injectable anaesthesia (protocol used in Chapters 4 and 5)
For restraint, the mouse was first placed on the lid of the cage by holding the base
of the tail firmly. The thumb and index finger of the left hand secured the skin of the neck
and lifted the animal while the palm and third finger of the same hand held the tail. The
animals were placed and maintained in dorsal recumbence, with the head lower than the
body, to allow the organs to descend during the administration of the drugs. The
intraperitoneal injections were performed with the right hand and the syringe injecting in
the midline next to the umbilicus; a 12 millimetre/26 gauge needle was inserted at an
angle of 45º to the abdominal wall in the lower left quadrant of the abdomen. Injection and
restraint were always performed by the same person.
After ip. injection, the animal was placed in a type III cage until the lost of the
righting reflex. Then the animal was placed in dorsal recumbence on a homeothermic
blanket (N-HB101-S-402, Panlab, Barcelona, Spain) covered with a surgical drape to
avoid burns. This allowed the maintenance of the temperature at 37 ± 2ºC with the
homeothermic blanket connected to a rectal thermal probe. A cuff and a transducer
connected to a pressure meter (LE 5001, Panlab, Barcelona, Spain) were placed on the
tail base to measure the pulse rate. Pulse, respiratory rate and systolic pressure were
recorded in intervals of 5 minutes. Mice that lost the righting reflex were in a face mask
delivering 100% of oxygen with a flow of 0.6 litter/ minute.
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Fig. 2.2: Set-up for the injectable anaesthesia. 1- oxygen delivery tube, 2- mouse in dorsal
recumbence, 3- cuff and transducer, 4- pressure meter equipment, 5- equipment to measure the
temperature, 6- rectal probe to measure temperature, 7- drape covering the homeothermic blanket.

Animals were considered awake when recovering the righting reflex, when
stretching the front paws trying to recover the right posture or when reacting to the
approach of the researcher‟s finger (stretching the nose to explore and poking). The
ketamine-induced muscular rigidity makes it difficult to assess the regain of
consciousness, since mice had difficulties in turning to the right position. Control animals
receiving saline injections were placed for 2 minutes in the type III cage (average time
until loss of the righting reflex in anesthetized animals). To avoid isolation stress in the
non-anesthetized control animals, these were thereafter returned to their home cage. The
time for anaesthetic induction, and time spent in dorsal recumbence were recorded.
Animals treated with midazolam were sedated, and were placed approximately during 40
minutes in a type III cage (average time until righting reflex recovery in anaesthetised
animals) with a cardboard tube to minimize stress, and a heating plate underneath.
The concentrations of ketamine/midazolam used were chosen after a pilot study.
The first approach to this combination was to test the lowest concentration able to induce
the loss of righting reflex (40mg/kg ketamine+10 mg/kg midazolam)- chapter 4. Then an
experiment to study different types of memory was performed with a higher concentration
of the combination ketamine/midazolam (75mg.kg-1 / 10mg.kg-1) in chapter 5. Incorrect
site of injection in an intraperitoneal administration is a common problem (Miner et al.
1969; Gaines Das et al. 2007). This was minimized by the daily handling of the animals to
habituate them to be handled and thus decrease the stress and movements at the time of
injection. Other very important factor was the training of the researcher in the
intraperitoneal injection procedure prior to the testing /experiment.
43

Behavioural tasks
Several different tasks were used to evaluate animals‟ behaviour i.e. some
features of their repertoire that may be affected by anaesthesia. Tasks were ethologically
chosen, i.e. based on species-specific or typical and innate behaviours of the animals, in
order to reduce the stress to a minimum, and to respect animal welfare (Refinement).
In habituation, performed at least one day before the test, the animal was able to
explore the apparatus during a certain period of time to get used to the environment,
avoiding neophobia during the task performance. This is very important since alterations
in “emotions” may affect acquisition, consolidation and recall of memory leading to falsepositive or false-negative interpretations (Wotjak 2004).
Emotional reactivity and exploration, spontaneous digging behaviour, declarative
memory, and motor skill learning and coordination were evaluated. Fig. 2.3 represents the
tests associated with the different behaviours and the studies where they were applied.

Emotional
reactivity

Open field test

Section 3.2
and chapter 5

Spontaneous
digging
behaviour

Burrowing test

Chapter 4

T-alt and
Water Maze

Section 3.2

Appetitive Ymaze

Chapter 4

Radial arm
maze

Section 3.1
and chapter 5

Rotarod test

Chapter 5

Behaviours
Declarative
memory

Motor learning

Fig. 2.3: Schematic representation of all the behavioural tests used, their association with the
different types of memory, and in which study they were performed. T-alt- T-maze spontaneous
alternation.
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All tests were performed at least 1 day, after anaesthesia administration. This
procedure allowed the animals to recover from anaesthesia in order to avoid any
confounding influence of residual anaesthetic. All behavioural tests were performed and
analysed by the same researcher, blind to the anaesthetic procedures that the animals
had undergone.

Open field
Open field test was firstly created by Calvin Hall (Hall 1934) who analysed defecation
as a degree of “timidity”. This task is based on the conflict situations that animals also live
in natural environments: conflict between the drive to explore and the aversion for bright
open areas, new to them (Crusio et al. 1989). This is one of the standard tools used to
evaluate the activity, exploration, and emotional profiles, especially important to screen
drugs of psychopharmacological potential (Cole et al. 1995). This task is widely used due
to the simplicity of the apparatus, the practicability of the procedure, and a generally
accepted interpretation of the parameters measured.
A healthy and normal mouse or rat is expected to assess the novel environment by
exploring the arena horizontally and vertically, and spending more time in the periphery
than in the centre of the open field (Crawley 1999a).

The term

thigmotaxis (i.e.

orientation towards a solid structure) describes this tendency that rodents have to stay in
close contact with the wall, the most protected place of the open field (Treit et al. 1988).

Purpose: The open field test was used to evaluate anxiety and exploratory activity.
Apparatus: The arena consisted in a circular arena with a diameter of 1 meter made of
grey polypropylene and surrounded by a wall of 30 cm. The arena was placed in the
centre of the room and lit by two halogenated lamps (fig. 2.4).
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Fig. 2.4: Open field apparatus with a mouse starting its exploration.

Test: Each animal was released in the centre of the arena and allowed to explore it for 20
(chapter 3, section 3.2) or 10 (chapter 5) minutes. At the end of testing, the number of
fecal boli was counted and the arena was cleaned with alcohol at 70% to avoid the
presence of olfactory cues between animals.
Data collection: The test was recorded with a camera placed above the apparatus and
collected into a computer with the multi-camera vigilance system GeoVision (GV-800/8,
Taipei, Taiwan). The video analysis was carried out with the program VideoMot 2 (TSEsystems, Bad Homburg, Germany) which measured several parameters: total speed, total
distance walked, total number of transitions between regions, and the parameters
distance walked, number of visits, and % of time spent on each region. Latency to exit and
enter the centre were also registered. The regions were defined in the Videomot software.

Burrowing test
Burrowing behaviour is considered a “species-typical” behaviour, that occurs naturally
but are not necessarily exclusive of one specie (Deacon et al. 2002b). Rodents are well
known for making burrows in nature for shelter against predators, food storage, safe
nesting place, and refuge from weather conditions. Apart from tunnel construction,
burrowing is also used to maintain the tunnel structures, or even for defensive burying i.e.
digging earth and kicking the substrate against a possible intruder (Deacon 2006). In
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order to explore this ability in the laboratory, a test of burrowing was developed, and
showed to detect the early signs of prion disease (Deacon et al. 2001), strain differences
(Contet et al. 2001), drugs (Deacon 2009), inflammatory mediators (Teeling et al. 2007),
and brain lesions in the prefrontal cortex, and especially on the hippocampus, (Deacon et
al. 2002b; Deacon et al. 2003a) in both mice and rats.
The advantage of this method is the simplicity of the procedure and apparatus in
combination with the fact that the animal can be tested in its homecage or a similar cage,
which decreases stress.
Purpose: The burrowing test was used to evaluate potential lesions in the prefrontal
cortex and/or hippocampus.
Apparatus: The test was performed in a type III cage and with a grey plastic tube (20 cm
long and 7.5 cm of diameter) inside. The open end of the tube is raised 2 cm from the
cage floor by two screws and the opposite side was closed with a plug. The tube was filled
with 200g of food pellets (4RF25-GLP Mucedola, SRL, Settimo Milanese, Italy). Water
was provided ad libitum.

Fig. 2.5: Mouse performing burrowing test.

Test: The burrowing test consisted on mice spontaneously displacing small items from the
tube described that represented a burrow. This displacement is usually done by the mice
(face into the tube) with coordinated hind-and forelimb movements and kicking the
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material outside the tube. The mouse was placed alone in the apparatus two hours and a
half before dark phase for 1.5 hours and again immediately after the lights turn off until
morning (8 p.m. to 9:30 a.m.). The material displaced in the first period was replaced and
put inside the burrow for the night period.
Data collection: In both periods the material displaced and the one that stayed inside the
tube were weighted. The amount of material displaced from the burrow indicated the
animal‟s performance in the task.

Rotarod test
The rotarod test was firstly described by Dunham and Miya (Dunham et al. 1957)
using a fixed speed rotarod procedure to test neurological deficits in mice and rats. This
test is a motor task that requires animals‟ coordination and balance to stay on a rotating,
sometimes also accelerating drum/rod. Although it is more often used in the evaluation of
motor function in animal models of disease, the rotarod test is also applied in the study of
motor skill learning (Buitrago et al. 2004). A daily increase in the latency to fall from the
rotating rod indicates the learning of accurate movements to complete the task. Contrarily
to the other tasks used in this PhD project, the rotarod test can be considered to involve
procedural or implicit memory (section 1.3.1), since the recall of the movements learned is
thought to be independent of a conscious recollection, being analogous to remember how
to ride a bicycle (Ghoneim 2004). The major advantages of this task is the simplicity, and
easy quantification of the measurements (Buitrago et al. 2004), always objectively
recorded by an automatic equipment.
Purpose: This protocol (Alonso et al. 2008) of rotarod task tested the acquisition of a
motor task.
Apparatus: The equipment (RotaRod Advanced for 5 mice, TSE-systems, Bad Homburg,
Germany) consisted in a rotating drum (ø 3 cm; adjustable speed 4-40 rpm) with
compartments allowing up to 5 mice to be tested at the same time (cage mates).
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Fig. 2.6: Equipment for the rotarod test with 5 compartments to place mice.

Habituation: Animals were placed on the steady drum of the equipment for 2 trials of 1
minute. If an animal fell off during these trials, it was placed on the drum again until 1
minute had elapsed.
Test: Animals were placed on the drum at 4 rotations per minute (rpm). Once all animals
were placed, the speed increased from 4 to 40 rpm over 5 minutes after which it remained
at 40 rpm for an additional 5 minutes, resulting in maximum test duration of 10 minutes.
The trial ended when the animal fell or when the 10 minutes elapsed. Two sessions per
day were performed with an intersession interval of 40 minutes; each session consisted in
3 trials with an interval of 5 minutes. This task was performed during 7 days to establish a
learning curve.
Data collection: When the animal fell, a beam was activated in the floor of the equipment
which was connected to a computer with the RotaRod software, registering the latency
and rpm at which the animal fell.

Common features of spatial tasks- Mazes
As members of the Muridae family, mice have a good performance in maze tasks,
because in nature animals have to find food or have to escape from aversive situations,
similarly to tasks of guidance (D'Hooge et al. 2001). Animals can use three guidance
strategies to reach the aim: learn a sequence of movements that lead them to the target
(praxis strategy), use proximal cues (taxis strategy), or use distal cues to set their location
within a spatial map of the environment (mapping or spatial strategy) (Brandeis et al.
1989). Some studies showed that in nature as in mazes, rats had a hierarchical
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preference in the use of cues: visual, olfactory, and movement-generated cues, in a
decreasing order of preference (Jakubowska-Dogru et al. 2003), and considerable
flexibility in switching between modalities depending on the cues availability (Lindner et al.
1997; Maaswinkel et al. 1999).
To study spatial memory in the mazes, it is important to ensure that the animal
uses a spatial strategy and visual extra-maze cues to complete the task. A spatial task
demands the existence of visible cues and the maintenance of all the details on a fixed
position during the experiment (Crawley 2007), hence all the features of the testing room
were maintained equal throughout each experiment, and more extramaze cues were
added: geometric figures in cardboard were placed on the walls and on a curtain that
covered the work bench. Furthermore, the experimenter was always in the same spatial
position during the tests. Other factor to have in consideration is the elimination of the
intra-maze cues such as olfactory cues, which is problematic in dry mazes. Usually the
mazes are cleaned and/or rotated between trials to displace the visual from the olfactory
cues. The rotation procedure was used in the appetitive Y-maze task and in the radial
arms maze task of the chapter 5. In these cases, there was a dissociation of the extramaze visual cues from the intra-maze cues, but the position(s) of the rewards relatively to
the spatial cues was (were) always the same, in order to study the spatial component of
memory. The mechanism of rotation required the elevation of the apparatus from the floor
which may cause stress to the animals. This situation was overcome with an adequate
period of habituation. Moreover, the different positions from where the animal started in
the water maze and appetitive Y-maze avoid the use of self-oriented movement (learning
of a sequence of body movements to find the reward), reinforcing the study of spatial
memory.

T-maze spontaneous alternation
This task is based on the innate tendency of rodents to explore new environments
(Conrad et al. 1997); therefore they naturally alternate between arms in the T-maze
apparatus (Deacon et al. 2006). The motivation to choose one of the arms is then driven
by the tendency to choose a novel previously unexplored area. T-maze spontaneous
alternation reflects working memory, since animals have to remember which the arm was
previously chosen in order to alternate. As the animal is placed in a novel environment,
the outcome of this test could be influenced by the animal‟s age and emotional reactivity;
old animals revealed more neophobia than adults) (Lalonde 2002). However it has the
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advantage of not having a reinforcement or punishment element minimizing the effect of
emotional reactivity (Conrad et al. 1996).
Purpose: T-maze spontaneous alternation test was used to access working memory and
was adapted from a procedure described elsewhere (Spowart-Manning et al. 2004). This
procedure tested non-spatial working memory, because the trials were consecutive
without enough time for the animal to be guided by spatial cues (Lalonde 2002), and the
maze was opaque, preventing animals from using extramaze cues.
Apparatus: The T-shape maze was made of grey acrylic sheets and consisted of a
starting arm and two choice arms, each measuring 10 x 60 x 20 cm (width, length, height).
A removable central partition extending from the centre of the back of the T into the start
arm was added; thereby, the animal was prevented, after choosing the arm, from making
a distant inspection of the other arm. The central partition was described to increase the
spontaneous alteration from 75% to 80% (Deacon et al. 2006).

Fig. 2.7: T-maze apparatus for T-maze spontaneous alternation task.

Test: Each animal was placed in the starting arm with a sliding door made of hard
cardboard blocking the access to the choice arms. The trials started when the
experimenter lifted the door and ended when the animal made a choice and was blocked
in one of the arms; entrance was recorded when the animal entered, all four paws, in the
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selected arm. The first trial was a forced-choice trial where either one of the arms was
blocked. The subsequent 14 trials were free-choice trials with both arms open and the
mouse was allowed to choose. After a choice, the animal was confined in the selected
arm until it made contact with the closed door, which marked the end of the trial. The door
of the selected arm was opened and the door of the other arm was closed, so that the
mouse, when leaving the selected arm, would return to the start arm. Animals had a
maximum time of 2 minutes to perform each trial; after that the animal was gently pushed
to the start arm. The T-maze was cleaned with alcohol at 25% between trials to avoid the
presence of odour cues.
Data collection: The latency of first entry on the arm, the side choice, and the percentage
of alternation were manually recorded.

Morris Water Maze
This test can also be called Morris swimming pool, Morris maze, water maze, and
swimming maze. Morris water maze test is one of the most used tools in behavioural
neuroscience and it was created by Richard Morris (Morris 1984) to assess spatial or
place learning in rats, but it has also been extensively studied and validated in mice
(Morgan 2009). The water maze test is based on the fact that animals are highly
motivated to escape from the water by the quickest and the most direct route using a
platform. To study spatial memory, the referred platform is not visible to the animal. The
study of the reference memory also implies that the platform is not moved. Here, the use
of spatial orientation is easier to control than in dry mazes since the odour cues are less
pronounced. To prevent animals to use the praxis strategy, self-movement, the start
location of the animal may vary.
Purposes: This water maze protocol evaluated long-term/reference memory, i.e. longterm storage of information, and it was based in previous work of our group (Marques et
al. 2009).
Apparatus: The maze consisted of a circular grey polypropylene tank with a diameter of
1m and a depth of 0.5 m. The tank was filled with water to a 35-cm depth, and its
temperature was kept constant at 24°C. A transparent acrylic platform (12 x 9 cm) was
placed in the maze, which was then divided into four imaginary quadrants, and four
starting positions (north, south, east, west) were determined at the intersections of the
quadrants.
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Fig. 2.8: Morris water maze apparatus in the testing room. Visual/extra-maze cues were added to
the curtain cues.

