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Introduction 

Anaesthesia to pregnant women, neonates and young children is sometimes 
necessary in order to perform surgery or other painful procedures. To refrain 
from relieving stress and pain is, of course, both unethical and harmful for 
the child’s development [1]. However, other substances similar to anaes-
thetic agents are known to modify the pattern of apoptosis in the nervous 
system and cause behavioural aberrations [2-3]. This occurs during a finite 
period of vulnerability that coincides with the so-called brain growth spurt 
(BGS), a period of intensive brain development that occurs in humans from 
the last trimester to the first two-three years of age [4]. A reasonable hy-
pothesis is that this might also after anaesthesia. We have therefore studied 
substances commonly used for anaesthesia: ketamine, propofol and thiopen-
tal.  

Since anaesthesia during the vulnerable period is sometimes unavoidable, 
the search for substances that prevent adverse reactions is intense [5-6]. We 
have contributed to that task in one of our papers. As both the wanted and 
unwanted mechanisms of anaesthetics are partially unknown, relevant re-
search is rather daunting. 

The unborn child and neonate can also be exposed to other substances that 
may also trigger similar responses in apoptosis and behaviour. Therefore 
many more medicines and environmental chemicals need to be scrutinized.  

Whilst this thesis was being written, numerous studies have been published 
on this subject. An altered pattern of cerebral apoptosis in rodents has been 
confirmed following exposure to virtually all anaesthetics. Higher doses [7], 
for longer periods [8] and particularly combinations of NMDA and GABA 
agonists [9] during the BGS caused more severe apoptosis. Behavioural ab-
errations in adult animals long after neonatal exposure to anaesthesia, e.g. 
poorer performance in the  radial arm maze test [10] or Morris water maze 
test [9], reflecting learning difficulties, have been shown for both volatile [9] 
and intravenous anaesthetics [10]. Spontaneous behaviour becomes also 
altered to a less exploratory and more agitated [10]. Xenon [11], melatonin 
[12], dexmedetomidine [5] and clonidine (Pontén, in press) relieved at least 
some of the adverse effects in these animal models. 
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Whether these data from animal studies should be interpreted as being rele-
vant for humans is problematical. Translating between species is a compli-
cated endeavour. The first epidemiological studies on children exposed to 
anaesthesia have therefore been eagerly anticipated. 
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Background 

Brain development 
Some knowledge of normal brain development is indispensable in order to 
assess possible disruption subsequent to anaesthesia exposure. 
The sequence of development is about the same in all mammals. More cau-
dal regions develop before the more rostral areas and the more medial areas 
before the more lateral areas. This implies that the most intensive develop-
ment occurs at slightly different times in different areas, and thus the most 
vulnerable time. Much work has been done to extrapolate neurodevelopmen-
tal events between species, accessible on www.translatingtime.org.  

The development of the CNS and especially the brain maturation includes a 
period of rapid growth and development, which is called the brain growth 
spurt (BGS) [4]. In the human, the BGS begins during the third trimester of 
pregnancy and continues throughout the first two years of life. In rodents the 
BGS is neonatal, spanning the first 3-4 weeks of life. During this period the 
brain undergoes several fundamental developmental phases such as matura-
tion of axonal and dendritic outgrowth, establishment of neural connections 
and the acquisition of many new motor and sensory faculties. Changes in the 
course of brain development can threaten the structural and functional integ-
rity with more or less permanent consequences [2, 9, 13].  

The neonatal mouse has been shown to be vulnerable to low-dose exposure 
to neurotoxic agents that affect neuronal activity, such as nicotine and DDT 
as well as toxic agent such as PCB and iron [14-17]. Such perturbations have 
been induced during a defined critical phase of the BGS, and van lead to 
persistent and/or permanent changes in adult brain function, and also to al-
tered response to xenobiotics in adult life [17-18]. 

Proliferation, migration, differentiation and synaptogenesis 
The intensity and timing of proliferation differ in different regions in the 
brain. In neocortex, cells migrate from the ventrical zone to the more super-
ficial layer - a process that starts at about early in gestation and continues 
into postnatal development. Differentiation into a certain phenotype having 
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specific shape, size and expression of neurotransmitters and receptors etc 
starts directly after the last cell division and continues during migration. 
Developing cell to cell communication matures during the first three weeks 
in rodents; in humans it is completed as late as during adolescence [19]. 

Apoptosis 
Programmed cell death, when redundant cells are terminated, is crucial to 
normal development. Excessive or no apoptosis results in abnormal neuro-
logical function. Apoptosis starts by one of three pathways: an intrinsic 
pathway, an extrinsic pathway or the granzyme pathway, all ultimately lead-
ing to activation of caspase 3 that causes cell death. 

It is believed that the intrinsic pathway is most important route in anaes-
thesia induced apoptosis, although the extrinsic pathway might also be acti-
vated subsequently [20]. 

The stimuli that initiate the intrinsic pathway produce intracellular signals 
that can act in either a positive or negative fashion. Examples of negative 
signals are the absence of certain growth factors, hormones and cytokines 
that can lead to failure of suppression of death programs, thereby triggering 
apoptosis. Other stimuli that act in a positive fashion are radiation, toxins, 
hypoxia, hyperthermia, viral infections, and free radicals.  

All of these stimuli cause release of pro-apoptotic proteins from the inter-
membrane space into the cytosol. This leads to caspase-9 activation. Control 
and regulation of these apoptotic mitochondrial events occurs through mem-
bers of the Bcl-2 family of proteins. The tumour suppressor protein p53 has 
a critical role in regulating of the Bcl-2 family of proteins. The latter govern 
mitochondrial membrane permeability and can be either pro-apoptotic or 
anti-apoptotic. Numerous genes have been identified in the Bcl-2 family. 
ERK (extracellular signal regulated kinases) are another group of important 
factors in the balance between apoptosis and cell survival.  Ketamine [6], 
MK801 [21] and ethanol [22] are all apoptotic agents that reduce the quan-
tity of ERK. After exposure to dexmedethomidine, an  alpha 2 adrenorecep-
tor agonist, the amount of ERK is increased and apoptosis is reduced [6, 23] 
(For thorough reviews of apoptosis please see: Elmore [24] and Blaylock 
[25]). 

Receptors, ligands and neuroproteins 
To assist our understanding of the topic of this thesis, a short summary of the 
most common receptors involved in anaesthesia and the ligands that bind to 
them has been written. The neuroproteins involved in brain development 
during the BGS, and which we have investigated, are also mentioned. 
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NMDA receptor 
The N-methyl-D-aspartate receptor is an excitatory receptor, stimulated by 
endogenous glutamate and aspartate. It is important for learning and mem-
ory.  Furthermore, NMDA receptors require binding of the co-agonist gly-
cine for the efficient opening of the ion channel, which is a part of this re-
ceptor. Examples of antagonists are nitrous oxide [26], ketamine [27], PCP 
[28] and ethanol [3]. See review for more details [29]. 

GABAA receptor 
The GABAA (�-aminobutyric acid) receptor is a pentameric membrane span-
ning structure. There are also GABA B and C receptors. The GABA A recep-
tor has 19 different subunits and in different combinations they comprise 
about 50 different GABAA sub-receptors. The composition of receptor sub-
types changes during mammalian development. The GABAA receptor is 
involved in anxiety, sleep and epilepsy and is generally considered to have 
an inhibitory function. However, during certain periods of development the 
GABAA receptor evidences an excitatory function. Ligands for GABA re-
ceptor are benzodiazepines, thiopental, propofol, volatile anaesthetics, etha-
nol [27] etc. The volatile anaesthetics have an affinity for both GABA and 
TRESK receptors [30]. A review by Bonin and Orser discusses in greater 
detail the mechanisms of the receptors and anaesthesia [31]. 

BDNF 
BDNF (brain derived neurotrophic factor) acts on certain neurons of the 
CNS and the peripheral nervous system, helping to support the survival of 
existing neurons and promote the growth and differentiation of new neurons 
and synapses. 

BDNF is the neurotrophin having the most widespread expression in the 
developing and adult mammalian brain. Expression levels are low at birth 
but increase dramatically during the first weeks of postnatal development 
[32]. A peak in BDNF mRNA expression occurs in the rodent neocortex 
after neuronal genesis and migration, at a stage correlated with maximal 
growth, differentiation and synaptogenesis [33]. The biological effects of 
BDNF include stimulation of several transcription factors involved in cell 
survival [34]. Increased concentrations of BDNF can prevent tissue loss 
resulting from apoptosis [35] which shows the neuroprotective characteris-
tics of BDNF during development and/or regeneration. Furthermore, BDNF 
and glutamate are intimately linked at several levels and may play important 
roles in learning and memory. An increase in NMDA activity leads to a 
rapid up-regulation of BDNF mRNA to promote formation of new synaptic 
connections and facilitate the storage of information [36]. 
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CaMKII, GAP-43, synaptophysin and tau 
CaMKII, one of the most abundant protein kinases in the mammalian brain, 
increases expression during the BGS [37]. It is involved in both synapto-
genesis [38] and synaptic plasticity and thus is critical for learning and 
memory formation [39]. 

GAP-43 (also called growth associated protein B-50) is a phosphoprotein 
located in the axonal growth cone. It is expressed during the development of 
the nervous system and used as a marker for axonal sprouting and growth 
[40]. 

Synaptophysin is involved in the formation and recycling of synaptic 
vesicles [41]. It can also be used as a tissue marker of synaptogenesis during 
development [42]. Synaptophysin expression increases continuously during 
the first four weeks in mice. The greatest increase in rate was registered be-
tween PND 7 and 10 [43]. 

The main function of the tau proteins in the brain is to help provide a 
normal structural architecture. Tau promotes microtubule assembly and 
maintains the stability of microtubules. It is also possible that tau is involved 
in signal transduction and the regulation of neurodegeneration. Tau is in-
volved in conditions such as Alzheimer’s and Parkinson’s diseases [44] Lev-
els of tau increase during the early neonatal period, peaking between PND 7 
and 10 and then decreasing until PND 28 [43]. 

 

Clonidine 
Clonidine is an unselective alpha 2 adrenoreceptor agonist. It is used for 
analgesia, anxiolysis and sedation in both children and adults. It has a rela-
tive long half-life compared with dexmedetomidine, the other well known 
comparable substance [45]. When stimulated by norephinephrine, the adre-
noreceptor system has a trophic function during the BGS [46] by activating 
survival pathways [47].  

The adrenoreceptor agonists also have a neuroprotective effect, best 
documented after ischaemia, but not specifically during the BGS [48]. Anti- 
apoptotic proteins such as Bcl-2 are up-regulated, while pro-apoptotic Bax is 
depressed [49]. Intracellular calcium levels are manipulated by astrocytes 
[50], binding to Imidazoline receptors [51], and also by blockade of calcium 
channels in glutamate-mediated excitoxicity [52].  

Dexmedetomidine has been shown to preserve the levels of ERK after 
isoflurane exposure in neonatal rats [23], demonstrating that the protective 
properties apply not only to ischaemic injury but also to anaesthesia induced 
apoptosis.  
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Theophylline 
Theophylline, together with caffeine, is a xanthine, i.e. substances that 
unselectively antagonize the adenosine receptors A1 and A2A[53]. It is also a 
phosphodiesteras inhibitor. Theophylline and caffeine are widely used for 
the treatment of apnea in preterm infants. Caffeine was previously associated 
with increased apoptosis during the BGS [54]. 