Habituation: Habituation was performed one day after anaesthesia procedure. During the
habituation session, animals were allowed to see the platform; it was raised above the
water level and a coloured flag was placed on top of it. This was useful to check the visual
capacities of each animal that are indispensable to complete the testing phase. They were
habituated to the water using a four-trial procedure in which the position of the platform
and the starting point were changed for each trial. A trial began when the animal was
released in the water. The mouse was allowed to swim a maximum of 90 seconds to
locate the platform; if after this time it failed, the experimenter would lead it to the platform.
The animal was then allowed to rest on the platform for 10–15 seconds before being
picked up by the experimenter. This shaping method allowed the mice to habituate to the
water and to learn how to escape from it by climbing onto the platform.
Acquisition: Animals were tested in the water maze for 4 consecutive days. The platform
was submerged 0.5 cm and was not visible to the animals for the entire acquisition phase.
The procedure consisted of six trials during which the platform location was kept constant
but the starting position was semi-randomly changed for each trial. In the semirandomization schedule, the four positions/ imaginary quadrants of the tank are used; in
the first four trials, the animal started from each of the four different quadrants, and the
other two trials were randomly chosen. Each mouse was given 90 seconds to locate the
platform and allowed 10–15 seconds to rest on it before being removed by the
experimenter and placed under a heating infrared lamp. Intertrial interval was set at 15
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minutes. The parameters analysed to assess performance were latency and distance
travelled to find the platform and swim speed.
Probe Trial: The probe trial, run in the last day, 2 h after the last test trial, consisted of
one trial in which animals were released from the same point. The platform was removed
and the mouse was allowed to swim in the maze for 90 seconds. This trial is considered a
true criterion for acquisition of the Morris water maze task (Crawley 2007). It is expected
that the animal that learned spend significantly more time swimming in the quadrant
where the platform had been located (D'Hooge et al. 2001).
Data collection: This test were recorded and analysed with the same methods described
for the open field. Distance and time to find the platform, and speed were measured. For
the probe test, time spent in each quadrant expressed in percentage was also
documented. The imaginary quadrants were drawn in the Videomot software (fig. 2.8).

2

3

1

4

Fig. 2.9: Morris water maze seen from the top. In this figure several features from the analysis of
the Videomot software can be observed: the imaginary four quadrants dividing the apparatus, the
platform signalled by a circle and number 1, the starting location of the animal marked by the
number 1 near the wall of the pool in the quadrant 4, and the path that the animal swam
represented by the white line.

A reasonable water temperature (24ºC) and an adaptation to water immersion in
the habituation procedure help to minimize the stress that could influence the acquisition
process (D'Hooge et al. 2001). It is recommended that this test is performed in the end of
the experiment as it induces physical and psychological stress which may otherwise
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impact the performance in later tests (Crawley 2007); thus it was the last in the series of
tests in the study of section 3.2.

Appetitive Y-maze
The Y-maze is considered a simplified version of the radial maze, and as the radial
maze, it is also appropriate to study spatial memory performance (Deacon et al. 2002a).
Animals are driven by the motivation to find food in the correct arm that, for the study of
reference memory, is always the same. The simplicity of the Y-maze apparatus allows a
quick habituation by the rodents (Conrad et al. 2003).
Purposes: To test spatial reference memory in the appetitive Y-maze task we used an
adaptation of the protocol described by Deacon and colleagues (Deacon et al. 2002a).
Apparatus: It consisted on a Y-maze made of beige polypropylene with a central
polygonal area of 14 cm in diameter to which three arms were attached (50cm long, 9 cm
wide, surrounded by a wall of 0.5 cm). A food well was located 5 cm from the distal end of
each arm where the reward, commercialized pellets (Dustless Precision Pellets, 20mg,
chocolate flavour rodent purified diet, Bio-Serv, Frenchtown, New Jersey) for laboratory
animals, was placed. The maze was located in a laboratory with prominent distal
extramaze cues, and was elevated 80 cm above the ground on a central stand on which
the entire maze could be rotated.

Fig.2.10: Y-maze set-up composed by a Y-maze structure and a central stand elevated 80 cm from
the floor.

Habituation: The habituation was performed during five days before the start of the test.
On the first day, animals were allowed to explore the apparatus during 10 minutes in cage
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groups. Then, each mouse was placed alone in the apparatus during 4 minutes. The
second day consisted in two trials: firstly the animal was allowed to explore the apparatus
for approximately 5 minutes, and, in the second trial, 5 reward pellets were scattered
throughout the Y-maze. In more detail, one reward was placed inside each food well and
other at 5 cm of each food well of the choice arms; there was also one reward in the
middle of the start arm. These trials ended when the mouse ate all the rewards or when 5
minutes elapsed. On the third day, 2 trials with both arms baited were performed and the
animal started from different arms: on the first trial, the reward was inside and near the
food wells of the two choice arms and the mouse was allowed to eat them in 5 minutes;
on the second trial the reward was only inside the food wells of both choice arms. If the
rewards were eaten before 5 minutes elapsed, the food wells would be re-baited. On the
fourth day, the pellets were placed in the two choice arms for 5 trials. Each trial ended
when 3 minute elapsed or when the mouse had eaten both rewards. The procedure was
repeated in the fifth day during 10 trials of 2 minutes each.
Test: Each mouse was assigned a specific target arm (defined according to its given
spatial location relative to the room cues) in which the food reward was placed. Target
arms were counterbalanced with respect to group. The start arm for each trial was
determined by a pseudorandom sequence (with equal numbers of starts from each of the
two non-rewarded arms in any one session, and no more than three consecutive starts
from the same arm). At the start of each trial, the mouse was placed at the distal end of
the start arm, and allowed to choose an arm to enter. A correct choice was recorded when
the mouse entered the target/rewarded arm with its four paws and tail. If the mouse made
an incorrect choice (entry into a non-rewarded arm) it was allowed to proceed to the end
of the incorrect arm and then removed and returned to its home cage. Mice performed 10
trials per day with an inter-trial interval of approximately 6 minutes. The number of correct
choices out of 10 was recorded. The maze was rotated by 120° randomly in either a
clockwise or anticlockwise direction between each trial, to prevent the mice from
identifying the correct target arm by olfactory, visual or tactile cues (intra-maze cues). The
session ended after the achievement of the learning criterion, i.e., when the mouse made
80% correct choices on three consecutive days.
Post-choice baiting: The day after achieving the learning criterion or 10 days had
elapsed, test was repeated with the same procedure, however the reward was only placed
in the correct arm after the animal had chosen it. These trials were useful to ensure that
the animals were not guided by the odour of the reward and that they had learned the Ymaze task by spatial cues.
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Data collection: Time to complete the task and the number of correct choices out of 10
expressed as percentage were manually recorded.

Radial Arm Maze
The radial arm maze (RAM) has become a standard protocol to assess spatial
memory in rodents (Olton et al. 1976) and, since several choices/ arms are presented to
the animal to choose, it is relatively demanding and sensitive to detect differences
between treatment groups. This apparatus has the advantage of allowing the study of
working and reference memory at the same time with a suitable protocol. It has proven to
be quite useful in the investigation of the effects of a variety of pharmacological
manipulations on spatial memory (Buccafusco 2001).
Different protocols and apparatuses of radial maze were used in the study
described in section 3.1 and chapter 5. The purpose of both studies was similar, the
evaluation of reference and working memory, however the radial arm maze procedure in
section 3.1 did probably not allow the animals‟ guidance by extra-maze cues, since the
apparatus was opaque. Hence only the radial maze in the study of chapter 5 assessed
spatial memory.

Radial arm maze used in the study of section 3.1
The protocol used was based in the method described by Iivonen and colleagues (Iivonen
et al. 2006).
Apparatus: The maze was made of beige polypropylene and consisted of eight equal
arms in radial disposition. The central platform measured 160 mm of diameter and the
arms measured 60 x 300 x 300 mm (width, length, height). All arms have a barrier (50 mm
high) in the distant end. A 2 mm piece of cereal (Cheerios, Nestlé Portugal SA, Linda-aVelha, Portugal) was used as food reward and it was deposited behind that bar preventing
the animal from seeing it. Moreover entire flakes of cereals were also placed in the distant
end wall of all arms, 25 cm above the maze‟s floor, in order to distribute the odour of the
reward throughout the apparatus. This procedure avoided that the animal may be guided
by olfactory cues, i.e. by the odour of the reward in the correct arm.
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Fig. 2.11: Radial arm maze apparatus used in the study of section 3.1. The arrow points to how a
cereal flake was attached in the end wall of the arms, where the mouse could not reach, with the
intention to avoid the finding of the reward through its odour.

Habituation: Mice of the same cage group were left in the central platform of the radial
arm maze and allowed to explore it for 15 minutes; thereafter they were returned to their
home cage. After 1 hour, mice were placed individually in the central platform and
restrained inside a vertical tube (15 cm of diameter). After 5 seconds, the tube was lifted
and the mouse could explore the radial maze during 10 minutes. All arms were baited with
the reward. If the mouse ate all rewards in less than 5 minutes, the arms were re-baited. If
the mouse ate no reward in 10 minutes, the bars were removed so that the rewards
become visible. The removal of the bars was used to make sure that the animal perceived
the presence of a reward behind the bar and it was done just once. If in the following trials
the animal still did not eat the reward, this individual would be excluded. This 10 minutes
trial was repeated twice in the second day of habituation with one hour of interval. Errors
were recorded, i.e. the number of times an animal re-enter in an arm. This information
was used to allocate animals in the treatment groups in a balanced distribution related to
the number of errors. Moreover, the arm less visited by each animal was chosen to be the
correct/baited arm in the test.
Test: In the test, the radial maze contained only one arm baited, the correct arm, and it
remained the same throughout all the experiment to the same mouse. Each animal was
placed inside a vertical tube in the central platform blocking the access to the choice
arms. The trials started when the experimenter lifted the tube. The first two trials were
“learning trials” wherein the mouse was allowed to go to all arms and eat the reward; after
eating the reward and returning to the platform, the correct arm was blocked until the end
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of the trial. These trials ended when all arms were visited or when 10 minutes elapsed.
Afterwards 15 test trials were performed. These trials ended if the mouse entered in the
correct arm and ate the reward, when 10 minutes had elapsed or when 2 minutes passed
without the mouse making any choice. An entrance was recorded when all four paws and
tail of the animal were inside the arm. When a trial was over, mouse was gently pushed
back to the central platform. The intertrial interval was approximately 1 minute during
which the animal was in the tube while the apparatus was cleaned with alcohol at 25%.
Hence 17 trials, two “learning” and 15 testing trials, per day during two days were
performed – session 1 and 2. An error was recorded when mouse entered an unrewarded
arm.
Data collection: Number of errors before correct choice (reference memory errors),
working memory errors (re-entry in one of the arms), time to complete the trial and
performance ratio (number of errors in session 2 / number of errors in session 1) were
manually recorded.

Radial maze used in the study of chapter 5
This protocol was adapted from a procedure described elsewhere (Buccafusco 2001).
Apparatus: The maze was made of transparent acrylic and consisted in eight
corridors/arms disposed radially from a central platform. Each arm measured 40 x 8 cm,
and the circular central platform measured 18 cm of diameter. All the apparatus had a wall
of 30 cm height and a food well was located 5 cm (1 cm of diameter) from the end of all
arms. Before each trial, the animal was kept in a transparent cylinder in the central
platform. Mice were rewarded with commercialized pellets (Dustless Precision Pellets, 20
mg, chocolate flavour rodent purified diet, Bio-Serv, Frenchtown, New Jersey) for
laboratory animals. The maze was elevated 50 cm above the floor on a central stand on
which the entire maze could be rotated.
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Fig. 2.11: Radial arm maze apparatus used in the study of chapter 5.

Habituation: In the morning of the first day, animals were placed in the apparatus in cage
groups and they were allowed to explore it for 15 minutes. In the afternoon, each animal
was placed alone in the maze with all arms rewarded; the session ended after mice ate all
the rewards or when 10 minutes elapsed. On the second day, three trials with full baited
arms were performed with an intertrial interval of 1 minute; each trial ended when all
rewards were eaten or when 5 minutes elapsed. The apparatus was rotated between trials
to habituate the animals to this movement that was also used in the test.
Test: Three of eight arms were always baited and they were always the same for the
same animal throughout all the experiment. The angles between baited arms were always
90º, 135º and 135º, and different arms were counterbalanced between groups as much as
possible. The animal was placed in the central platform inside a transparent cylinder
which was lifted at the start of the trial. An entrance was recorded when all four paws and
tail of the animal were inside the arm. The trial ended when the animal had visited all the
rewarded arms or when 5 minutes elapsed. Then the animal returned to the central
platform and the cylinder was lowered; after 1 minute the next trial began. The maze was
rotated between trials in a clockwise or anti-clockwise movement, 45º to 180º in a random
manner. One daily session of 5 trials was performed during 9 days. To eliminate or reduce
the olfactory cues from different individuals, alcohol solution at 25% was used between
animals.
Data collection: Number of working memory errors (number of re-entries in an arm that
the animal had already visited in that trial) and reference memory errors (number of
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entries in an arm that was never baited) were recorded. Time to complete the task,
number of total errors, latency to enter the first arm, latency and number of errors until the
first correct choice, number of entries per minute, and number of trials and days that
revealed a serial strategy were manually measured. A serial strategy is part of a
stereotypic strategy and is characterized by the entrance in consecutive arms to find the
rewards, completing the task without using the spatial strategy.

Histopathologic (Hematoxylin-Eosin) and
Immunohistochemical techniques
Hematoxylin dyes the nucleic acids of blue-violet because it stains acidic structures,
while eosin stains basic structures and so it dyes of pink/red proteins in general. Hence in
hematoxylin-eosin staining, nuclei are stained blue and cytoplasm are stained pink, and
so we are able to see features of cellular death such as membrane and nucleus
disruption. Hematoxylin-eosin staining was not originally used for brain tissue, but it has
proven useful in the analysis of neurons (Okuno et al. 2001).
In the immunohistochemical technique, the caspase-3 expression was assessed by
with the use of antibodies to this protein. The antibodies with caspase-3 are conjugated
with the enzyme peroxidase that binds to diaminobenzidine, oxidizing it. This produces a
brown colour in the cell that is indicative of the presence of caspase-3 (Potten et al. 2004).
Hemotoxylin-eosin staining (HE) and caspase-3 detection were used in the study
of section 3.2, and HE was also evaluated in the study of chapter 4. These techniques
were used to complement the observations of behavioural tests.
Purpose: Hemotoxylin-eosin staining was used to mark general cellular death and the
immunohistochemical technique to detect the cells expressing caspase-3, which may be
indicative of apoptosis.
Techniques: Mice were killed by cervical dislocation followed by decapitation, and the
brains were removed.

Brains were fixed for 48 h in 4% buffered paraformaldehyde

(phosphate-buffered saline [PBS], pH 7.4, 0.1 M), cut in 2 mm thick coronal sections,
processed, and embedded in Paraplast (Hypercenter XP and Histocenter 2; Shandon,
Burlingame, CA, USA). For each block, two serial sections of 4 µm were made making
coronal cuts at the level of bregma -2.30 mm/interaural 1.50 mm (Paxinos et al. 2001) (fig.
2.13a). One of the coronal sections was stained with hematoxylin and eosin for a general
observation of cellular death, and the other was used for caspase-3 detection. For this last
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analysis, a streptavidin-biotin immunoperoxidase method was used. In brief, the sections
were deparaffinized, hydrated, washed in PBS, quenched in 3% hydrogen peroxide for 20
min, and washed in H2O. For antigen retrieval, microwave treatment was used (two times
for 5 min each in citrate buffer, pH 5). After washing in PBS, the sections were incubated
in blocking solution for 5 min (Ultra V Block, UltraVision Detection System; Thermo Fisher
Scientific, Waltham, MA, USA), followed by overnight incubation in rabbit anti–caspase-3antibody (CPP32 Ab-4, Rabbit Polyclonal Antibody; Thermo Fisher Scientific, Waltham,
MA, USA) diluted 1:100 in PBS at 4°C. For negative control, one extra brain section was
incubated in PBS; as a positive control, a section of newborn and regression stage mouse
thymus was processed and analysed in the same way as the brain. The next day, the
sections were washed in PBS and incubated in biotinylated goat anti-polyvalent antibody
(UltraVision Detection System, Waltham, MA, USA) for 10 min at room temperature. After
washing in PBS, sections were incubated in streptavidin peroxidase complex (UltraVision
Detection System, Waltham, MA, USA) for 10 min at room temperature. To detect the
immunoreactions, a diaminobenzidine (Sigma, Madrid, Spain) solution (0.01% 2,3diaminobenzidine with 0.01% H2O2) was used, while the other slices were washed in
water, counterstained with Gill hematoxylin, and dehydrated. Tissue sections were
examined with a microscope (Eclipse E600; Nikon, Tokyo, Japan) equipped with a digital
camera (DXM 1200; Nikon, Tokyo, Japan). The hippocampus, retrosplenial cortex, and
visual cortex were photographed using a 20x objective (numerical aperture, 0.50); to avoid
overlapping, the position of each field was recorded using the x-y coordinates of the
microscope stage. Digitized images with the final magnification of 960x were exported to
Adobe Photoshop CS3 (Adobe Systems Inc., Mountain View, CA, USA). Cells showing a
clear positive immunoreaction in the retrosplenial cortex, visual cortex, pyramidal cell layer
of the cornu ammonis (CA) 1 and CA3 areas of hippocampus, and in the granular layer of
the dentate gyrus, were directly and manually counted.
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b
Fig. 2.13: a) represents a mouse brain and its stereotaxic coordinates with bregma, and midpoint
of the interaural line as reference points. The vertical line marks the location of the coronal section
presented in b). This section is the one studied in this thesis, at the level of Bregma -2.30
mm/interaural 1.50 mm. In b the numbers represent the brain regions studied. 1- visual cortex, 2retrosplenial cortex, 3- CA3, 4- dentate gyrus, 5- CA1. Structures of numbers 3 to 5 are from the
hippocampus (figures adapted from the book Paxinos & Franklin 2001: The Mouse Brain in
Stereotaxic Coordinates).