Previous animal studies chiefly on neonatal anaesthesia 
and effects on apoptosis and behavioural alterations 

Research data from animal studies – NMDA antagonists 
Perhaps the very robust and predictable increase in apoptosis, rather than its 
clinical relevance, led to ketamine being the anaesthetic agent first and most 
thoroughly examined. Ikonomidou established in 1999 that ketamine in-
duced apoptosis in neonatal rats after seven consecutive days of exposure to 
20 mg/kg bw [13]. Scalett demonstrated that 20 mg/kg of ketamine as a sin-
gle dose, or 10 mg/kg for seven days did not alter the pattern of apoptosis in 
7 day-old rats, whereas 20 mg/kg for seven days did so [7]. Thus they estab-
lished that dose and duration of exposure influences the outcome. Fredriks-
son et al. showed that 50 mg/kg ketamine exposure not only induced apop-
tosis in neonatal mice but also altered the normal behaviour in adult mice 
long after the exposure [55]. Since doses up to 300 mg/kg are given for in-
traperitoneally anaesthesia in mice, these must be interpreted as only seda-
tive doses [56]. 

It is always difficult to transfer data between species, which is what led re-
searchers into primate studies. When Wang et al. made a dose and time study 
in cell cultures from the frontal cortex of Rhesus monkey, he found that in-
creased apoptosis did indeed occur in primates [57]. An in vivo study in 
Rhesus monkeys by Slikker demonstrated that 24 hours of continuous keta-
mine infusion induced apoptosis by gestational day 155 or postnatal day 5, 
but not as late as postnatal day 35 [8]. After only three hours of ketamine 
infusion at postnatal day 5, no apoptosis was found. The apoptosis seem to 
have functional consequences, as learning difficulties were recently demon-
strated in Rhesus monkeys exposed to neonatal ketamine [58]. 

Both nitrous oxide [9] and 70% xenon [11] have also been shown to promote 
apoptosis; both are ligands to the NMDA receptor. Xenon is an interesting 
substance that appears to induce apoptosis when administered alone, yet 
partially prevents isoflurane-induced apoptosis [11]. 
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GABA agonists 
Both five and ten mg/kg pentothal in 7-day- old rats caused increased apop-
tosis [2], but behaviour and apoptosis were normal in 10-day-old mice ex-
posed to 5 or 25 mg/kg [10]. Whether these differences are attributable to the 
use of different species, or to different exposure times cannot be ascertained 
without further study. 

We proved that 10 mg/kg propofol had no adverse effects, whereas 60 
mg/kg caused an increased apoptosis and altered behaviour in an Elevated 
Plus Maze [10]. Later Cattano found that on PND 5-7 mice exposed to more 
than 50 mg/kg showed increased apoptosis [59]. This was a dose-effect 
study with doses ranging between 25 and 300 mg/kg.  They also showed that 
approximately 200 mg/kg was an adequate dose for surgical anaesthesia in 
these mice.  

Volatile anaesthetics also act mostly on the GABA receptor. Johnson 
found apoptosis after 0.75% isoflurane for 4 hours, after 1.5% for 2 hours 
and after  2.0% isoflurane for 1 hour [60]. A discussion then ensued as to 
whether hypoglycaemia exacerbated the cell damage and Loepke showed the 
following year that six hours of 1.5% isoflurane (with or without dextrose) in 
7-day-old mice did cause apoptosis, while adult behaviour and cell density 
was returned to normal [61]. In a study by Satomoto six hours of 3 % se-
voflurane caused apoptosis, learning difficulties and impaired social skills in 
six-day-old mice [62]. 

  

Combinations 
Combination of anaesthetics, especially those that act on the NMDA recep-
tor with those that act on the GABA receptor most often causes a more pro-
found increase in the pattern of apoptosis and behavioural deterioration than 
either substance alone. Jevtovic-Todorovic first proved this with midazolam, 
isoflurane and nitrous oxide [9] and later with midazolam plus ketamine 
[63]. We could confirm their findings with propofol plus ketamine and also 
with pentothal plus ketamine [10]. However, the exception to the rule seems 
to be xenon, which alleviates the deleterious effects of isoflurane [11]. This 
is probably due to some other, as yet unknown effect of the noble gas. 

Ethanol, although not considered an anaesthetic, is interesting as it is both 
a GABAA agonist and a NMDA antagonist. In humans, exposure to alcohol 
during the BGS in humans might cause fetal alcohol syndrome. This syn-
drome is characterized by facial deformities and learning difficulties. A mur-
ine model has been developed that mimics these impairments and demon-
strates apoptosis and learning difficulties [3]. Ethanol is thus the model sub-
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stance for all studies on neonatal exposure to anaesthesia and its possible 
side-effects. 

Protective agents 
The search for protective agents that prevent the negative effects of anaes-
thesia is naturally intense. Lithium protects to some degree from apoptosis 
subsequent to ketamine or propofol exposure, probably by restoring the con-
tent of phosphorylated ERK 1 / 2 [6]. Dexmedetomidine attenuates the defi-
cits after isoflurane, since alpha 2 adrenoreceptors act as neuroprotectors [5]. 
Melatonin is also suggested to protect against post-anaesthetic apoptosis 
[12]. 

Epidemiological studies 
The difficulty of applying animal studies to anaesthesic practice in the oper-
ating theatre makes epidemiological studies especially interesting. The main 
problem is that children are exposed to anaesthesia because they are ill in 
some way. The underlying condition might well lead to differences in out-
come, between healthy children and those exposed to anaesthesia and some 
kind of intervention.   

Wilder et al. utilized the fact that children in four counties in Minnesota, 
USA, had already been evaluated in terms of learning difficulties. They ex-
amined which of the children had been exposed to anaesthesia before the age 
of four years [64]. Significant increases in learning difficulties were found in 
those exposed to anaesthesia for more than two hours, or on more than two 
occasions. Sprung et al. continued to use this cohort to compare infants born 
to parturients given regional anaesthesia, general anaesthesia or without any 
anaesthesia [65]. No differences were found between general anaesthesia 
and no anaesthesia, possibly due to the short exposure time. However the 
children, borne by parturients who had received regional anaesthesia per-
formed better, perhaps due to selection bias between the groups.  

DiMaggio performed a retrospective cohort study comparing infants given 
anaesthesia for hernia before the age of three years vs. others without opera-
tion and anaesthesia [66]. He found that delayed development and learning 
difficulties were twice as common in the group of anaesthetized infants. 
Twin studies are often a valuable tool in epidemiology. In Holland Bartels et 
al. compared twins without finding any association between anaesthesia 
exposure and learning difficulties [67]. In Denmark, more than 2500 chil-
dren operated on for inguinal hernia showed no difference in academic per-
formance in the ninth grade when compared with a control group [68]. 
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Thus, epidemiological studies have thus far have not identified a consensus 
of opinion that anaesthesia for children is, or is not, harmful. 
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Aims of my doctoral thesis 

In study I the primary aim was to determine if the common anaesthetic 
agents thiopental, propofol and ketamine individually, or in combination, 
modified the pattern of apoptosis in the developing brain; secondly to study 
the consequences of neonatal exposure on adult spontaneous behaviour, 
learning and memory and its influence on treatment of anxiety-like behav-
iour. 

In study II the aim was to assess how neonatal exposure to ketamine affects 
proteins (e.g. CaMKII and GAP-43) involved in neural growth, survival and 
synaptogenesis, and also to ascertain if the altered adult behaviour following 
neonatal exposure is dose dependent. 

In study III the aim was to further elucidate if exposure of mice to propofol, 
during the brain growth spurt, causes neonatal alterations in proteins (BDNF, 
CaMKII, GAP-43, synaptophysin and tau) active during brain development, 
and whether neonatal exposure to propofol causes a dose-related altered 
response in adulthood to the GABAA agonist, diazepam. 

Study IV was designed to find a safe, protective agent that can prevent the 
adverse effects of anaesthesia. Preferably the agent was one previously used 
in the paediatric population; we selected clonidine, used alone, and with 
ketamine in two different doses. We tested for apoptosis and studied sponta-
neous behaviour after 55 days. 

Theophylline is another substance which, although unrelated to anaesthesia, 
is frequently used in neonates. It promotes spontaneous breathing and is a 
treatment for apnoea. The aim of study V was to reveal the effects of differ-
ent doses of theophylline, using the same tests as previously to ascertain if 
the same problems occur with other substances than anaesthetics.  
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Materials and methods 

Details of the procedures can be found in the original articles. This section 
contains only the outlines and comments on the merits of the procedures. 

Animals 
Pregnant NMRI (Naval Medical Research Institute) mice were purchased for 
the studies. Mice (and rats) have the advantage that most of the BGS occurs 
after birth, which facilitates these studies. Only male offspring were used as 
there might be gender-related differences in susceptibility. Thus further stud-
ies are needed to investigate females. Drugs were administered subcutane-
ously in the neck. The volumes injected were about 50 microliters. Due to 
the small size of the animals, drugs cannot be administered intravenously. 
The animals weigh about 4-6 grams. Brain tissues for analysis of apoptosis 
(Fluoro-Jade) and proteins were extracted 24 hours after drug exposure. At 
the age of four weeks the mice were weaned and the males raised in groups 
of four to six animals in a room for male mice only. Behavioural testing, i.e. 
spontaneous or induced  motor activity followed by Radial Arm Maze learn-
ing and Elevated Plus Maze testing for anxiety was performed when the 
mice were young adults (55-70 days old) or as adults (115 days old). Ex-
periments were carried out in accordance with the European Communities 
Council Directive of 24th November 1986 (86/609/EEC) after approval from 
the local ethics committee (Uppsala University and Agricultural Research 
Council), and by the Swedish Committee for Ethical Experiments on Labo-
ratory Animals. 

The anaesthetic agents used in the studies were ketamine, propofol and thio-
pental. Diazepam was used in two studies for testing the adult animals. 
Ketamine and diazepam have previously been used in similar studies [55], 
but the other doses were calculated using the Swedish veterinary formula. 
The doses used were calculated to be sedative only and without respiratory 
or circulatory suppression. The doses of clonidine and theophylline were 
selected based on previous studies. 
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Substances used in the different studies 
 
 Paper I Paper II Paper III Paper IV  Paper V 
Ketamine X X  X  
Propofol X  X   
Pentothal X     
Diazepam X  X   
Clonidine    X  
Theofylline     X 
 

Apoptosis measured with Fluoro-Jade 
Fluoro-Jade B is an anionic fluorochrome capable of selectively staining 
degenerating neurons in brain slices [69-70]. It cannot distinguish between 
different causes of degeneration, however. Both caspase staining [8] and 
ultra structural studies [71] reveal that the neuronal death is apoptotic rather 
than excitotoxic. The mechanism by which Fluoro-Jade binds to the neurons 
is not known. Fluoro-Jade is comparable to silver staining for detecting the 
damaged neurons [7]. A study measuring silver staining, caspase-3 and 
Fluoro-Jade after ketamine did not reveal any differences between the differ-
ent methods [8]. 

Spontaneous motor activity and habituation to activity 
test chambers 
This method is used to evaluate normal behaviour in rodents. Habituation is 
a relatively simple, non-associative form of learning in situations where re-
peated measures of behaviour are monitored. Normally, animals in this new 
environment first explore and then gradually calm down and rest. Examples 
of aberrations can be a less explorative behaviour and/or subsequent failure 
to reduce activity.  