Statistical analysis
All treatment groups were independent samples, i.e. they have no effect on each
other, hence all tests used were independent.
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The data were considered parametric if the following assumptions were fulfilled:
independent observations, data from groups with homogeneity of variances (Levene‟s
test) and each group with data normally distributed (Shapiro-Wilk, an adequate test for
small size samples). Hence, for comparison of two groups, independent Students t-test
was used, while data from two or more groups were tested by one-way ANOVA. If the
data was normally distributed but there was no homogeneity of variances, the test Welch
ANOVA was applied. When the same variable was measured several times for each
subject, such as along days, repeated measures ANOVA was used. These tests cannot
be used when there are missing values. In these cases, Students t-test or one-way
ANOVA were performed for each point of time or, when two samples were analysed, the
slopes of the two regression lines were compared through a test based on Student´s ttest; this was applied when the relation between the two variables may be described
though a linear regression (Zar 1999). In the case of differences detected between more
than two groups, Tukey was used as a post-hoc test to check between which groups there
is a difference.
If the data were not normally distributed, a logarithmic transformation was applied.
If these transformations did not result in parametric data, non-parametric data were
analysed with Mann-Whitney for comparisons between two groups, and with KruskalWallis for comparison between more than two groups. In order to know between which
groups the differences were detected in the case of having more than two groups, MannWhitney was used for each combination of pairs and the significant p corrected with
Bonferroni method. This correction consists in considering the significant p as α/number of
comparisons; α= 0.05.
All hypotheses were two-tailed tested and the statistically significance was
considered at p≤0.05 (except when Bonferroni correction was used). All results were
processed by Microsoft Office Excel 2003 or 2007 (Microsoft Corporation, Redmond,
Washington, USA) for data acquisition and SPSS 16.0 or 17.0 for Windows (Apache
Software Foundation, Forest Hill, MD, USA) for statistical analysis. Parametric data are
presented as mean +/- standard deviation, while non-parametric data are presented as
median [minimum, maximum].
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Chapter 3
This chapter consists in two studies (section 3.1 and 3.2) that were published in
international journals:

-

Valentim, A. M., H. C. Alves, et al. (2008). "Effects of depth of isoflurane
anaesthesia on a cognition task in mice." Br J Anaesth 101(3): 434-435.
(http://journals.lww.com/anesthesiology/Fulltext/2010/11000/Lower_Isoflurane_
Concentration_Affects_Spatial.23.aspx)

-

Valentim, A. M., P. Di Giminiani, et al. (2010). "Lower isoflurane concentration
affects spatial learning and neurodegeneration in adult mice compared with
higher

concentrations."

Anesthesiology

113(5):

1099-1108.

(http://bja.oxfordjournals.org/content/101/3/434.full)
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3. Different concentrations of the volatile
anaesthetic isoflurane on memory
Abstract
Background: Volatile anaesthetics such as isoflurane are widely used in clinical and
research contexts. Concerns have been raised that the effects of these drugs on the
central nervous system may result in long-term impairment after surgery or general
anaesthesia. Hence, these studies aimed to detect how different isoflurane concentrations
influence radial arm maze performance in the study of section 3.1, and spatial learning,
cell death and expression of caspase-3 in the study of section 3.2, in adult mice.
Methods: Both studies used 2-3 months old C57BL/6 mice that were anaesthetized for 1
hour, except the control group; heart and respiratory rate were recorded every 10 minutes.
In study of section 3.1, thirty males mice divided in three groups of ten animals were
tested in a radial arms maze (RAM) in two sessions 28 hours (session 1) and 56 hours
(session 2) after two different anaesthetic procedures: group I (1% isoflurane) and group 2
(2% isoflurane). In study of section 3.2, fifty-two C57BL/6 mice were randomly divided in
four groups. Mice in three groups were exposed to different concentrations of isoflurane
(1, 1.5, and 2%). Five mice per group were killed 3 h after anaesthesia to perform
histopathologic and immunohistochemical analyses (hematoxylin-eosin staining; caspase3 expression). Eight mice per group were used for behavioral tests (open field, T-maze
spontaneous alternation, and water maze) on subsequent days.
Results: In study of section 3.1, RAM performance concerning number of errors and time
to complete the task was similar between groups. Twenty-eight hours post-anaesthesia,
the control group had a higher number of trials with zero errors (3[1-7] trials; p< 0.01) and
a lower number of trials with one error (2[1-4] trials; p< 0.05) compared with Group II (1.5
[0-3] trials, and 3[2-6]trials, respectively), but no differences were detected in session 2. In
study of section 3.2, there were no differences between groups in the T-maze
spontaneous alternation test or in the open field (no confounding effects of stress or
locomotion). The group anesthetized with 1% isoflurane performed worse in the water
maze task on day 1 (550.4± 162.78 cm) compared with the control group (400.1± 112.88
cm), 1.5% isoflurane (351.9± 150.67 cm), and 2% isoflurane (364.5± 113.70 cm; p≤ 0.05)
and on day 3 (305.0± 81.75 cm) compared with control group (175.13± 77.00 cm) and 2%
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isoflurane (204.11± 85.75 cm; p≤ 0.038). In the pyramidal cell layer of the region cornu
ammonis 1 of the hippocampus, 1% isoflurane showed a tendency to have more caspase3 expression (61.4± 26.40, profiles/mm2) than the group with 2% of isoflurane (20.6±
17.77, profiles/mm2; p= 0.051).
Conclusion: Low isoflurane concentration (1%) only caused learning impairment in
spatial tasks in mice, and those animal had more cells expressing caspase-3 compared
with higher isoflurane concentrations. Results for mice receiving the high concentrations
were similar to those of control mice.

Introduction
Inhalational agents such as isoflurane have widespread application in clinical and
research practice due to their safety. In laboratory animal research, isoflurane is routinely
used because it allows an easy maintenance of general anaesthesia with fast recovery.
However, there are still uncertainties about its mechanism of action and discussions are
raised about clinical and research implications of isoflurane anaesthesia.
Volatile anaesthetics act mainly at two receptors, the N-methyl-D-aspartic acid
(NMDA) receptor and the γ–-aminobutyric acid A (GABAA) receptor, which are thought to
be involved in cognitive processes (Mott et al. 1991; Myhrer 2003). Recent findings
indicate that drugs acting by either inhibition via γ–aminobutyric acid receptors or by
decreasing excitation through N-methyl-D-aspartic acid receptors induce widespread
neuronal apoptosis in the developing brain (Jevtovic-Todorovic et al. 2003; Young et al.
2005). Several studies show neurodegenerative effects of anaesthetics in general
(Ikonomidou et al. 1999; Fredriksson et al. 2007) and isoflurane in particular (JevtovicTodorovic et al. 2003; Johnson et al. 2008) on the neural structure of immature animals.
Results are contradictory, however, regarding cognitive impairment in adulthood in
animals subjected to anaesthesia during their infancy (Loepke et al. 2008; Loepke et al.
2009).
A growing body of literature supports the view that humans and animals
undergoing anaesthetic procedure are exposed to an increased risk of cognitive
impairment. In human patients, it has been shown that such cognitive impairment can last
for periods longer than predicted (days or weeks after surgery) (Moller et al. 1998;
Johnson et al. 2002). Culley et al. (Culley et al. 2003) showed that isoflurane was capable
of producing sustained learning impairment in aged rats. However, they also showed that
it improved the performance of previously learned tasks in young adult rats for periods of
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up to 2 months. Such a memory-enhancing effect in young adult animals had been
demonstrated previously with the use of a non-spatial task 22 h after anaesthesia
administration (Komatsu et al. 1993). A comparative study of rats aged 7 or 60 days
showed that 4 h of exposure to isoflurane caused a permanent deficit of hippocampaldependent but not hippocampal independent learning and memory in 7-day-old rats,
whereas 60-day-old animals showed a long-term improvement in spatial reference
memory (Stratmann et al. 2009b).
Concerning the acquisition of new tasks, some studies have demonstrated
learning impairment 24 hours and 2 weeks after anaesthesia in aged rats (Culley et al.
2004a), whereas adult rats showed improved learning in one study (Crosby et al. 2005)
and cognitive impairment in another (Culley et al. 2004b). Although there seems to be an
overall trend of cognitive impairment after anaesthesia in aged animals, there are also
contradictory results in which aged mice undergoing single or repeated episodes of
isoflurane anaesthesia had no immediate or long-lasting alterations at the cognitive level
(Butterfield et al. 2004). In young adult mice, repeated, but not single, isoflurane
administration temporarily improved spatial memory (Su et al. 2011a). Another study
showed that daily isoflurane administration (4 days) impaired memory and reduced
neurogenesis of very young but not adult rodents (Zhu et al. 2010). We have shown
previously that low (1%) but not high (2%) isoflurane concentrations administered once
may impair the learning of spatial tasks in adult mice 28 hours after anaesthesia (Valentim
et al. 2008).
The studies presented in this chapter aimed to evaluate the influence of different
concentrations of isoflurane anaesthesia on memory without performing surgery to reveal
the role of anaesthesia per se in cognitive dysfunction.

The second study deepened the content of the first study, adding one more
concentration in order to understand the relationship between depth of anaesthesia and
behavioural effects.
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3.1. Effects of depth of isoflurane anaesthesia on a
cognition task in mice
The aim of this study was to evaluate the effect that two different concentrations (one
low causing loss of righting reflex only and one related with deep anaesthesia) of the
volatile isoflurane may have on the acquisition of the radial arm maze task.

Material and Methods
Thirty 2-3 months old C57BL/6 inbred mice were randomly assigned in three groups:
control group (animals not anaesthetised); group 1 (animals anaesthetised with 1% of
isoflurane); group 2 (animals anaesthetised with 2% of isoflurane). One day after
habituation to the radial arm maze, animals were treated as the groups previously
referred. At 28 hours (session 1) and 56 hours (session 2) after anaesthesia, mice were
tested in the 8 arm radial maze (RAM) where animals had to find the only arm with the
food reward- the piece of cereal (Cheerios, Nestlé Portugal SA, Linda-a-Velha, Portugal).
More details about the methodology are in the General Material and Methods, section
Animals and Husbandry, Food restriction schedule and reward, Volatile anaesthesia, and
Radial arm maze used in the study of section 3.1. The learning performance of the
animals in the RAM was evaluated by the number of entries in non-rewarded arms (total
errors which are also the reference memory errors), and it also studied the working
memory errors by the number of re-entries in one arm within a trial. Performance ratio
(number of errors in session 2 / number of errors in session 1) were measured to evaluate
the evolution of the performance from one session to another. The figure 3.1.1 represents
the time line of this study.

Habituation of radial arms

Anaesthesia

maze
Day -1

Day 0

Radial arms

Radial arms

maze (session 1)

maze (session 2)

Day 1

Day 2

Fig. 3.1.1: Experimental protocol of the experiment.

70

Statistical analysis
Physiological

measures:

Pulse

and

respiratory

rate

were

compared

between

anaesthetised groups with ANOVA repeated measures with treatment as a betweensubject factor and minutes (interval of 10) as a within-subject factor, followed by the
independent t-test to check in which points of time the differences occurred.
Radial maze test: Reference (corresponding to the total errors) and working memory
errors, and time to complete the RAM were also analysed by repeated-measures ANOVA
with treatment as a between-subject factor and session as a within-subject factor. Oneway ANOVA was used to analyze the performance ratio. The number of trials with 0, 1, 2,
3, 4, 5, 6, 7, 8, [9, 16], and >16 errors per session was analysed by Kruskal-Wallis test
and Mann-Whitney test between treatments when differences were detected.

Results
Description of physiological measures: Animals anaesthetised with 2% isoflurane
concentration (group 2) had a significantly lower respiratory rate (p<0.0002) and a higher
heart rate (p<0.0004) 20 minutes after induction of anaesthesia compared with animals
anaesthetised with 1% (group 1) (fig. 3.1.2).
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Fig. 3.1.2: Respiratory (a) and pulse (b) rate measured during 60 minutes of anaesthesia with 1%
(group 1) or 2% (group 2) of isoflurane; brpm- breaths per minute; bpm- beats per minute. After the
induction with 3-4% of isoflurane, 0 minutes represented the starting time for data recording, when
the expired concentration of isoflurane was stabilized at 1% or 2% depending on the group. Data
#

presented as mean ± SD. *p≤ 0.0002; p≤ 0.0004.

Radial arm maze: No differences were detected between groups concerning the number
of total errors (equal to reference memory errors) (p= 0.962), working memory errors (p=
0.637) (fig. 3.1.3) or time to complete the task (p= 0.638) (table 3.1.1). The number of
errors is the most important measure to evaluate the cognitive performance of mice
because it indicates directly the animals‟ decisions/actions. In session 1 animals made
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significantly more total errors and took more time to complete the task compared with the
session 2 (p≤ 0.0001), indicating a certain degree of task acquisition.

a)

b)
Fig. 3.1.3: Total number of errors (i.e. reference memory errors) (a) and working memory errors (b)
in the radial arms maze task 24 hours (session 1) and 56 hours (session 2) after anaesthesia with
isoflurane. Data presented as mean + SD.
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Table 3.1.1: Time to complete the radial arms maze task in seconds. Data presented as mean ±
SD.

Treatment

Session 1

Session 2

Control

30.0 ± 8.36

24.8 ± 14.72

Group 1

36.2 ± 14.03

20.5 ± 7.17

Group 2

28.0 ± 12,16

20.3 ± 12,18

Total

31.4±11.89

21.9±11.56

P value

0.638*
<0.00001

#

* for differences between groups with repeated measures ANOVA
#

for differences between sessions with repeated measures ANOVA

This improvement of performance in session 2 was similar for both groups since there
were no differences between groups concerning the performance ratio (p= 0.677) (fig.
3.1.4).

Fig. 3.1.4: Performance ratio (total number of errors in session 2/ total number of errors in session
1) in the radial maze arms task. Data presented as mean + SD.
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Twenty-eight hours post-anaesthesia, the control group had a higher number of trials
with zero reference errors and a lower number of trials with one reference error compared
with group II (fig. 3.1.5) (p= 0.005 and p= 0.011, respectively). The frequency of 2, 3, 4, 5,
6, 7, 8, [9, 16], and >16 errors were similar between groups. At 56 hours post-anaesthesia
the animals did not show any difference at this level.

Fig. 3.1.5 Number of trials with 0 and 1 error (x-axis) 28 hours after control, 1% (group 1) or 2%
(group 2) anaesthesia administration. Data presented as a boxplot (median is the horizontal bar
inside box; 25th and 75th percentile are the boxes‟ borders; whiskers are the lowest and highest

°

values for the 5th and 95th percentiles, respectively; – outlier).

XX

p= 0.005 and

X

p= 0.011

between control group and group anaesthetized with 2% of isoflurane regarding number of trials
with 0 and 1 error, respectively, using Mann-Whitney test.
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3.2. Lower isoflurane concentration affects spatial
learning and neurodegeneration in adult mice
compared with higher concentrations

The aim of this study was to detect how different isoflurane concentrations influence
working memory (T-maze spontaneous alternation test), reference spatial learning (water
maze task), general cell death and caspase-3 expression in adult mice. In order to obtain
a simple concentration-response curve for these measures, three different concentrations
of isoflurane were used: 2% (high), 1% (low), as in the previous study, and an
intermediate concentration, 1.5%.