Mice were observed for spontaneous behaviour at the age of 55 or 115 
days, measured in a specialized test cage previously described and used by 
our group [55, 72]. At this age the mice are almost full-grown (55 days) or 
fully grown (115 days). A grid of infrared beams measured locomotion and 
rearing [73]. Total activity was measured by a sensor (a pick-up similar to a 
gramophone needle, mounted on a lever with a counterweight) with which 
the cage was constantly in contact. The sensor registered all types of vibra-
tion received from the test cage, such as those produced by locomotion and 
rearing as well as shaking, tremors, scratching and grooming. All three be-
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havioural parameters were measured over three consecutive 20-min periods, 
on one occasion only.  
An automated registration reduces registration bias. This method has long 
been used by our group and the control groups show very little variation. We 
therefore regard this is an excellent way of detecting variations in spontane-
ous behaviour. 

Methods used in the different studies 
 
  Paper I Paper II Paper III Paper IV Paper V 
Fluoro-Jade X   X X 
Spont behaviour X X X X X 
Induced behaviour   X   
RAM X    X 
EPM X  X  X 
ELISA (BDNF)   X   
Slot Blot   X X   
 

Radial Arm Maze 

 The purpose of this model is to assess learning, by a device that is sensitive 
to spatial learning performance [74-75]. The radial arm maze is a very sim-
ple maze with eight straight arms extending radially from a central hub.  
Testing started at 63 days of age. Before testing, all mice were placed on 
food deprivation for 24 hours but with free access to water. Following test-
ing on day 1, a controlled amount of food was given. The same procedure 
was continued after testing on day 2 but following testing on day 3 they were 
given free access to food. For learning trials, a food pellet (ca. 10 mg) was 
placed at the end of each arm behind a barrier. At the start of each test trial, 
the mouse was placed in the central hub and then monitored for its instru-
mental learning performance, i.e. the latency until all eight pellets were col-
lected and the number of arms visited in collecting all eight pellets sub-
tracted by eight provided the number of errors per animal. Error was defined 
as a re-entry to an arm already visited. Photocells registered all movements. 
The maze-learning test room was secluded, without any explicitly arranged 
extramaze cues. Each mouse was tested in one trial only, on each of three 
consecutive days. Each animal was observed carefully to ensure that it ate 
each pellet.   
 
The other commonly used measure of learning capability is the Morris Water 
Maze. It was for example used by Jevtovic et al. in the first paper on anaes-
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thesia and behavioural aberrations [9]. In the Morris Water Maze a rodent 
swims until it finds a submerged platform. This can then be moved if re-
learning is to be assessed. We believe that the information obtained in this 
test can also be obtained in the Radial Arm Maze, without the stress this 
imposes on the animals. 

Elevated Plus Maze test (EPM) 
This test procedure gives a measure of anxiety-like level. It is based on the 
assumption that mice normally prefer a closed environment to an open 
space. Mice with an altered sense of anxiety show less inhibition to open 
areas. The test is based on the method described by Lister [76]. The “maze” 
consists of two arms projecting without sides or roof and two arms with 
large sides, dark and sheltered. Testing was carried out between 09:00 and 
14:00. The animals were transferred to the testing laboratory in their home 
cages at least 60 min before they were subjected to the EPM. The mice were 
given either diazepam or vehicle (0.9%NaCl) subcutaneously 30 min before 
the test. Each mouse was placed on the central platform of the apparatus 
facing either of the closed arms. A video camera was used to monitor the 
animal's behaviour. The number of entries into the open and enclosed arms 
and the time spent there were measured for 5 min. Arm entry was defined as 
all four paws in the arm. The maze apparatus was cleaned after each trial. 

Protein analysis: Slot-blot analysis of CaMKII, GAP-43, 
synaptophysin and tau 
Cortex and hippocampus were homogenized and centrifugated. As described 
earlier [77] we evaluated the status of the antibodies in use by running the 
GAP-43 (Chemicon AB5220) and CaMKII (Chemicon MAB8699) antibod-
ies in a Western blot procedure. In both cases the antibodies proved to be 
specific for the protein intended, which was shown by the presence of only 
one band at the appropriate molecular weight. We concluded that these par-
ticular antibodies were suitable for use in the slot blotting procedure.  

In the slot blotting procedure 4 μg of CaMKII and GAP-43, 3 μg of synap-
tophysin and 3.5 μg of tau were diluted in sample buffer to a final volume of 
200 μl. The samples were applied in duplicate to a nitrocellulose membrane. 
The membranes were fixed, washed, and blocked. The membranes were then 
incubated overnight with a mouse or rabbit monoclonal antibody. Immuno-
reactivity was detected using a horseradish peroxidase-conjugated secondary 
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antibody against mouse. Immunoreactive bands were detected by using an 
enhanced chemiluminescent substrate with imaging on a film. 

Analysis of BDNF 
Frontal cortex, parietal cortex and hippocampus were analysed for BDNF 
levels according to their involvement in learning and memory and behaviour. 
Tissues were lysed and sonicated to yield a homogenate The Promega 
Emax™ ImmunoAssay System was used to determine the content of BDNF 
in the samples, and the analysis was carried out according to The Promega 
Emax™ ImmunoAssay System technical bulletin, supplied by the distribu-
tor. The reliability of the measurements in the method is high thanks to the 
cross-reactivity of other molecules, e.g. other neurotrophic factors, is less 
than 3% and the purity of the anti-BDNF antibodies exceeded 95%. 