Material and Methods
Fifty-two 2–3-month old male C57BL/6 mice were randomly assigned into four
treatment groups: unanaesthetized control animals (control), animals treated with low
(1%) isoflurane concentration (IF1%), animals treated with an intermediate (1.5%)
isoflurane concentration (IF1.5%), and animals treated with a high (2%) isoflurane
concentration (IF2%). Five mice per group were killed by cervical dislocation followed by
decapitation 3 h after anaesthesia and the brain removed. Then histopathologic
(hemotoxylin-eosin staining) and immunohistochemical techniques were performed in
order to study general cellular death and caspase-3 expression, respectively. Eight mice
per group were used for behavioural tests. Nineteen hours post-anaesthesia, the open
field test allowed the evaluation of stress levels and exploratory activity by measuring
number of fecal boli, total speed, total distance walked, number of visits to each region,
and the parameters distance walked, and percentage of time spent in each region;
regions were defined in the program analysis as centre and periphery, with the limit
between the two regions at 45 cm from the centre of the apparatus; these data was
collected during 20 minutes of animals‟ exploration. Twenty-four hours after anaesthesia,
T-maze spontaneous alternation test was used to access working memory. The animals
had to remember which arm had been visited in the previous trial in order to enter in the
other arm; the latency of first entry and the % of alternation were recorded. Then, 41
hours after anaesthesia, the water maze protocol, with a 4-day training period followed by
a probe trial, evaluated long-term/reference memory. The animal had to learn the position
of the platform in order to escape from the water. In the last day, a trial was performed
without the platform to see where the animal spends more time - the probe trial, a
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measure of spatial accuracy. More details about the material and methods in the General
Material and Methods, section Animals and Husbandry, Volatile anaesthesia, Open field,
T-maze spontaneous alternation, Morris Water Maze, Histopathologic (HematoxylinEosin) and Immunohistochemical techniques. A time line is presented in the figure 3.2.1.

Fig. 3.2.1: Experimental protocol of the behavioural tests.

Statistical analysis
Physiological analysis: Respiratory and pulse rate were analysed by repeated-measures
ANOVA with Bonferroni corrections for multiple comparisons between anaesthetic
treatment and within groups (time). Furthermore, one way ANOVA was used to check in
which points in time possible differences occurred.
Behavioural tests: The number of visits to the periphery of the open field and the
alternation rate in the T-maze spontaneous alternation were analysed by Kruskal–Wallis
test, whereas one-way ANOVA was used to evaluate total speed and distance, distance
walked, and percentage of time spent in each region of the open field and to evaluate
normalized data on latency to enter in one of the arms of the T-maze (reciprocal
transformation). To access spontaneous alternation within groups, Students t test for
difference from chance (50%) was carried out. Performance in the water maze test
(distance and time to find the platform) was analysed by repeated-measures two-way
ANOVA with Bonferroni corrections for multiple comparisons between anaesthetic
treatment and within groups (days as repeated measures factor) - two factors. If
differences were found between treatment groups, Student unpaired t test would be used
to analyze on which days these differences were detected. Pearson correlation test was
used to study correlation between latency and distance to find the platform in the water
maze. Because the data on the percentage of time spent in each quadrant of the water
maze during the probe trial were normally distributed, one-way ANOVA was used to
detect differences between groups. To assess learning of the platform location within each
group, we used one-sample t test between the percentage of time spent in each quadrant
and the chance level percentage of time (25%).
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Hematoxylin-eosin staining and caspase-3 expression: The number of dead cells per
square millimeter of brain in the retrosplenial cortex, visual cortex, and pyramidal cell layer
of CA3 field by hematoxylin-eosin staining and the caspase-3 expression were analysed
by Kruskal–Wallis test. This test was also used to evaluate the number of cells in the
granular layer of the dentate gyrus stained by caspase-3 antibody and the number of
pyramidal cells of CA1 field stained by hematoxylin-eosin. One-way ANOVA was used to
analyze the number of granular cells of the dentate gyrus marked with hematoxylin-eosin
and the number cells with caspase-3 expression in the pyramidal cell layer of CA1field of
the hippocampus; Tukey test was used as a post hoc test.

Results
Description of physiological parameters: Group IF2% had significantly lower respiratory
rate compared with groups IF1% and IF1.5% (p< 0.0001) at all time points except point
zero, where the only significant difference was between groups IF2% and IF1% (fig. 3.2.2
a)). There was no significant interaction between time and treatment. Heart rate data from
two animals were eliminated from the analysis because of technical problems with the
equipment. Group IF2% had significantly lower heart rate compared with groups IF1% (p=
0.012) and IF1.5% (p= 0.003); there were no differences detected between groups IF1%
and IF1.5% (fig. 3.2.2 b)). No significant interaction between time and treatment was
observed.
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Fig. 3.2.2: Respiratory (a) and pulse (b) rate measured during 60 minutes of 1% (IF1%), 1.5%
(IF1.5%) and 2% (IF2%) of isoflurane anaesthesia; brpm- breaths per minute; bpm- beats per
minute. After the induction with 3-4% of isoflurane, 0 minutes represented the starting time of data
collection, when the expired concentration of isoflurane stabilized at 1%, 1.5% or 2% depending on
the group. Data presented as mean ± SD. a) *p= 0.025 between IF2% and IF1.5%;
between IF2% and all the other groups. b) *p≤ 0.034 between IF2% and 1.5%;

#

#

p≤ 0.001

p≤ 0.028 between

IF2% and all the other groups. p values obtained from one-way ANOVA for each 10 minutes
interval.
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Open field test: There were no differences detected between groups on the parameters
measured (table 3.2.1).

Table 3.2.1: Descriptive analysis and statistical test for the parameters of the Open field test. Data
are presented as mean± SD or median[maximum-minimum], depending if the data were analysed
with parametric or non-parametric tests, respectively.

Parameters measured

Control
group

IF1%

IF1.5%

IF2%

P
value

Total distance (m)

118.0±15.5
4

113.0±21.78

109.0±22.02

113.0±21.7
8

0.889

Speed (m/s)
Distance in the centre (m)

9.7±1.26

9.3±1.79

9.0±1.80

9.3±1.79

0.999

31.8±9.13

27.8±6.63

24.6±9.69

27.8±6.63

0.393

85.2±17.78

85.3±13.99

85.2±17.78

0.999

Distance in the periphery 86.2±11.26
(m)
Time in centre (%)

19.7±6.25

17.5±5.01

16.6±6.80

17.5±5.01

0.775

Time in periphery (%)

80.3±6.25

82.5±5.01

83.2±6.81

82.5±5.01

0.776

N. visits to periphery

75.5[88-57]

64.0[73-39]

50.0[14-100]

64.0[73-39]

0.146

3.3±2.61

3.1±3.04

3.5±2.67

0.984

N. fecal boli

3.6±3.07
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T-maze spontaneous alternation: None of the groups alternated in a manner significantly
different from chance (50%), and there were no significant differences between the groups
concerning this (fig. 3.2.3) or the latency to choose an arm.

Fig. 3.2.3: Percentage of alternation between the two arms of the maze in the T-maze
spontaneous alternation task, 24 hours post-anaesthesia. Data presented as mean± SD. The
horizontal line represents chance performance (50%).

Water maze task: Mice anaesthetized with IF1% showed a significantly worse
performance in the water maze. The distance travelled to reach the platform was
significantly longer in the IF1% group (550.4±162.78 cm) than in control mice
(400.1±112.88 cm; p= 0.05), group IF1.5% (351.9±150.67 cm; p= 0.024) and group IF2%
(364.5±113.70 cm; p= 0.019) on day 1 and significantly longer (305.0±81.75 cm) than
control mice (175.1±77.00 cm; p= 0.006) and group IF2% (204.1±85.75 cm; p= 0.038) on
day 3, whereas larger variation on day 2 cancelled out statistical significance (fig. 3.2.4 a).
Likewise, on days 1, 3, and 4 (23.8±7.80, 13.5±4.25, and 9.0±3.11 s, respectively), IF1%
mice showed significantly longer latency to find the platform than control mice (16.1±5.11,
7.7±3.10, and 5.7±2.36 s, respectively; p≤ 0.035) (fig. 3.2.4 b). Distance and time to find
the platform did not show exactly the same statistical differences; however, these two
measures are highly correlated (p< 0.0001). There were no differences between the
slopes of the curves representing the performance of the different groups, neither for
distance nor latency to find the platform.
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Fig. 3.2.4: Distance travelled (a) and latency (b) to find the platform in the water maze test during 4
consecutive days after a 41 hours post-anaesthesia recovery period. Data are expressed as mean
± SD; * p≤ 0.05, IF1% versus the other groups; ° p ≤ 0.03, IF1% versus control and IF2%;

x

p≤

0.038, IF1% versus control group.

There was no treatment effect on swim speed; thus, no motor impairment was
present. On the probe trial, all groups spent significantly more time than expected by
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chance (25%) in the target quadrant (p≤ 0.01) and significantly less time on the opposite
quadrant (p≤ 0.004) (fig. 3.2.5), indicating that they had learned the task. There was no
difference detected between groups.

Fig. 3.2.5: Percentage of time spent on each imaginary quadrants during the probe trial of the
water maze test 5 days post-anaesthesia. Data is presented by mean+ SD, and the horizontal line
represents chance performance (25%);

#

p ≤ 0.01 for 25% of chance.

Brain analysis: Concerning histopathology (hematoxylin-eosin stain), there were no
significant differences detected in the number of dead cells between groups in any of the
brain regions studied (p= 0.313) (fig. 3.2.6). Immunohistochemical analyses showed a
similar result concerning the number of cells expressing caspase-3 (p≥ 0.054). However,
IF1% mice tended to present more cells expressing caspase-3 (61.4 ± 26.40) than the
group IF2% (20.6 ± 17.77) in the pyramidal cell layer of the field CA1 of hippocampus (p=
0.051) (fig. 3.2.7). This tendency was not detected between the other groups or in any
other brain region studied.
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Fig. 3.2.6: Number of dead cells per mm detected by hematoxylin-eosin staining (a), and caspase2

3 expression (C3E) positive profile per mm in retrosplenial cortex, visual cortex, pyramidal cell
layer of the field CA1 (CA1) and of the field CA3 (CA3) of hippocampus and granular layer of the
dentate gyrus (gyrus). Data presented as a boxplot (median is the horizontal bar inside box; 25th
and 75th percentile are the boxes‟ borders; whiskers are the lowest and highest values for the 5th
and 95th percentiles, respectively). ◦- outlier; *- extreme values.
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The simple concentration-response curve for the expression of caspase-3 in the CA1
region shows a shape similar to that for the water maze performance (mean of distance of
all days) which did not reveal a linear relation but a peak corresponding to impaired
performance after 1% isoflurane anaesthesia, and to more caspase-3 expression in this
concentration; 0, 1.5, and 2% isoflurane revealed a similar caspase-3 expression positive
profile in the CA1 region of the hippocampus (fig. 3.2.7).
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Fig. 3.2.7: Concentration-response curves for water maze performance (mean of 4 days of the
distance travelled to find the platform in centimeters) (♦), and the caspase-3 expression positive
2

profile per mm in the pyramidal cell layer of the cornu ammonis 1 area of the hippocampus (■).
Data expressed as mean - SD. C3E= caspase-3 expression.
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Discussion
The outcome of the first study showed that animals treated with high (2%) and animals
treated with low (1%) concentration of isoflurane performed at control levels in the radial
maze task, 28 and 56 hours post-anaesthesia. The only difference was detected in the
number of trials with 0 and 1 errors 28 hours after anaesthesia administration, and it was
not observed 56 hours post-anaesthesia, indicating the lack of long lasting effects on this
memory task. The second study revealed that 1 h of isoflurane anaesthesia at a low
concentration (1%) impaired performance in a spatial test 41 hours after anaesthesia
administration whereas mice that received intermediate (1.5%) and high (2%)
concentrations behaved similarly to control mice. Moreover, there was a tendency of
increased caspase-3 expression observed at the hippocampal level in animals subject to
low concentration of isoflurane anaesthesia and sacrificed 3 h after anaesthesia.
The observation of impaired performance in a spatial learning and memory task after
low concentration anaesthesia is in agreement with our previous preliminary results where
only light isoflurane anaesthesia impaired acquisition in the T-maze test, a simple spatial
task (Valentim et al. 2008). The reason why no impairment was seen in the radial maze
task, was probably because this version of the maze had opaque walls which were too
high to allow the guidance by extra-maze cues, and thus the mice may have learnt the
task using a non-spatial strategy based on intra-maze cues and requiring the use of
different brain regions. Nevertheless, taken together, the results of the three different
studies clearly reinforce the idea that high concentrations of isoflurane anaesthesia
administered once are not associated with cognitive deficits. This was supported by a
recent study where adult mice anaesthetised with 1.4% of isoflurane were not impaired in
the water maze task (Su et al. 2011a).
The effects of depth of anaesthesia are still relatively unexplored; however, a study in
humans focusing on postoperative cognitive dysfunction partly supports our results (Farag
et al. 2006). Patients undergoing deeper anaesthesia showed improved recovery of
cognitive functions (processing speed) compared with more lightly anaesthetised patients.
Although the clinical study and our second study address different aspects of cognition,
they indicate a common potential effect on the cognitive capacity, specifically on memory.
Human clinical studies may have problems in evaluating the real effect of one
drug/anaesthesia because of pharmacokinetic interactions and in differentiating the
effects of anaesthesia from those of surgery and hospitalization (Leung et al. 2009). In our
studies, these confounding variables were not present.
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In study of section 3.1, different depths of anaesthesia did not impair reference or
working memory in the acquisition of the position of the baited arm in the radial arms
maze. However, in study of section 3.2, the only behavioural difference observed between
groups was in water maze task performance. This impairment was detected in both
distance travelled and latency to reach the escape platform comparing the 1% isoflurane
group with the other groups. These two measures were highly correlated, and there was
no treatment effect on swimming speed, excluding the possibility that a motor impairment
in any of the groups could have influenced the results. The absence of a treatment effect
on open field behaviour is also relevant to exclude the possibility that treatment groups
differed in stress or anxiety in a way that could have influenced performance in the water
maze task (Holscher 1999). Thus, the impairment in performance most likely reflects a
true impairment in spatial memory. However, rather than a general and persisting effect
on learning and memory, the results indicate that the main consequence of lowconcentration anaesthesia was impaired performance of acquisition 41 h after
anaesthesia. The effect was transient; animals in this treatment group performed at
control levels on the fourth day of water maze testing. This is further supported by the
observation that all animals showed evidence of having learned the task when tested in
the probe trial on day 4. Hence, there was no evidence of long-term effects on spatial
memory. The absence of differences in the T-maze spontaneous alternation may be due
to the less active role of the hippocampus in this non-spatial protocol. As referred, this
may also be the reason for the lack of differences in the study of section 3.1 concerning
the number of errors to complete the task between control and the low anaesthetic
concentration.
Brain analysis was only performed in study of section 3.2, where significant
differences were found in the behavioural tests. Cell death, as assessed by hematoxylineosin and caspase-3 staining, was not different between groups in the different brain
regions. However, animals subject to the light isoflurane concentration tended to have a
higher number of cells expressing caspase-3 in the pyramidal cell layer of the CA1 of
hippocampus than those treated with the high isoflurane concentration. Indeed, recent
studies have shown that drugs modifying receptor activity in the central nervous system
induce neuronal apoptosis, including a neurotoxic effect of isoflurane at a cellular level,
especially in the neonatal brain (Jevtovic-Todorovic et al. 2003; Bianchi et al. 2008;
Johnson et al. 2008). Infant mice exposed to isoflurane under the minimal alveolar
concentration (sub-MAC) for 1 h suffered neuroapoptosis(Johnson et al. 2008). Although
the concentration used in the study of Johnson et al.(Johnson et al. 2008) is different from
that used in our study, both concentrations, 2% for pups in the Johnson et al. study and
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1% for adult mice in our study, are sub-MAC values. MACs for pups and for adults are,
respectively, 2.24%6 and 1.3% (Sonner et al. 2000). Therefore, our results corroborate
and expand Johnson‟s results by demonstrating apoptosis also in adult mice after subMAC isoflurane anaesthesia. Furthermore, the results are in agreement with those from a
recent study (Stratmann et al. 2010) that observed no long-term cognitive deficits or
neurotoxicity after 4h of isoflurane anaesthesia at MAC concentrations in aged rats;
similar results concerning memory testing were reported by Zhu (Zhu et al. 2010) in adult
rodents subject to repeated 1.7% isoflurane administration.
The tendency of increased caspase-3 expression in the CA1 hippocampal region in
mice subject to 1% isoflurane anaesthesia is in line with the impaired performance of
these mice in the spatial water maze task (fig. 3.2.7). The hippocampus plays a major role
in spatial learning (Broadbent et al. 2004), and its synaptic transmission is altered by the
majority of agents used in general anaesthesia (Jevtovic-Todorovic et al. 2003). The
relation between spatial learning performance and distribution of receptor binding sites
over hippocampal regions may provide an explanation why the CA1 region was
specifically affected. Zilles et al. (Zilles et al. 2000) found a negative correlation between
the escape latency of the water maze and the density of [3H]muscimol binding sites, the
ligand of the γ-aminobutyric acid A receptor on which isoflurane acts. Although
[3H]muscimol binding sites were found in all hippocampal subregions, generally, the
density was highest in CA1 and dentate gyrus (Zilles et al. 2000).
Processes other than cellular death may have contributed to the water maze result,
such as inflammatory processes. These have been described to influence memory
acquisition during anaesthesia and surgery; however, our animals did not suffer any
surgical stimulus and the effects of anaesthesia on inflammatory responses are not clear.
There are data suggesting that surgery and anaesthesia with propofol and fentanyl
promotes proinflammatory immune responses, (Brand et al. 2003) that thiopental and
midazolam impair neutrophil functions in vitro (Nishina et al. 1998), and that isoflurane
enhances timely resolution of acute inflammation processes in an inflammatory model
(Chiang et al. 2008). A study by Loop et al. (Loop et al. 2005) showed that, in vitro,
sevoflurane and isoflurane induce apoptosis in T lymphocytes, increasing mitochondrial
membrane permeability and caspase-3 activation in a dose-dependent manner. In this
sense, and if inflammatory processes would have contributed to our results, these should
promote a deficit in the 2% group and not in the 1% group as it was observed.
Furthermore, more recently, several studies showed that such processes are unlikely to
be activated when anaesthesia is used without surgery (Wan et al. 2007; Cibelli et al.
2010; Terrando et al. 2010).
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Some studies showed that isoflurane may be neurotoxic; however, its neurotoxic
mechanisms are not clear or fully understood. The literature indicates mechanisms related
to calcium homeostasis, apoptosis activation, or age-sensitive suppression of neuronal
stem cell proliferation or differentiation (Perouansky et al. 2009). Studies have shown that
cell death processes induced by N-methyl-D-aspartic acid antagonists and γ-aminobutyric
acid mimetic drugs involves translocation of Bax protein to mitochondrial membranes,
where it disrupts membrane permeability, allowing extramitochondrial leakage of
cytochrome c, followed by a sequence of changes culminating in activation of caspase-3
(Olney et al. 2002; Johnson et al. 2008). Because of this neurotoxicity and because
isoflurane acts on the central nervous system by a reversible intoxication process, it would
be expected that high concentrations provoke a greater effect on memory function. Why
isoflurane at a lower concentration should have a potential noxious effect on learning
ability remains unclear. At relevant clinical concentrations, isoflurane also has been
reported to act as a neuroprotective agent (Warner 2000) by inhibiting necrotic processes,
such as in ischemia and hypoxia (Bekker et al. 2006; McAuliffe et al. 2009). The exact
mechanism leading to a reduction of neurotoxicity is not very clear, but there are several
proposed mechanisms: activation of adenosine triphosphate-dependent potassium
channels, up-regulation of nitric-oxide synthase, reduction of excitotoxic stressors and
cerebral metabolic rate, augmentation of periischemic cerebral blood flow, and upregulation of anti-apoptotic factors, including mitogen-activated protein kinases (Matchett
et al. 2009); some of this mechanisms may be related to the described effect of volatile
anaesthetics that increase the uptake of glutamate, potentially reducing its excitatory
effects within the brain, and providing a neuroprotective effect (Do et al. 2002; Villars et al.
2004). Overall, high concentrations of isoflurane might lead to decreased cellular
degeneration, causing less damage to the central nervous system. Moreover, general
deep anaesthesia may mimic natural slow-wave sleep, since brain-arousal systems are
similarly deactivated (Alkire et al. 2009), having a less disruptive effect on memory than
does light anaesthesia (Sleigh et al. 1999). Different outcomes from different depths of
anaesthesia may be related with the evidence that extrasynaptic GABAA receptors are
highly sensitive to low concentrations of anaesthetics inducing a „tonic‟ or persistent
inhibitory conductance which has been proposed as a substrate for the amnestic
properties of anaesthetics (Hemmings et al. 2005). Furthermore, this type of inhibition has
been characterized in the hippocampus, closely involved in learning and memory
(Hemmings et al. 2005). Other potential explanations for the impairments at low rather
than high anaesthesia concentrations seen in study of section 3.2 may be related to a
recent proposed theory. In the developing brain, the lack of synaptic feedback may result
in apoptosis as a result of failure to form synaptic connections. Likewise, non89