Statistical analysis 
Fluoro-Jade staining was statistically evaluated using one-way ANOVA 
(analysis of variance). Pair-wise testing between treated groups and their 
corresponding control groups was performed using Tukey’s honestly signifi-
cant difference (HSD) test at the 1% and 5 % levels of significance. 

Spontaneous, diazepam-induced behaviour and radial arm maze: the data 
were subjected to a split-plot ANOVA and pair-wise testing between treated 
groups and the control group was performed using the Tukey’s HSD test. 

Elevated plus maze: the % time spent in the open arms and the % entries into 
the open arms in the elevated plus maze were analysed using one-way 
ANOVA. Pairwise testing between the groups was performed using a 
Tukey’s HSD test. 

Analysis of neuroproteins: the relative levels of BDNF, CaMKII, GAP-43, 
synaptophysin and tau were compared with levels in control animals, by 
using Student’s t-test. 
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Results 

Results from study I 
“Neonatal Exposure to a Combination of N-Methyl-d-aspartate and 
[gamma]-Aminobutyric Acid Type A Receptor Anesthetic Agents Potenti-
ates Apoptotic Neurodegeneration and Persistent Behavioral Deficits” 

Apoptosis after anaesthesia, measured by Fluoro-Jade 
A combination of ketamine and propofol triggered increased Fluoro-Jade 
staining plaques in the two brain areas olfactory bulb and stria terminalis, 
compared with the control group. Ketamine + thiopental and ketamine + 
propofol induced more Fluoro-Jade staining plaques than all mono therapy 
treatments and vehicle in the olfactory bulb and stria terminalis. High-dose 
propofol induced more Fluoro-Jade staining plaques than low -dose propofol 
and vehicle in the olfactory bulb and stria terminalis. Thiopental in low and 
high dose, propofol low dose and ketamine did not reveal any increase in 
apoptosis, compared with control group.  

Spontaneous motor activity and habituation to activity test 
chambers in adult mice  
Neonatal administration of a combination of ketamine + propofol or keta-
mine + thiopental on neonatal day 10 disrupted spontaneous motor activity 
in 55-day-old mice. In control mice there was a distinct decrease in activity 
in all spontaneous behavioural variables over the 60 min period. This de-
crease in activity is a normal profile of spontaneous behaviour, and has been 
reported in our earlier studies.  

Thiopental groups (high and low dose) and propofol groups (high and low 
dose) did not differ from the control group. Ketamine (25 mg/kg bw) dif-
fered from the control group as follows: during the first period there was 
reduced  locomotion, rearing and total activity. Ketamine revealed no differ-
ence from the control group during the second and third test periods, with 
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one exception; rearing was increased during the third period. Animals ex-
posed to either combination of anaesthetic agents displayed the following 
results in the spontaneous motor activity test: 1st period: Reduced locomo-
tion, rearing and total activity was seen in both groups, compared with the 
vehicle group and all mono therapy groups. 2nd period: Both groups demon-
strated more locomotion, rearing and total activity than did the vehicle only 
group. For both combination groups, locomotion was also more pronounced 
than in all mono therapy groups except ketamine, and the same result was 
obtained for the ketamine + thiopental group as regards rearing. Ketamine + 
propofol produced  more rearing than all mono therapy groups. Regarding 
total activity, both groups showed  increased values, compared with all mono 
therapy groups. 3rd period: Both combination groups showed an  increase in 
locomotion, rearing and total activity, compared with vehicle only and all 
mono therapy groups.  

Radial arm maze  
 

 
A= significant difference from control, B= significant difference from monoteraphy, 
C= significant difference from monoteraphy except ketamine 

Mice given vehicle, thiopental (low or high dose) or propofol (low or high 
dose) neonatally showed relatively linear improvements in radial arm maze 
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acquisition performance, whereas mice treated neonatally with ketamine, 
ketamine + thiopental, or ketamine + propofol failed to show any improve-
ment over successive days of testing.  

Elevated Plus Maze  
Mice treated with saline 30 min before testing in an Elevated Plus Maze all 
exhibited the same pattern of behaviour regardless of previous neonatal ex-
posure to anaesthetic agents or vehicle. All showed reluctance to enter the 
open arms and remain there. Mice treated with diazepam 30 min before test-
ing and neonatally exposed to vehicle showed a marked difference in behav-
ioural. HSD-testing with the Tukey test showed that the anxiolytic effect of 
diazepam was reduced in animals neonatally exposed to propofol, whether in 
high or low dose or in combination with ketamine. Those mice entered the 
open arms less often than the neonatally vehicle exposed animals. Animals 
neonatally exposed to a high dose of propofol also spent less time on the 
open arms. Mice subjected to other anaesthetic agents, or combination, 
showed no difference, when compared to vehicle after exposure to diaze-
pam. 

Results from study II 
“Neonatal ketamine exposure results in changes in biochemical substrates of 
neuronal growth and synaptogenesis, and alters adult behavior irreversibly” 

Effects of ketamine on CaMKII protein levels in neonatal 
hippocampus and cortex  
CaMKII concentrations were significantly increased by 30% in hippocampus 
in mice exposed to 5 mg ketamine/kg on postnatal day 10, compared with 
the control group. Furthermore, CaMKII levels were significantly increased 
by 46% in hippocampus in mice exposed to 25 mg ketamine/kg, compared 
with the controls. There were no significant differences between the keta-
mine treated groups. In cortex there were no differences in CaMKII levels 
between the different treatment groups, compared with the controls.  

Effects of ketamine on GAP-43 protein levels in neonatal 
hippocampus and cortex  
GAP-43 levels were significantly decreased (p<0.05) by 14% in hippocam-
pus in mice exposed to 5 mg ketamine/kg, compared with controls. GAP-43 
levels were also significantly decreased (p<0.05), by 16%, in hippocampus 
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in mice exposed to 25 mg ketamine/kg, compared with the control group. In 
cortex there were no differences in GAP-43 levels between the different 
treatment groups, compared with controls.  

Dose-dependent effects of neonatal ketamine exposure on adult 
spontaneous behaviour  
 

 
 
A= significant difference from control, B= significant differerce from ketamine 
5mg/kg, C= significant difference from ketamine 10 mg/kg 

When tested for spontaneous behaviour around two months of age (age 55 
days), there were significant group-period interactions for the locomotion, 
rearing, and total activity variables. Pairwise testing between ketamine and 
control groups showed a significant dose-related change in all three test vari-
ables. In control mice, there was a distinct decrease in activity in all three 
behavioural variables over the 60 min period. Mice exposed neonatally to 
the highest dose of ketamine (25 mg/kg) were significantly less active, for all 
three behavioural variables, during the first 20 min period (0-20 min), com-
pared with controls, while during the third period (40-60 min), they were 
significantly more active than the control animals in relation to all three be-
havioural variables. These mice were also significantly more active, for all 
three variables, during the third period (40-60 min), then the mice given the 
medium dose of ketamine (10 mg/kg). Mice given 10 mg/kg ketamine were 



 

 31

significantly less active during the first 20 min period (0-20 min) for all three 
variables locomotion, rearing, and total activity, than the controls, whereas 
during the third period (40-60 min), they were significantly more active than 
controls regarding locomotion, rearing, and total activity. These mice were 
also significantly less active for locomotion, rearing, and total activity vari-
ables during the first 20 min period (0-20 min), compared with those mice 
given the lowest dose of ketamine (5 mg/kg). Moreover, these mice were 
significantly more active for all three behavioural variables locomotion, rear-
ing and total activity during the third period (40-60 min), compared with 
mice given the lowest dose of ketamine. Mice given the lowest dose of ket-
amine (5 mg/kg) were significantly less active, for all three behavioural vari-
ables during the first 20 min period (0-20 min), than the controls, while dur-
ing the third period (40-60 min), they were significantly more active than the 
controls concerning the rearing variable only.  

When tested for spontaneous behaviour around four months of age (age 115 
days), there were significant group-period interactions for the locomotion, 
rearing, and total activity variables, respectively Pairwise testing between 
ketamine and control groups showed a significant dose-related change in all 
three test variables. In controls, there was a distinct decrease in activity in all 
three behavioural variables over the 60 min period. Mice exposed neonatally 
to the highest dose of ketamine (25 mg/kg) were significantly less active, for 
all three behavioural variables, during the first 20 min period (0-20 min) 
compared with the controls, while during the third period (40-60 min), they 
were significantly more active than the controls in relation to all three behav-
ioural variables. These mice were also significantly less active for all three 
variables during the first 20 min period but more active, for all three vari-
ables during the third period (40-60 min), compared with the mice given the 
medium dose of ketamine (10 mg/kg). These mice were significantly less 
active during the first period (0-20 min) for all three variables locomotion, 
rearing, and total activity, than the controls, but during the third period (40-
60 min), they were significantly more active than the controls regarding all 
three behavioural variables. These mice were also significantly less active 
regarding locomotion and rearing during the first 20 min period (0-20 min), 
than those given the lowest dose of ketamine (5 mg/kg). Moreover, these 
mice showed significantly greater activity for all three behavioural variables 
locomotion, rearing and total activity during the third period (40-60 min), 
when compared with the mice given the lowest dose of ketamine. These 
mice were significantly less active, regarding the rearing variable during the 
first period (0-20 min), compared with the controls, whereas during the third 
period (40-60 min), they did not differ in activity for any of the three vari-
ables locomotion, rearing and total activity, compared with the controls. 
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Results from study III 
“Neonatal exposure to propofol affects BDNF but not CaMKII, GAP-43, 
synaptophysin and tau in the neonatal brain and causes an altered behav-
ioural response to diazepam in the adult mouse brain”   
 

Protein levels of CaMKII, GAP-43, synaptophysin and tau in 
frontal cortex, parietal cortex and hippocampus following 
neonatal propofol exposure 
Neonatal exposure to 60 mg propofol/kg bw, on postnatal day 10, did not 
affect the protein levels of CaMKII, GAP-43, synaptophysin or tau in frontal 
cortex, parietal cortex or hippocampus, measured 24 hours after exposure, 
compared with the exposed control animals.  

Concentrations BDNF in frontal cortex, parietal cortex and 
hippocampus, following neonatal exposure to propofol 
Concentrations of BDNF were measured in frontal cortex, parietal cortex 
and hippocampus, 24 hours after exposure to 60 mg propofol/kg on postnatal 
day 10. In frontal cortex, exposure to propofol increased the concentration of 
BDNF by 243%, compared with the control group. In parietal cortex, propo-
fol exposure reduced the concentration of BDNF by 35%, compared with the 
controls. In hippocampus, exposure to propofol increased the concentration 
of BDNF by 52%, compared with controls. 

Spontaneous motor activity following neonatal propofol 
exposure 
When tested for spontaneous behaviour at 2 months of age there were no 
significant changes in locomotion, rearing, or total activity variables, with or 
without treatment. There was a distinct decrease in activity in the control 
group and the two treatment groups during the 60 min test period, concern-
ing all three spontaneous behavioural variables. 