anaesthetised neurons that generate action potentials but do not receive a synaptic
feedback, because the neurons they are connected with are anaesthetised, may be at
higher risk for cell death. So, the ratio of non-anaesthetised to anaesthetised neurons
should be higher in less anaesthetised individuals (Cottrell 2008). Therefore, at lower
concentrations of anaesthetics, more non-anaesthetised neurons are surrounded by
anaesthetised neurons. If this situation is indeed harmful, larger apoptosis is to be
expected than at a deeper level of anaesthesia. This idea is supported by observations
from Lenz et al. (Lenz et al. 1998), who showed that anaesthetics may differentially affect
the metabolism of different brain subregions.
The background of these studies is the increasing concern over potential cognitive
impairments after anaesthesia (Heavner 2003; Culley et al. 2007; Perouansky 2007) and
contradictory results regarding effects of age (Culley et al. 2004a; Culley et al. 2004b;
Crosby et al. 2005). The vast majority of studies of potential neurodegenerative effects of
anaesthesia were conducted in very young and/ or old animals (Culley et al. 2003;
Jevtovic-Todorovic et al. 2003; Culley et al. 2004a; Culley et al. 2007; Johnson et al.
2008; Loepke et al. 2009), and there is an overall lack of studies in adults. Nevertheless,
the basic mechanisms of neurodegeneration are similar for the different ages, whereas
the young brain and the old brain are more sensitive to chemical insults (such as
anaesthesia). The young brain is still in the period of brain growth in which physiologic cell
death is a regular phenomenon; redundant or unsuccessful synapses and neurons are
deleted by apoptosis, which enhances the capacity for plasticity and contributes to the
stabilization of circuits in the developing brain system. Hence, if exposed to insult,
immature neurons are more prone to trigger cell death than adult neurons (Asimiadou et
al. 2005). The old brain is also sensitive as a result of different aging processes, including
reduced oxidative phosphorylation, increased frequency of mutations, and manifestation
of silent genes as well as an increase of free radicals and reduced levels of free radical
scavengers (vitamin C and E, melatonin) (Cottrell 2008). Although aged and young
animals are, in principle, more prone to suffer injury, this does not mean that the adult
brain is not damaged by anaesthetics (Simon et al. 2001; Culley et al. 2004b).
The central aim was to evaluate the effects of depth of isoflurane anaesthesia on the
central nervous system in adult animals. The study of section 3.1 showed that different
concentrations of isoflurane did not affect the performance in a simple radial maze,
probably non-spatial, task. In line with some previous experimental studies, study of
section 3.2 revealed that light depth of anaesthesia caused a short term impairment in
spatial cognitive performance until 5 days after anaesthesia compared with 2% isoflurane
concentration and control, and tended to result in more cells expressing caspase-3 in the
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CA1 field of the hippocampus, 3 h after anaesthesia, than high isoflurane concentration in
adult mice. Although performed at different times, the association between low versus
high concentrations of anaesthesia and impairment is supported by behavioural and
immunohistochemical data.
The results cannot be explained by clinical or physiologic parameters, since studies
were carried out in healthy age matched animals not undergoing surgery, or by drug
interactions, because only one anaesthetic agent was administered. The physiologic
parameters collected were the respiratory rate and heart rate; the measurement of other
parameters such as blood pressure or arterial oxygen and carbon dioxide would imply the
use of invasive techniques. However, this was practically and ethically impossible in both
studies, because animals in the 1% treatment group were anaesthetised at sub-MAC
(Sonner et al. 2000), making it impossible to apply invasive techniques on them.

Conclusions
Both studies showed that the highest depth of isoflurane anaesthesia did not
cause cognitive impairments compared with non-anaesthetized adult mice. The results of
this chapter also demonstrated that a low concentration of isoflurane (1%) may
compromise the animals‟ performance of a spatial task, but not the non-spatial tasks.
These outcomes together with the immunohistochemical results indicated that light depth
of isoflurane acted negatively towards the hippocampus, an area intimately related with
spatial guidance (Zilles et al. 2000; Bohbot et al. 2004).
In conclusion, high concentration of isoflurane (2%) may be used without
compromising memory function in adult mice. The deficits provoked by the 1% of
isoflurane were transient, but it may have research implications if the animals were tested
shortly after anaesthesia. To our knowledge, these results have not been previously
described in animal models.
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4. Memory processes and cellular death
are not affected by a sedative dose of
ketamine/midazolam
Abstract
Background: Anaesthetics such as ketamine and midazolam have been used in
combination in humans and other animals. The effects that these anaesthetics may have
on cognition need clarification. This study aims to evaluate how the combination
ketamine/midazolam affects different processes of

spatial memory (acquisition,

consolidation or recall of a task) and its potential neurodegenerative effects.
Methods: Thirty-three adult male C57BL/6 mice were divided into 4 treatment groups:
unanaesthetized control animals, and 3 groups of animals treated with 40mg/kg of
ketamine and 10mg/kg of midazolam administered in a single intraperitoneal injection.
Drugs were administered at different time points to study acquisition, consolidation and
recall of a spatial task. The % of correct arm choices was measured. After Y-maze testing,
control group and animals from the recall group performed the Burrowing test where the
material displaced from a tube was recorded. Six mice per group were sacrificed 4 days
and 12 days after anaesthesia for histopathologic analyses. The number of dead cells was
counted.
Results: There were no differences between treatment and control groups in the
acquisition, measured as the slope of the learning curve, or in the percentage of correct
choices in the consolidation or recall periods. The acquisition group had a less cumulative
ratio of animals that learned compared with the control group, but all groups took the same
number of days to learn. No differences were detected between groups in the number of
dead cells in the visual and retrosplenial cortex, in the dentate gyrus and in the regions CA1
and CA3 of the hippocampus.
Conclusion: A sedative dose of the ketamine/midazolam combination did not impair
memory processes nor brain integrity in adult mice, suggesting that this combination is
unlikely to cause cognitive complications.
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Introduction
The use of ketamine alone has been decreasing due to its dissociative, and
psychedelic effects (Copeland et al. 2005b). In combination with midazolam, ketamine is
administered in laboratory animals as an anaesthetic combination and in humans in the
paediatric, dentistry, and obstetrics areas, in the emergency department(Chudnofsky et al.
2000), and also in several painful medical exams such as endoscopy, lumbar puncture,
tissue/organ biopsy, central venous catheter placement and thoracentesis (Slonim et al.
1998). The ketamine/midazolam combination provides a sedative state, and a certain
degree of analgesia with muscular relaxation. While this is considered a safe protocol, the
potential effect on memory has not yet been studied.
Ketamine is a dissociative agent acting mainly as a non-competitive N-methyl-Daspartic

acid

(NMDA)

receptor

antagonist

(Bergman

1999),

while

midazolam

(benzodiazepine) functions primarily as a fast-acting GABAA receptor agonist via specific
benzodiazepine receptors (Rammsayer et al. 2000). NMDA antagonists disrupt the
induction of long-term potentiation in the hippocampus, compromising learning and
memory (Morris et al. 1986) while the modulation of GABAergic drugs also affects
memory processes (Izquierdo et al. 1997; McGaugh et al. 2000).
Memory was described to be composed by three stages: acquisition,
consolidation/retention, and retrieval/recall (Abel et al. 2001). Each stage affects the
others: information that is newly acquired is labile and a period of consolidation of minutes
to days must occur for the information to be integrated into memory. Later the subject may
have to recover the previously encoded information from memory – recall. Each stage
may be disrupted by environmental factors such as anaesthesia.
There are several indications that acquisition is affected by ketamine in humans
(Rowland et al. 2005; Morgan et al. 2006) and animals (Pitsikas et al. 2008; Pitsikas et al.
2009) and by midazolam in humans (Reder et al. 2006; Millar et al. 2007) and animals
(Ishitobi et al. 2009), especially in high anaesthetic doses. The effects of these drugs on
consolidation and retrieval are more complicated to disentangle and the results are not
consistent because it is difficult to determine the precise moment of the occurrence of
each process. In one study rats, acute anaesthetic doses of ketamine did not seem to
provoke alterations in memory consolidation, but a subtle disruptive effect on memory
recall was found (Chrobak et al. 2008), whereas another study reported an impairment in
consolidation and/or recall of the object recognition task (Boultadakis et al. 2011). In
humans retrieval of information already learned was not found to be affected by
subanaesthetic infusions of ketamine in healthy subjects (Hetem et al. 2000; Rowland et
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al. 2005). Benzodiazepines are known to induce anterograde and retrograde amnesia in
humans (Jones et al. 2000) while in rodents subhypnotic doses provoke anterograde
(Salinas et al. 1994), but probably not retrograde amnesia (Curran 1991; Ishitobi et al.
2009), indicating a stronger effect of benzodiazepines in the acquisition of new tasks.
Whether the combination ketamine/midazolam affects memory function in adult
subjects is not known. Young (Young et al. 2005) and colleagues showed that
subanaesthetic doses of these drugs alone but especially in combination caused
widespread neurodegeneration in the developing brain of mice. However this combination
may also have neuroprotective effects against ischemic brain injury (Zhang et al. 2006).
This study aimed to evaluate how the different processes of spatial memory,
acquisition, consolidation or recall, may be influenced by ketamine/midazolam
combination and the possible associated neurodegenerative effects.

Material and methods
Thirty-three 5-6 months old male C57BL/6 mice were randomly assigned into 4
treatment groups: unanaesthetized control animals (n=8) which received intraperitoneal
saline injections, and 3 groups of animals sedated with 40mg/kg of ketamine and 10mg/kg
of midazolam administered in a single intraperitoneal injection. These 3 treatment groups
comprised animals to test the ketamine/midazolam effects on acquisition (n=8),
consolidation (n= 9) and recall (n=8) of a spatial memory task. Anaesthesia administration
was timed to precede the different memory stages (fig. 4.1): 1 day before the start of the
learning period (acquisition), after animals had achieved the learning criterion
(consolidation), and after one week without behavioural tests (recall). Thirty-three mice
were used for behavioural tests; of those, eighteen mice were sacrificed for
histopathological analyses (hematoxylin-eosin staining) at 4 days (n= 6), at 12 days (n= 6)
after anaesthesia, and the control group (n= 6) at the end of all the behavioural tasks.
The dose administered did not lead to loss of pedal withdrawal reflex. Animals
were expected to be in dorsal recumbence for 30-40 minutes following anaesthesia
administration. A second intraperitoneal injection of half the dose (referred to as
reinforcement dose) would be given if the animals‟ respiration started to be superficial
(160-172 breaths per minute) indicating lighter anaesthesia before 20 minutes of dorsal
recumbence elapsed.
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The test used to assess spatial reference memory was the appetitive Y-maze
where animals had to find the reward placed in one of the arms that was always the same
for the same animal. The acquisition phase ended after achieving the learning criterion,
i.e., when the animal made at least 80% of correct choices in three consecutive days or
when 10 days had passed. Then the consolidation and recall phase of the Y-maze task
proceed using the same protocol, as described in fig. 4.1. After Y-maze testing, burrowing
test was performed using the control group and the recall group, which treatment was
administered 3 days before burrowing testing.
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Fig. 4.1: Experimental design of the study (max- maximum; Anaesthesia- intraperitoneal
administration of 40mg/kg of ketamine + 10mg/kg of midazolam; †- mice were sacrificed).
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More details about the methodology are in the General Material and Methods,
section Animals and Husbandry, Food restriction schedule and reward, Injectable
anaesthesia, and Appetitive Y-maze, Burrowing test, and Histopathologic (HematoxylinEosin) and Immunohistochemical (Caspase-3 Activation) techniques.
Statistical analysis
As can be seen in figure 4.1, the control, consolidation and recall groups received
the same treatment until achieving the learning criterion. In this sense, the acquisition group
was compared with a pooled control group composed by control, consolidation, and recall
groups. Animals from recall and control group also received the same treatment during the
consolidation period; hence recall and control groups served as the pooled control group for
the consolidation group.
As previous referred to, some treated animals received a reinforcement dose of
anaesthesia, half of the initial dose of ketamine/midazolam (20/5mg/kg). In order to check
for any influence of this procedure on results, a separate comparison was made between
animals that received the reinforcement dose and animals that did not as regards cellular
death and all the parameters studied in the Y-maze test. No differences were found for any
of the parameters.
Anaesthetic parameters: Differences between groups concerning induction time and time
spent in dorsal recumbence were tested using one-way ANOVA, and Tukey as a post-hoc
test. Spearman‟s coefficient was used to analyze the correlation between the amount of
time spent in dorsal recumbence and the performance of the acquisition, consolidation and
recall group in the learning of the Y-maze task.
Physiological parameters: Respiratory and pulse rate were analysed by one-way ANOVA in
each point of time (5 minutes interval). Systolic pressure were analysed by Kruskal-Wallis
Appetitive Y-maze task: The percentage of correct choices, mean latency to make a choice,
and cumulative ratio of the number of animals that achieved the learning criterion in the
appetitive Y-maze were modelled as a function of the number of days, through a linear
regression model. The slopes of the two regression lines, acquisition group and pooled
control group, were compared based on Student´s t test (Zar 1999). To check if all groups
learnt the task, the performance of the post-choice baiting (PCB) within each group was
analysed using the one-sample t-test between the percentage of correct trials and the
chance level percentage (50%). Kruskall-Wallis test was used for the differences between
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groups in the PCB. Regarding Y-maze performance, consolidation and recall groups were
compared with their control groups using the Mann-Whitney test.
Burrowing test: Student‟s t-test was used to analyse the material displaced from the burrow
during the day (1.5hours); the data from the night period was analysed with the MannWhitney test.

Results
Behavioural reaction to anaesthesia: All animals lost their righting reflex, but maintained
the pedal withdrawal reflex and paw pinch responses, thus they were sedated. In total, 11
out of 25 animals received a reinforcement dose: 5 out of 8 animals in acquisition group, 2
out of 9 animals in consolidation group, and 4 out of 8 animals in recall group. Due to the
muscular rigidity provoked by ketamine, mice showed paw paddling prior to recommence
the normal ambulatory movements.

Anaesthetic parameters: There were no differences in the time for induction between
groups (p= 0.200) (1.77 ± 0,386 min.). Total time spent in dorsal recumbence was longer
for the acquisition group (45.7 ± 8.40 min.) than for the other groups; consolidation (34.1 ±
7.05; p= 0.027) and recall (28.1 ± 2.44; p= 0.003) group. No correlation was observed
between time spent in dorsal recumbence and learning of the Y-maze task in the
acquisition (ρ= 0.063; p= 0.595), consolidation (ρ= 0.211; p= 0.080), and recall (ρ= 0.912;
p= 0.944) groups.

Physiological parameters
As expected, no differences were registered between groups in each 5 minutes interval
concerning the respiratory rate, the pulse rate, and the systolic pressure. All animals
analysed together had 134.4± 6.83 breaths per minute, 521.7± 29.35 beats per minute
and 140.0± 23.81 mmHg for respiratory rate, heart rate, and systolic pressure,
respectively, through the time spent in dorsal recumbence.
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Appetitive Y-maze task
Acquisition period: The regression lines of the performance in the Y-maze task showed
that the pooled control group had a higher baseline performance (x=0; y=43.6%) than the
acquisition group (x=0; y=37.3%), but no difference was detected concerning the slope,
indicating that the animals learnt at the same speed (0.98) (fig. 4.2). No differences were
found in the slopes of latency to enter in the arm between acquisition and pooled control
group (p= 0.787), which indicates similar level of motivation.
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Fig. 4.2: Percentage of correct choices in the Y-maze task during the acquisition period in the
acquisition (n= 8) and pooled control (n=25; control+ consolidation+ recall group) group. Each mark
represents an animal from the pooled control group (black circles) or from the acquisition group
(grey squares); since animals could behave similarly, some marks are superimposed. The lines
represent the linear model that better explains the data distribution.

There was a tendency for a greater proportion of animals from the pooled control
group to achieve the learning criterion in less days, having a higher slope of cumulative
ratio (0.4257) compared with the acquisition group (0.3735) (p= 0.088) (fig. 4.3). In the
end of the acquisition period, the number of animals that reached the learning criterion
was not significantly different between the pooled control group (80% of the animals) and
the acquisition group (62.5% of the animals).

99

Cumulative ratio of animals
that learned

0.9
0.8
0.7
0.6
0.5
0.4
0.3

pooled control

0.2

acquisition

0.1

Linear (pooled control)
Linear (acquisition)

0
3

4

5

6

7

8

9

10

Days

Fig. 4.3: Cumulative ratio of the animals that learned throughout the Y-maze task, i.e. number of
animals that had learned until that day / number of total animals in the group. n= 8 in the
acquisition group and n= 25 in the pooled control group (control+ consolidation+ recall). The lines
represent the linear regression of the cumulative ratio of the animals that learned in each group.

Post choice baiting trials: All groups chose the correct arm significantly more often than
expected by chance (50%) (p≤ 0.0001) (fig.4.4). There was no difference in the correct
choices of the post choice baiting trials between acquisition, consolidation, recall and
control groups (p= 0.335), nor between acquisition group and pooled control group (p=
0.216), indicating that, in the end, they had similar performance in the Y-maze task.
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Fig. 4.4: Percentage of correct choices in the post-choice baiting trials of the Y-maze task
performed by acquisition, consolidation, recall and control groups. n= 8, except consolidation (n=
9). Bars represent mean and vertical lines SDs; the horizontal line represents chance performance
(50%). *- p ≤ 0.0001 for 50% of chance.

Consolidation and recall period: The lack of differences between groups in the post choice
baiting trials confirmed that the control group and the recall group performed similarly and
thus can be the pooled control of the consolidation group. The % of correct responses in
the consolidation (fig. 4.5) and recall (fig. 4.6) period was similar between treatment and
control groups(p≥0.189, and p≥0.648, respectively). The mean latency to enter in the
arms was not different between groups in the consolidation or recall period (p=0.799, and
p= 0.528, respectively).

101

Fig. 4.5: Percentage of correct choices in the Y-maze task during consolidation period in the
consolidation (n= 9) and pooled control (n= 16; control+ recall group) group. Data presented as a
box plot (median is the horizontal bar inside box; 25th and 75th percentile are the boxes‟ borders;
th

whiskers are the lowest and highest values for the 5 and 95th percentiles, respectively); - outlier.
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Fig. 4.6: Percentage of correct choices in the Y-maze task during recall period in the recall (n= 8)
and control (n= 8) group. Data presented as a box plot (median is the horizontal bar inside box;
25th and 75th percentile are the boxes‟ borders; whiskers are the lowest and highest values for the
th

5 and 95th percentiles, respectively).

Burrowing test: Animals from both groups displaced similar amount of food pellets during
1.5 hours in the day (p=0.750) and during the night (p=1.000), when they displaced all or
almost all material from the burrow (fig. 4.7).
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Fig. 4.7: Percentage of material (food pellets) displaced from the burrow by the control and
treatment group 3 days post-anaesthesia. Day represents a period of one hour and a half, starting
two-hours and a half before dark cycle. Night period began after lights went off, 8p.m., until around
9a.m.. n= 8. Data presented as a box plot (median is the horizontal bar inside box; 25th and 75th
th

percentile are the boxes‟ borders; whiskers are the lowest and highest values for the 5 and 95th
percentiles, respectively); - outlier; *- extreme value.

Histopathologic analysis (HE): There were no differences between groups in cellular death
in any of the brain regions studied (p≥0.998) (fig. 4.8).

104

35

Number of dead cells/mm²

30
25

20
control

15

4days
12 days

10
5
0

CA1

CA3

retrosplenial
cortex

visual cortex dentate gyrus

Brain regions
2

Fig. 4.8: Number of dead cells per mm detected by hemotoxylin-eosin staining in control group, 4
days group (animals sacrificed 4 days post-anaesthesia), and 12 days group (animals sacrificed 12
days post-anaesthesia). n= 6 in all groups, and cells were counted with the final magnification of
960x. Bars represent mean and vertical lines SDs.
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Discussion
This study showed that a sedative dose of the combination ketamine/midazolam
(40mg. kg-1 / 10mg.kg-1) did not impair the acquisition, consolidation or recall of a spatial
task in adult mice. These outcomes were supported by histological studies where the
general cell death in the brains of treated animals sacrificed at 4 or 12 days after
anaesthesia was similar to the control group in all the brain regions studied.
As expected, there were no differences in the physiological parameters, since all
groups received the same concentrations. As the animals were only sedated, it was not
possible to collect data on parameters which can only be measured invasively, such as
carbon dioxide, arterial oxygen, or blood plasma concentrations.
In previous studies we found that a lower anaesthetic concentration of isoflurane
impaired the learning of spatial tasks compared with higher concentrations and with no
anaesthesia at all. There was also tendency for more neurodegeneration in the cornus
ammonis 1 region of the hippocampus after low concentration than after higher
concentrations of anaesthesia (Valentim et al. 2008; Valentim et al. 2010). Contrarily,
ketamine has been described to impair memory (Newcomer et al. 2001; Morgan et al.
2006; Roberts et al. 2010) and increase neurodegeneration (Jevtovic-Todorovic et al.
2005; Young et al. 2005) in a dose-dependent manner in acute regimes; similar effects
are described for midazolam (Naguib et al. 2000; Hoffman et al. 2002). Hence, we choose
a low anaesthetic concentration of the association ketamine/midazolam to evaluate if the
minimal concentration required to provoke dorsal recumbence, a dose equivalent for
clinical sedation, may cause deficits.
This is to our knowledge the first study of how these drugs in combination affect
memory in adults. Previous work has showed that high concentration of ketamine
impaired acquisition of a spatial task 24 hours and 48 hours after its administration, and of
a non-spatial task 24 hours post-anaesthesia; however at 72 hours post-anaesthesia no
differences were found (Pitsikas et al. 2009). Midazolam has been described to provoke
amnesia (Savic et al. 2005; Hart et al. 2010), but some studies found no impairment in the
acquisition of conditioned fear (Harris et al. 1999) or even an increase in the acquisition
rate of active avoidance (Obradovic et al. 2004). In our study, animals that received
ketamine/midazolam revealed a similar rate of acquisition of the spatial Y-maze task
compared with the pooled control (fig. 4.2), and no difference was found in any of the
other parameters measured. Hence, the combination ketamine/midazolam studied
revealed no clear influence in acquisition.
Our data also showed that the administration of this anaesthetic combination after
the achievement of the learning criterion did not interfere with memory consolidation,
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since the animals behaved at pooled control levels (fig. 4.5). Consolidation of the task was
probably occurring every day to stabilize the memories acquired on each day, resulting in
a learning curve. However, the effect of anaesthesia on memory consolidation measured
in the present study represents the last day of the acquisition period. The literature is also
controversial regarding the influence of anaesthesia on memory consolidation because it
is difficult to identify exactly when this process occurs. Ketamine did not impair
consolidation of the delayed-match-to-place radial water maze task 24hours after
anaesthesia in rats (Chrobak et al. 2008), but another study found an impairment to
consolidate and/or recall the recognition of a novel object 24 hours after 100mg/kg of
ketamine administration in rats (Boultadakis et al. 2011). In adult rodents, 5 mg/kg of
midazolam caused deficits in the consolidation of the conditioned taste aversion but there
was no effect by higher doses (Ishitobi et al. 2009); another study showed that 0.5 mg/kg
of midazolam impaired the consolidation of aversive information (Kroon et al. 2009).
Identifying effects on memory recall is also difficult due to the possible influence of
all the processes (acquisition and consolidation of the task) that take place until the recall
of an information (Boultadakis et al. 2011). The experimental design of the present study
eliminated this situation since all the animals had learned and behaved above chance in
the post choice baiting trials (fig. 4.4); so any differences detected should be due to the
interference of anaesthesia in the recall process. No such effect was found (fig. 4.6). The
outcomes of literature regarding memory recall are controversial. Goulart et al (Goulart et
al. 2010) stated that ketamine did not impair this process in a recognition task, while
Chrobak (Chrobak et al. 2008) found that ketamine may disrupt retrieval of a working
memory task in rats. There are not much information about the effects of midazolam in the
recall process in rodents, but it was described a facilitator effect of the dose of 1.0 mg/kg
in the avoidance retrieval (Obradovic et al. 2004); in humans midazolam had shown no
effect on the retrieval of the information already learned (Reder et al. 2006).
The use of the burrowing test to evaluate brain integrity, medial prefrontal cortex
(Deacon et al. 2003b) and especially hippocampus (Deacon et al. 2002b), was of
particular interest since we wanted to study the influence of ketamine/midazolam in spatial
memory, intimately related with hippocampus (Broadbent et al. 2004). Moreover, it was
also important to evaluate the effect of anaesthesia in a natural behavior, burrowing. All
the animals displaced similar amount of pellets in both periods studied revealing no
impact of ketamine/midazolam in this of specie-typical behavior (fig. 4.7).

In neonatal animals, cellular death / neurodegeneration has been reported to be
higher when a combination of ketamine/midazolam was administered than after the
administration of either drug alone, indicating an additive effect (Young et al. 2005).
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Fredriksson and colleagues (Fredriksson et al. 2004; Fredriksson et al. 2007) showed
similar results in infants treated with ketamine combined with a GABAA agonist (thiopental,
propofol or diazepam) when tested in adults; the same did not occur with midazolam
administered alone (Xu et al. 2009). Our results showed no increase of general cellular
death in adult animals anesthetized with the combination ketamine/midazolam 4 and 12
days post-anaesthesia compared with control animals in any of the brain regions studied
(fig. 4.8). Developing brains are expected to be more sensitive to insults, as anaesthesia,
than adult brains, since brain growth and several biochemical and structural alterations
such as synaptogenesis, and programmed cell death (apoptosis) are still occurring
(Ikonomidou et al. 1999). Similarly to infant animals, Jevtovic et al. (Jevtovic-Todorovic et
al. 2005) reported that ketamine is more neurotoxic to old than to adult rats. The
vulnerability of old animals may be due to the aging process such as the very slow and
sometimes incomplete repairing of mitochondrial DNA, increase of peroxide production
and decrease of free radical scavengers, among other mechanisms related with the
decline of mitochondrial and endoplasmatic reticulum functions (Wei et al. 2002). Another
factor relevant for the elderly vulnerability is the decrease of the hepatic metabolism which
may cause a higher amount of ketamine in circulation and in the brain compared with
adults (Jevtovic-Todorovic et al. 2005).
In conclusion, our results suggest that the combination ketamine/midazolam in a
sedative dose, sufficient to induce unconsciousness, did not influence the different
processes of spatial memory, nor the brain integrity in adult mice. Ketamine /midazolam
combination is very useful in human practice to provide an effective sedation, analgesia
and amnesia in some medical exams (Chudnofsky et al. 2000), in the emergency
department (Wagner et al. 1997) and when the history of the patient is unknown (Kennedy
et al. 2000) or when the equipment is limited (Rice et al. 2010). This outcome may give
some indications about the safety of the use of this combination in adult humans.
However, further work is presented in chapter 5 to clarify the influence of higher doses of
this combination in the most labile memory stage (Nader et al. 2000), the acquisition of a
task.
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5. Acquisition of a spatial and motor task
was not altered by the anaesthetic
combination ketamine/midazolam in
adult mice

Abstract
Background: Ketamine/midazolam is an association of a dissociative with a sedative
agent used for induction and maintenance of anaesthesia in laboratory animals. There is a
risk that anaesthesia may interfere with research results through side effects on the
nervous system, such as memory impairment. It is known that ketamine and midazolam
affect learning, however, when used in combination, their effects have not been clarified.
Thus this study aimed to evaluate the effect of an anaesthetic combination of
ketamine/midazolam on the acquisition of a motor and of a spatial task in adult mice.
Methods: Twenty-eight C57BL/6 adult male mice were divided into 3 groups: untreated
control, treated with ketamine/midazolam (75mg.kg-1/10mg.kg-1), and treated with
midazolam (10mg/kg). Respiratory rate, heart rate, and systolic pressure were measured
every 5 minutes in the animals treated with ketamine/midazolam, since these were the
only ones to lose the righting reflex. One day after treatment, animals were tested in the
open field, rotarod, and in the radial arm maze.
Results: There were no differences between control and treatment groups in open field
activity, in rotarod performance or in the number of working and reference memory errors
in the radial arm maze task.
Conclusion: The anaesthetic combination of ketamine/midazolam (75mg.kg-1/10mg.kg-1)
did not impair the acquisition of a motor task neither influenced the spatial reference nor
working memory of adult mice, indicating the safety of this combination regarding the
learning process.
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Introduction
Ketamine/midazolam is an association of a dissociative with a sedative agent used
for induction and maintenance of anaesthesia. These drugs are used in laboratory
animals as an anaesthetic combination (Maddison et al. 2008) and in humans for sedative
or analgesic purposes in several painful procedures and medical exams (Chudnofsky et
al. 2000).
It has been described that the synaptic inhibition via γ–-aminobutyric acid A
receptors or the decrease in excitation through N-methyl-D-aspartic acid (NMDA)
receptors induce neuronal apoptosis (Jevtovic-Todorovic et al. 2003). Ketamine and
midazolam act precisely in these two receptors as a non-competitive NMDA receptor
antagonist,

and

as

a

GABAA

receptor

agonist,

respectively.

Hence,

the

ketamine/midazolam combination may have a potential negative effect on cell viability
and, therefore, cognitive processes (Hanning 2005). In infant rodents, it seemed to cause
widespread neurodegeneration when administered in combination or as individual drugs
(Young et al. 2005). In ischemic insults, high levels of calcium ions enter in the cell
causing excitocity, but ketamine/midazolam may block this calcium influx, providing
neuroprotection (Zhan et al. 2001; Zhang et al. 2006). The possible effects of
ketamine/midazolam combination on memory may have clinical but also research
implications related with the welfare and normal behaviour of the animals. A deviation in
behaviour due to anaesthesia could alter the outcome of research projects, especially in
the neuroscience area.
Little is known about the impact of ketamine/midazolam in task acquisition in adult
subjects. In humans, the ketamine/midazolam combination used in a clinical context was
shown to cause transient, dose-dependent, memory impairments (Saint-Maurice et al.
1990; Wagner et al. 1997). In animals, there are no studies of the impact of
ketamine/midazolam combination on learning. However, ketamine seemed to provoke
impairments when administered chronically (Peng et al. 2010; Venâncio et al. 2011) and
in high concentrations (Pitsikas et al. 2009). As in humans (Reder et al. 2006), midazolam
also caused temporary deficits in the acquisition of new memories (anterograde amnesia)
in animals (Ishitobi et al. 2009). However, exposure to midazolam (Xu et al. 2009) and
ketamine (Liu et al. 2011) early in life may also cause long-term effects due to alteration in
gene expression.
The goal of the work presented here is to study the effects of an anaesthetic dose
of the combination ketamine/midazolam on the acquisition of a spatial and motor task in
adult mice.
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Material and methods
Twenty-eight 5-6 months old male C57BL/6 mice were distributed among 7 cages
and they were randomly assigned into 3 treatment groups receiving intraperitoneal
injections: unanaesthetised control animals (n=9) which received an isovolumetric saline
injections, animals treated with 75mg/kg of ketamine and 10mg/kg of midazolam (K/M)
administered in a single injection (n= 10), and animals treated with 10mg/kg of midazolam
(M) (n= 9).
Twenty-four hours after treatment, animals were tested during 10 minutes in the
open field arena to assess the exploratory behaviour, which indicate the level of stress
and anxiety. Three concentric circles of 100, 66.6 and 33.2 cm in diameter were drawn in
the Videomot software in order to define three concentric rings representing the regions
periphery, middle and centre, respectively. The frequency of rearing recordings were later
analysed with the event-recording program JWatcherTM, version 1.0 (University of
California, Los Angeles, USA and Macquarie University, Sydney, Australia available at
http://www.jwatcher.ucla.edu/). Since the Videomot software calculates the speed without
taking into account the duration of time that the animal spent without moving, this time
was also measured by the JWatcher software, and the real speed calculated. The
duration of the status “immobile” was only measured when the animals were not moving
for more than 3 seconds. The frequency of the event “immobile” was also measured.
Open field test was carried out 24 hours after anaesthesia. After 2 hours, rotarod
test was performed. This evaluated the acquisition of a motor task during 7 consecutive
days, and it started daily around 11p.m.. Four hours later, mice were tested in the radial
arm maze task to assess the spatial working and reference memory. Here animals had to
find the rewards hidden in three arms that were always the same for the same animal
during 9 consecutive days (fig. 5.1). The number entries in the arms, number of total
errors, and number of working and reference memory errors in the radial arm maze were
measured by introducing the sequence of arms‟ entries in a JAVA application that
exported the results into a Microsoft Office Excel sheet (Annex I and II). More details
about the material and methods in the General Material and Methods, section Animals
and Husbandry, Injectable anaesthesia, Open field, Rotarod test, and Radial arm maze.
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Fig. 5.1: Time line of the behavioural tests. (RAM- Radial Arm Maze; h- hours).

Statistical analysis
Open field: The distance walked in the middle, latency to exit and reenter in the centre
number of fecal boli, and the frequency of the event “immobile” were analysed by KuskalWallis, whereas one-way ANOVA was used to evaluate the number of transitions between
regions, time spent in each region, latency to reenter in the middle, speed and real speed,
total and distance spent in the centre and in the periphery. A sample Student‟s t-test for
differences from chance was applied to assess the tendency to be in each region.
Rotarod: Two-way ANOVA repeated measures was used to compare the latency and
rotation per minute until the animal fell from the rod between groups (between subject
factor), and using the days as the within subject factor. The same statistical test was used
to comparison between groups in each day using the trials as within subject factor.
Fisher‟s Exact test analysed the differences between groups concerning the number of
animals that fell at [15-20[, [20-25[, [25-30[, [30-35[, and [35-40] rpm, on each day.
Spearman‟s test was used to test the correlation between the latency of animal to fell and
the weight of the animal.
Radial arm maze: Number of incomplete trials was compared between groups with the
Krukal-Wallis test. Two-way ANOVA repeated measures was used for comparison
between groups concerning latency to enter in the first arm, time to complete the task
(after a logarithmic transformation), number of total errors, number of entries per minute,
number of working and reference memory errors. One-way ANOVA and Kruskal-Wallis
test compared the number of days and trials, respectively, where the serial strategy was
observed between groups.
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Results
Description of anaesthetic parameters: Animals treated only with midazolam were lightly
sedated, so, as expected, the animals receiving ketamine/midazolam were the only ones
that lost the righting reflex. Those animals took 2.1± 0.55 minutes until loss of righting
reflex and spent 40.6± 12.43 minutes in dorsal recumbence. None of the animals lost the
pedal withdrawal reflex, and only three lost the tail reflex during 13.3± 5.77 minutes,
indicating only a light anaesthesia. In general, at recovery of full consciousness, the
animals exhibited a certain muscular rigidity having difficulty in turning to the right position.
During the dorsal recumbence, respiratory rate, heart rate, and systolic pressure were
144.3± 30.10 breaths per minute, 554.1± 42.23 beats per minute and 131.0± 44.99
mmHg, respectively.
Open field: There was no evidence of differences between groups for any of the
parameters (table 5.1): total distance and distance walked in the different regions of the
arena, latency to exit from and re-enter in the centre, latency to enter in the wall region
and to re-enter in the middle region, total number of transitions between regions and
number of visits to each region, percentage of time spent in each region, speed calculated
by the videomot software and real speed, frequency of rearing and of the event
“immobile”, and number of fecal boli. All animals spent significantly more time than
expected by chance (55.6%) in the wall region and significantly less time in the middle
and in the centre region than expected by chance (33.5%, and 11%, respectively) (p≤
0.0001), revealing a normal behaviour for this test.
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Table 5.1: Descriptive analysis and statistical p value for the parameters of the Open field test.
Data are presented as mean± SD or median[maximum-minimum], depending if the data were
analysed with parametric or non-parametric tests, respectively.

Parameters measured

Control

M

K/M

P
value

Total distance (m)

68.7± 14.36

67.9± 20.03

61.3± 15.98

0.576

Speed (m/s)

11.2± 2.50

11.3± 3.34

10.4± 2.66

0.743

Number of transitions
between regions

105.4±
29.96

99.3± 46.88

81.8± 36.31

0.387

Distance in the centre
(m)

3.7± 1.28

3.42± 2.06

2.8± 1.35

0.457

Distance in the middle (m)

13.7 [8.526.53]

12.1 [2.2936.26]

10.9 [1.6716.27]

0.197

Distance in the periphery
(m)

49.7± 12.0

50.1± 11.64

47.6± 12.12

0.883

Time in the centre (%)

3.4± 1.40

3.2± 1.38

2.5± 1.35

0.346

Time in the middle (%)

15.9± 4.38

14.6± 6.93

10.2± 4.22

0.065

Time in the periphery (%)

80.7± 5.62

82.2± 8.03

87.3± 5.47

0.083

Number of visits to centre

13.9± 26.61

12.9± 6.59

10.3± 4.89

0.360

Number of visits to middle

52.3± 15.01

49.3± 23.35

40.2± 17.80

0.360

Number
of
periphery

39.2± 10.96

37.1± 17.51

31.3± 14.13

0.471

1.4 [0.732.31]

1.6 [0.333.70]

1.8 [0.763.66]

0.632

Latency to reenter in the
middle (s)

26.8± 15.58

33.5± 27.35

33.5± 24.43

0.960

Latency to reenter in the
center (s)

104 [8-270]

36 [4-99]

44 [6-97]

0.206

0 [0-5]

2 [0-4]

0.175

visits

to

Latency to exit centre (s)

Number of fecal boli
Frequency of rearing
Frequency of “immobile”
Real speed (m/s)

0 [0-2]
35.3± 12.64

35.2± 15.25

4 [1-9]
12.0± 2.17

4 [1-12]
12.05± 2.80

28.0± 15.68

0.462

6 [0-16]

0.507*

11.8± 2.00

0.970

* p value after logarithmic data transformation
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Rotarod: Groups had similar performance in the rotarod, since no differences were
detected between groups regarding latency (fig. 5.2) or speed at which the animals fell
(p=0.722); there was no interaction between groups and days (p=0.219). However there
was a difference between days (p<0.0001) indicating learning of motor skills in all groups.
There were also differences between trials on each day (p≤0.047).

Latency to fall (sec.)

350
300
250
200

control

150

M

100

K/M

50
0
1

2

3

4

5

6

7

Days

Fig. 5.2: Latency to fall from the rotating drum of rotarod task in seconds (sec.). M- animals treated
with 10mg/mg of mizadolam; K/M- animals treated with 75mg/kg of ketamine and 10mg/kg of
midazolam in a single injection. Data presented in mean ± standard deviation. n= 9, and K/M with
n= 10.

The majority of animals fell at 15 to 35 rotations per minute (fig. 5.3). No association was
detected between anaesthetic treatment and the maximum speed an animal reached in
the rotarod in none of the days (p=0.201). No correlation between rotarod performance
and body weight was found (ρ≥0.162, p≥0.205).
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Number animals that fell

25
20
15
control
10

M
K/M

5
0
5-10

10-15

15-20

20-25

25-30

30-35

35-40

Rotations per minutes

Fig. 5.3: Number of animals that fell at [15-20[, [20-25[, [25-30[, [30-35[, and [35-40] rotations per
minute from the drum of the rotarod equipment. The number of animals that fell is the sum of the
average of trials of the 7days for each speed interval. M- animals treated with 10mg/mg of
mizadolam; K/M- animals treated with 75mg/kg of ketamine and 10mg/kg of midazolam in a single
injection. n= 9, and K/M with n= 10.

Radial arm maze: After determining that anaesthetic treatment did not affect the number
of incomplete trials per day, the average of trials on each day was used for further
analysis. There was no evidence of differences between groups concerning latency to
enter in the first arm (p=0.217), time to complete the task (p=0.434), total number of errors
(p=0.640), and reference (p=0.117) and working (p=0.858) memory performance in the
radial arm maze task (fig. 5.4). The only difference detected was the number of errors
between days (p≤ 0.0001), that was decreasing, indicating learning. All groups had similar
number of entries per minute in the arms (p=0.719), so there were no differences related
with speed/locomotory activity.
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Number of reference memory
errors
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Fig. 5.4: Number of reference (a) and working (b) memory errors in the radial arm maze task. Manimals treated with 10mg/mg of mizadolam; K/M- animals treated with 75mg/kg of ketamine and
10mg/kg of midazolam in a single injection. Data presented in mean ± standard deviation. n= 9,
and K/M with n= 10.
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There was no differences between groups regarding the number of days (p=0.891) or
trials (p=0.759) where serial strategy was observed (fig. 5.5).

Number of serial choices

7
6

5
4

control
M

3

K/M
2

1
0
n.days

n. trials

Fig. 5.5: Number of days or trials presenting serial choices indicative of a stereotypic strategy, i.e.,
mice found the three rewarded arms entering in a clock or anti-clockwise manner in consecutive
arms of the radial maze. M- animals treated with 10mg/mg of mizadolam; K/M- animals treated with
75mg/kg of ketamine and 10mg/kg of midazolam in a single injection. Data presented as mean ±
standard deviation. n= 9, and K/M with n= 10.

118

Discussion
This study showed that neither motor learning in the rotarod nor working memory
or reference memory in the radial maze were affected by 75mg.kg-1/ 10mg.kg-1of
ketamine/ midazolam combination or 10 mg/kg of midazolam.
In the previous study, chapter 4, we found that a low concentration of
ketamine/midazolam had no effect on consolidation or recall of a simple spatial task. With
this present study we aimed to study the effects of this combination in the most labile
process of memory (Nader et al. 2000), the acquisition process, with the use of a more
demanding task, i.e. more sensitive to detect potential slight differences between groups.
We used a radial arm maze protocol which allows the study of reference and working
memory at the same time, minimizing the variability of collecting data in the same
apparatus twice (Olton 1983). Furthermore, learning of a motor task was also evaluated in
this study. As ketamine is described as acting in a dose-dependent manner in several
species (Morgan et al. 2006; Peng et al. 2010; Roberts et al. 2010), we used a higher
concentration of ketamine, 75 mg/kg, compared with the one used in the previous study.
This concentration is widely used in laboratory animals in combination with midazolam for
induction and maintenance of light anaesthesia with some analgesia and muscular
relaxation effects.
The lack of differences in the open field parameters between groups may indicate
similar stress levels and exploratory activity, eliminating the possible influence of these
variables in the following behavioural tasks (rotarod and radial arm maze).
In all groups, animals had similar performance in the rotarod task, improving their
motor learning throughout days (fig. 5.2). There were also no differences between groups
concerning the number of animals that fell in each different speed (fig. 5.3). The results
were unlikely to be influenced by physical weakness or fatigue (Buitrago et al. 2004)
(animals performed better in later trials within a session) or by body weight (McFadyen et
al. 2003) (no correlation between body weight and performance were found). Hence
ketamine/midazolam combination or midazolam alone had no impact in the acquisition of
a motor task. This is the first work that studied the effects of this combination in this task
dependent on cerebellar function (Crawley 1999b). The literature describes that NMDA
antagonists caused disturbances in the motor coordination evaluated by rotarod (Carter
1994; Carter 1995) and that midazolam have no effect (Pain et al. 2002) or it may
decrease the rotarod performance (Capacio et al. 1992). Contrarily to our study, results
from the literature (Capacio, 1992; Carter, 1994; Pain, 2002) were obtained minutes to a
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few hours after treatment administration, when the animals could still be under the direct
effect of the drugs.
In the radial maze task, the latency to enter in the arms and the number of entries
per minute were not different between groups, indicating that motivation and locomotory
activity were unlikely to influence the acquisition of this task. Animals treated with
75mg.kg-1/ 10mg.kg-1 of ketamine/ midazolam, with 10mg/kg of midazolam, and control
group showed similar number of working and reference memory errors in the radial arm
maze task (fig. 5.4), showing no influence of the treatments in the acquisition of this
spatial task. The spatial strategy is closely related with the hippocampus (Broadbent et al.
2004), and the prefrontal cortex is very important for the initial stage of working memory
(Izquierdo et al. 1999). The lack of differences between groups regarding the serial
strategy is further evidence that ketamine/midazolam and midazolam alone did not impair
the spatial memory (fig.5.5) since all animals exhibited their normal preference for a more
efficient strategy, guided by extramaze cues (Lanke et al. 1993). In the literature,
midazolam has been described to impair acquisition of different tasks in humans (Midtling
1987; Park et al. 2004), and in animals (Gilbert et al. 1989; Savic et al. 2005) shortly (up
to a few hours) after its administration. The treatment of neonatal mice (PND 10) with the
benzodiazepine diazepam had no clear adverse effect on the acquisition in a spatial radial
arm maze task when they were 3-months old adults (Fredriksson et al. 2004). Our
outcomes also showed that midazolam had no effect in the acquisition of the same task.
Clear deficits have been found when neonate mice were treated with a combination of
ketamine and the benzodiazepine diazepam and later tested in the radial maze task when
they were adults (Fredriksson et al. 2004; Fredriksson et al. 2007). To our knowledge,
there is no record of studies in adult rodents treated with ketamine/midazolam
combination concerning the learning of a spatial task. Hence, the evidence of deficits
showed in adulthood after treating the neonates with the ketamine/GABAA agonist
combination may be due to the vulnerability of the infant brain in growth spurt (Asimiadou
et al. 2005), since we did not detect any effects of the ketamine/midazolam combination in
the spatial acquisition of the radial maze task in adult mice.
Besides the clinical implications, the importance of this study lies in the elimination
of the anaesthetic combination 75 mg.kg-1 ketamine/ 10mg.kg-1 midazolam as a possible
variable in a research project where the assessment of cognitive functions by behavioural
tests are performed after light anaesthesia. Hence this combination would not be a
variable in a research project and it respected animal welfare since normal behaviour was
observed concerning learning of a declarative and nondeclarative task, exploratory activity
and stress levels at least 24 hours post-anaesthesia.
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The limitation regarding the absence of a group treated with ketamine only is
because it is not advisable this type of protocol in laboratory animals since ketamine alone
provokes muscular rigidity (Maddison et al. 2008). Moreover, 75mg/kg of ketamine would
not be enough to cause loss of righting reflex, but only light sedation with no loss of
righting reflex which, in combination with the muscular rigidity, may be stressful. As far as
we know, this is the first study suggesting that an anaesthetic dose of the combination
ketamine/midazolam had no influence nor in the learning of a spatial reference and
working memory task neither in the acquisition of a motor task, indicating its safe use in
adult mice.
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General discussion
Anaesthesia is a routine procedure used in surgery and other interventions, and,
from the clinical perspective, the priority is to achieve proper anaesthesia with
hemodynamic stability and reduced side effects. Recently, concerns have been raised
about potential persistent effects of anaesthesia on the central nervous system, such as
the post-operative cognitive dysfunction described in humans. Whether this impairment is
caused by surgery, anaesthesia or both has not been clarified. The concerns regarding
post-operative cognitive effects may also apply to research that uses laboratory animals to
study cognitive abilities after a procedure requiring anaesthesia, as the use of anaesthesia
can interfere with the results.
The main purpose with this thesis was to study how anaesthesia influences
research that applies cognitive tasks to laboratory animals. Moreover, the data generated
can be extended to humans and other animals in a clinical context. The use of an animal
model in an experimental set-up allowed the study of anaesthesia alone, eliminating the
other variables present in the clinical situation, such as surgical interventions, the clinical
environment and the pathology of the patient.
C57BL/6 mice were used to address the question raised, as this animal model is
widely used in behavioural studies and exhibit a good performance in learning and
memory tests, with low emotional reactivity and high exploratory activity (Festing 1979;
Malakoff 2000).
Two anaesthetic protocols with different mechanisms of action were chosen: the
volatile agent isoflurane, which has GABAA agonist properties and the injectable
combination of an NMDA non-competitive antagonist with a GABA agonist, ketamine and
midazolam, respectively. Both protocols are currently used for laboratory animals and
humans. The effects of anaesthetics have often been assessed by comparing
anaesthetised individuals with non-anesthetised ones; in contrast, the isoflurane studies
performed in this project also compared different depths of anaesthesia. Furthermore, to
the best of our knowledge, this was the first study where the combination
ketamine/midazolam was tested regarding its effects on the different processes and types
of memory.
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In the first two studies, described in chapter 3, we assessed the effect of different
concentrations of isoflurane on memory. Volatile agents are excellent to study the depth of
anaesthesia, as expired gases can be monitored easily using a gas analyser. In study 3.1,
we evaluated two very different concentrations of isoflurane: one was the minimum
concentration necessary for the loss of the righting reflex (1%), and the other
concentration achieved a deep anaesthesia (2%). The reference memory of animals in the
one-baited radial arm maze task was not influenced by any of the concentrations used.
Study 3.2 allowed drawing a dose-effect curve because three concentrations of isoflurane
were studied (1%, 1.5% and 2%). Animals exhibited no impairment in the working memory
task, T-maze spontaneous alternation. Mice treated with the lowest concentration of the
drug performed worse than the other groups in the spatial reference memory water maze
task. The group treated with 1% of isoflurane also had a tendency to have more cells
expressing caspase-3 in the CA1 region compared with the other groups, which may
indicate increased susceptibility to apoptosis. The negative effect of light anaesthesia on
water maze performance was transient, as all animals behaved at control levels 5 days
post-anaesthesia.
The other anaesthetic protocol used was the combination of ketamine and
midazolam: the study of the effect of this protocol on the different processes of memory is
presented in chapters 4 and 5.
The results presented in chapter 4 showed that the minimal dose of the
ketamine/midazolam combination required for the loss of the righting reflex (40 mg.kg-1/10
mg.kg-1) did not influence the acquisition, consolidation, and recall of the spatial task
appetitive Y-maze. This was supported by the evaluation of the general number of dead
cells, which revealed an absence of differences between groups.
The study presented in chapter 5 complemented the study described in chapter 4,
as it intended to clarify the effect of a higher concentration of ketamine/midazolam (75
mg.kg-1/10 mg.kg-1) on the most labile process of memory, acquisition, using a more
demanding spatial task, the radial arm maze test. This protocol allowed the evaluation of
both reference and working memory with the possibility of detecting small differences
between groups. In addition to the assessment of declarative memory using the radial arm
maze, non-declarative memory was studied using the rotarod task acquisition. This study
showed that the ketamine/midazolam combination dose of 75 mg.kg-1/10 mg.kg-1 used in
laboratory mice had no effect on any of the memory types studied.
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Table 6: Summary of all studies.

Chapter

Anaesthesia

Procedures/
techniques

What was
evaluated

Results

3.1

1% and 2%
isoflurane

Radial arm maze

Reference memory

No effect

Open field

Exploratory activity
and stress levels

No effect

T-maze
spontaneous
alternation

Working memory

No effect

Water maze

Spatial reference
memory

1% had a
worse
performance

Caspase-3
expression

Number of cells
more susceptible to
apoptosis

1% had a
tendency to
have more
cells
expressing
caspase-3

Appetitive Ymaze

Acquisition,
consolidation and
recall of spatial
reference task

Burrowing test

Species-typical
behaviour,
hippocampal and
prefrontal cortex
lesions

No effect

Hematoxylineosin staining

General cellular
death

No effect

Open field

Exploratory activity
and stress levels

No effect

Rotarod test

Motor learning

No effect

Radial arm maze

Acquisition of
spatial reference
and working
memory

No effect

3.2

4

5

1%, 1.5% and 2%
isoflurane

40mg.kg-1 /10mg.kg-1
ketamine/midazolam

75mg.kg-1 /10mg.kg-1
ketamine/midazolam

No effect
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Regarding the study presented in section 3.2, it was not expected that a low
isoflurane concentration (1%) would cause spatial learning impairment or enhanced
caspase-3 expression compared with higher concentrations. In general, the majority of
anaesthetics show a dose-dependent effect regarding cellular death and cognitive
functions (Jevtovic-Todorovic et al. 2005; Imre et al. 2006; Pitsikas et al. 2008). However,
a study performed prior to this thesis also showed an impairment in a simple spatial test in
mice treated with 1% of isoflurane but not in mice treated with 2% of isoflurane, 24 hours
post-anaesthesia (Valentim et al. 2008). The study described in section 3.1 consisted in
an opaque radial arm maze task, in which no differences were detected between groups.
In the study presented in section 3.2, animals treated with 1% of isoflurane exhibited
deficits in the water maze task, which requires the use of a spatial strategy. The T-maze
spontaneous alternation task assessed non-spatial working memory and revealed similar
behaviour between groups. Taken together, these results point to a negative effect of low
isoflurane concentrations on the spatial memory. This was further supported by the
tendency of the 1% isoflurane group to have more cells expressing caspase-3 in the CA1
region of the hippocampus, which is a region that is particularly important in spatial
tasks(Bohbot et al. 2004; Broadbent et al. 2004).
In support of this result, a previous study (Farag et al. 2006) showed that patients
with greater depth of anaesthesia had an improved recovery compared with those
anaesthetized at

less depth. This outcome was recently confirmed by another study

performed in humans (An et al. 2011). It is not clear why a lower anaesthetic
concentration provoked impairments, and several hypotheses may be raised. Clinically
relevant concentrations of volatile anaesthetics decrease the metabolic needs of neurons,
subsequently decreasing cellular degeneration (Frietsch et al. 2004). This decrease in
metabolic needs may be achieved through preconditioning mechanisms, such as GABAA
agonism and the opening of KATP channels, which may cause cytoprotection via the
decrease of cytosolic and mitochondrial Ca2+ overload (Zaugg et al. 2003). Another
hypothesis is based on the fact that extrasynaptic GABAA receptors in the hippocampus
are highly sensitive to low concentrations of isoflurane, inducing a tonic or persistent
inhibitory conductance that may be responsible for amnesia (Hemmings et al. 2005).
Moreover, the deactivation of arousal systems that occurs in natural slow-wave sleep and
in the deep state of anaesthesia may also contribute to a less disruptive effect on memory
function compared with that observed for light anaesthesia (Sleigh et al. 1999). A theory
proposed by Cottrell stated that the ratio of non-anaesthetised to anaesthetised neurons
should be higher in less anaesthetised individuals. Non-anaesthetised neurons may be at
higher risk of cell death because, when connecting to anaesthetized ones, they generate
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action potentials but do not receive a synaptic feedback, and may undergo apoptosis,
similarly to what occurs in the nonfunctional neurons in the brain in development (Cottrell
2008). Accordingly, in the study presented in section 3.2, animals treated with light
anaesthesia exhibited more cells expressing caspase-3 than animals subjected to high
concentrations of isoflurane. Because performance in the water maze and number of cells
expressing caspase-3 were similar between the groups, apoptosis may be responsible for
the water maze impairment. Later, a potential problem related to the technique used to
measure apoptosis was detected. The antibody used bound to the 32 kDa fragment of
caspase-3, which is the proenzyme. Caspase-3 is activated when the 32-kDa protein is
cleaved into 17 and 12 kDa subunits, and, only after that, caspase-3 becomes part of the
apoptotic cascade. Hence, there is no certainty that the cells expressing caspase-3
entered in apoptosis. In spite of this, several works reported an increase in caspase-3
mRNA expression (Ni et al. 1998) or in inactive caspase-3 (Krajewska et al. 1997; Clark et
al. 1999) after traumatic and ischemic insults. In addition, a similar pattern of cells with the
newly synthesised pro-enzyme and of cells with activated caspase-3 was described in
brain ischemia of adult rats (Didenko et al. 2002). Therefore, the cells that expressed
caspase-3 seemed to be more prone to follow apoptosis. However, the relationship
between the two caspase-3 isoforms is not fully understood (Mooney et al. 2000).
The lack of effects of the ketamine/midazolam combination on memory function
was not expected, as ketamine (Morgan et al. 2006; Pitsikas et al. 2008; Pitsikas et al.
2009) and midazolam (in a less consistent way) (Reder et al. 2006; Millar et al. 2007;
Ishitobi et al. 2009) have been described to cause cognitive deficits. NMDA receptors are
involved in the induction of long term potentiation, which is essential for memory
formation. Hence, it was expected that NMDA receptor antagonists, such as ketamine,
would impair acquisition, but not retrieval of previously acquired information (Myhrer
2003). Moreover, the study presented in chapter 5 evaluated a higher dose of ketamine
compared with the dose used in the study described in chapter 4, in combination with
midazolam. However this dose increase did not have any impact on memory, which was
also not expected, as a dose-dependent effect of ketamine on memory has been
described (Wagner et al. 1997; Morgan et al. 2006; Roberts et al. 2010). It could be
hypothesised that this was not observed because ketamine was administered in
combination with a benzodiazepine; however, work in development also showed that
ketamine alone and in increasing doses did not cause cognitive impairments in a spatial
task (Ribeiro et al. 2011). Several articles reported that the co-administration of NMDA
receptor antagonists and GABA agonists may cause apoptosis and learning deficits
(Ikonomidou et al. 1999; Jevtovic-Todorovic et al. 2003; Fredriksson et al. 2004; Young et
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al. 2005). However, those studies were conducted in neonatal animals, the brain of which
is more fragile to insults than the adult brain (Cottrell 2008). Furthermore, ketamine was
described as being responsible for the NMDA receptor excitotoxicity. A prolonged
blockade induced by ketamine may lead to the increase in the expression of the NMDA
receptor, which is excitotoxic after ketamine withdrawal (Wang et al. 2005). This
upregulation of NMDA receptors may induce an excessive entry of calcium into the cell,
thus activating several enzymes that lead to cell death, and interfering with the
mitochondrial electron transport, which results in the production of reactive oxygen
species (Wang et al. 2003). Wang and colleagues suggested that the activation of upregulated NMDA receptors (related to ketamine concentration) over a relatively long time
period produces an increase in neuronal apoptosis in rat forebrain culture (Wang et al.
2005). In summary, the surprising results reported in chapters 4 and 5 may be due to two
main differences between these studies and those reported in the literature: the use of
adult animals and the regime of acute administration of the ketamine/midazolam
combination.
Varying the depth of anaesthesia did not affect memory in the same manner in the
two different anaesthetic protocols. The low doses used in both anaesthetic protocols
were the minimum concentration necessary to induce the loss of the righting reflex. A low
concentration of isoflurane caused a transient impairment in spatial memory, whereas a
sedative dose of ketamine/midazolam combination did not cause any impairment. Other
studies that found an effect of lower but not higher concentrations of anaesthesia also
used anaesthetic protocols involving GABA agonists (Farag et al. 2006; An et al. 2011).
Thus, the fact that we used ketamine, an anaesthestic drug with different pathways of
action, in the studies described in chapters 4 and 5, may justify the different results
observed.
The limitations of this project which are described below are mainly related with
technical possibilities/ limitations and the use of only one strain and one sex of mice. The
project is the first in this line of research in our group, thus both the equipment and the
protocols were, in many cases, implemented for the first time during the studies described
in this thesis.
Animals anaesthetized with 2% isoflurane had a higher pulse rate in the study
reported in section 3.1 and a lower pulse rate in the study described in section 3.2
compared with animals anaesthetized with 1% isoflurane. This inconsistent result was
probably due to the different methodology used to measure pulse rate. In the study
included in section 3.1, the pulse oximeter was a human neonates‟ probe. The sensor was
128

connected to a monitor that showed the heart beat waves, which were manually counted
after a print screen freezing. The waves may have also been influenced by the respiratory
movements. Later on, in the study presented in section 3.2, we were able to obtain
equipment adapted for laboratory animals: a pressure meter connected to a tail cuff. In
this case, the values of pulse rate appeared on the equipment screen. Therefore, the most
accurate values of pulse rate are probably the ones registered in the study presented in
section 3.2, and they are in accordance with the expected lower pulse rate in animals
treated with 2% of isoflurane compared with those treated with 1% of isoflurane.
Blood gases were not measured in any of the studies, as this would require a
higher number of animals, the benefits of which could not be justified under the 3R‟s
politics. Nevertheless, in all studies, during anaesthesia, all animals received oxygen and
the temperature was controlled and maintained at physiological levels. Furthermore, all
animals were adult and healthy and no surgery was performed; thus the differences found
or the absence of differences between groups is not likely to be explained by clinical or
physiological parameters.
The use of only one inbred strain could also be limiting, because each strain of
mice may react in a particular way to the anaesthetics, regarding memory function.
Studies showed strain differences regarding several parameters, such as the MAC values
(Sonner et al. 1999; Sonner et al. 2000) and physiological measures (Gonsenhauser et al.
2004). The use of only one gender, in this case male, could also be a limitation; however,
it allowed the reduction of the number of animals used in the first approach to this issue.
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Conclusion
This project aimed to contribute to a better understanding of the effects of some of
the most used anaesthetic protocols addressing memory function in adult mice, and to
infer about the influence of anaesthesia in research projects in which memory is
assessed. By studying anaesthesia alone, this thesis also complements the information
obtained in clinical research, in which the unavoidable interaction of many variables
makes it impossible to prove or exclude a direct causal link between anaesthesia and
cognitive impairments.
The following conclusions can be drawn based on the results of the studies in this
thesis:
-

Ketamine/midazolam may be a safe combination regarding memory processes,
for clinical and research purposes, in adult individuals.

-

Isoflurane may be safe only in high concentrations, as low isoflurane
concentration caused temporary impairments in a spatial task.

-

Impairments caused by low isoflurane concentration are not expected to have
major clinical implications, as these impairments were transient and did not
prevent mice from learning the task.

-

In a research context, low isoflurane concentrations should be carefully used.
Low concentrations of isoflurane are used for minor procedures rather than
surgery, and so animals may be tested in cognitive tasks hours to a few days
after isoflurane administration, when the cognitive effect of the anaesthetic is
still present.

The finding of a transient impairment caused by low isoflurane concentration in
adult mice highlights the need to consider the depth of anaesthesia in neuroscience
research with animals. Moreover, the lack of effects of the ketamine/midazolam
combination on memory function in mice supports the use of this combination in
laboratory animals.

Future studies
In section 3.2, different isoflurane concentrations showed different effects on mice
memory and, although several hypothesis were presented to justify this, testing these
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hypotheses is outside the scope of this thesis. To clarify the underlying reasons of these
findings, it would be relevant to evaluate:
-

Neurotransmitters;

-

Cellular death several days and one month post-anaesthesia. The analysis of
activated caspase-3 in the brain of mice anaesthetized with 1%, 1.5% and 2% of
isoflurane will be performed to clarify the outcomes obtained with the caspase-3
expression in section 3.2.
Moreover, further studies are needed to determine whether the impairment

detected in the animals treated with low isoflurane concentration is also present in
situations different from those presented in this thesis. Examples of such studies are:
-

Evaluation of the influence of 1% of isoflurane on another non-spatial task to
ensure that the impairment detected was related to the spatial strategy.

-

The use of more strains and female mice to establish if there are any strain and/or
gender differences.
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Annexes
Annex I
Print screen of the window of the executable file of the JAVA application described in Material and Methods of chapter 5. In the window showed,
the day of testing, number of the animal, the arms that were baited for that mouse, and the sequence of arms‟ entries in each of the 5 trials
performed per day in the radial arm maze task were introduced.
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Annex II
Print screen of a Microsoft office excel sheet that contains the output from the JAVA application. Highlighted in grey is the result from the JAVA
application window showed in annex I.
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