Diazepam-induced motor activity following neonatal propofol 
exposure  
Mice neonatally exposed to saline or to 10 or 60 mg propofol/kg, were in-
jected subcutaneously with saline or 1.0 mg diazepam/kg when 65 days old 
and tested for motor activity 30 minutes later in the same way as the sponta-
neous behaviour testing. In mice exposed neonatally to saline, or to10 or 60 
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mg propofol/kg and injected with saline as adults, there were no differences 
in locomotion, rearing or total activity and the animals showed the same 
motor activity behaviour profile as those observed for spontaneous behav-
iour at the age of 60 days. In mice neonatally treated with saline and injected 
with 1.0 mg diazepam/kg as adults, all three variables (locomotion, rearing 
and total activity) were disturbed compared with the controls given saline 
both neonatally and as adults. During the first 20-min period they showed 
significantly lower activity than the controls, but during the last 20-min pe-
riod, significantly higher activity than the control group (saline-saline). 
Animals treated neonatally with propofol (10 or 60 mg/kg) did not show 
altered activity regarding locomotion, rearing or total activity following the 
adult diazepam injection. This can be interpreted as a blunting of the seda-
tive effect of diazepam. Diazepam has no effect on animals previously 
treated with propofol. 

Diazepam-induced behaviour in Elevated Plus Maze after 
neonatal propofol exposure 
Mice neonatally exposed to saline, 10 or 60 mg propofol/kg, were subcuta-
neously injected with saline, 0.1 mg, 0.5 mg or 1.0 mg diazepam/kg bw at 
the age of 70 days and tested in the Elevated Plus Maze 30 minutes later. 
There were significant effects in mice exposed neonatally to propofol con-
cerning the response to adult diazepam treatment regarding entering the open 
arms and the time spent in the open arms. In animals treated neonatally with 
saline and as adults with the two higher doses of diazepam (0.50 or 1.0 
mg/kg bw) the number of times entering the open arms and time spent on the 
open arms increased significantly (interpreted as a pharmacological inhibi-
tion of the reluctance/anxiety towards entering open spaces). In contrast, 
animals neonatally exposed to propofol showed significantly fewer entries 
and time spent on the open arms after adult diazepam treatment, compared 
with animals exposed to neonatal saline and adult diazepam, effects that are 
dose-response related. This effect of propofol was more pronounced with the 
higher neonatal dose (60 mg/kg) and no significant increase in entries and 
time spent on open arms were seen, compared with animals exposed to sa-
line both as neonates and as adults. As in the previous test, this shows that 
diazepam does not affect the behaviour of animals that have been exposed to 
propofol as neonates, as it does in untreated animals. 
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A= same treatment neonatally, adult diazepam vs control, B= same treatment neona-
tally, adult diazepam vs other doses of diazepam or control, C= different treatment 
neonatally, propofol vs control, D= different treatment neonatally, propofol vs other 
dose of propofol or control 

Results from study IV 
“Clonidine abolishes the adverse effects on apoptosis and behaviour after 
neonatal ketamine exposure in mice” 

Fluoro-Jade staining 
Administration of ketamine or a combination of ketamine + clonidine (10 
μg/kg) dose to 10-day-old mice resulted in alterations of the apoptotic proc-
ess, as revealed by Fluoro-Jade staining 24 hours after treatment. One-way 
ANOVA indicated significant inter-group effects for the frontal cortex and 
parietal cortex, but not for the hippocampus. The larger dose of clonidine (40 
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μg/kg), administered in the ketamine + clonidine group counteracted the 
neurodegenerative effect of ketamine alone in both the frontal and parietal 
cortices. No effect upon apoptosis was observed after clonidine exposure 
alone, compared with vehicle treatment. Nor was any effect observed in the 
hippocampus region as a result of any of the different treatments, compared 
with the control group. 

 

Spontaneous activity in a novel home environment 
 

 

 
A= Significantly different vs. vehicle, clonidine and ketamine + clonidine 40 μg/kg, 
p<0.01. B= Significantly different vs. ketamine and ketamine + clonidine 10 μg/kg, 
p<0.01. 
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The results from the spontaneous behavioural variables: locomotion, rearing, 
and total activity were tested in 55-day old mice, after exposure to the five 
different treatments at the age of 10 days. The administration of ketamine 
alone, or clonidine 10 μg/kg + ketamine on neonatal day 10 disrupted spon-
taneous motor activity. The ketamine and clonidine 10 μg/kg + ketamine 
groups differed from all other groups, as follows:  
1st period (0-20 min): Hypo activity, i.e. significantly fewer counts for lo-
comotion, rearing and total activity.  
2nd period (20-40 min): No differences between any of the groups.  
3rd period (40-60 min): Hyperactivity, significantly higher activity for lo-
comotion, rearing and total activity in both groups. 
The behaviour in the clonidine 40 μg/kg + ketamine group differed dose-
dependently from the clonidine 10 μg/kg + ketamine group in the first and 
third 20 min periods. The clonidine 40 μg/kg + ketamine group did not differ 
from the control group with saline only. Nor did the group treated with 40 
μg/kg clonidine alone differ from the control group with saline. 

Results from study V 
“Theophylline causes dose dependent persistent behavioural changes in neo-
natal mice” 

Apoptosis  
Administration of theophylline in any dose (1 mg/kg, 5 mg/kg or 25 mg/kg) 
on neonatal days 3-7 did not result in any alteration of the normal apoptotic 
process as visualized by Fluoro-Jade. 

Spontaneous motor activity 
Administration of theophylline on postnatal days 3 to 7 disrupted spontane-
ous motor activity tested at age 55 days by inducing time-dependent motor 
hypo- and hyperactivity. The result in the control group was as expected, 
decreased motor activity (viz. locomotion, rearing, and total activity) over 
time. The smallest dose of theophylline (1 mg/kg) did not differ from the 
control. Groups exposed to the larger doses of theophylline on postnatal day 
3-7 differed from the control groups as follows: during the first period (0-20 
min), a significant reduction of locomotion, rearing and total activity was 
observed in both groups. During the second period (20-40 min) only the 
largest dose (25 mg/kg) produced significantly more rearing than control. 
During the third period (40-60 min), a significant increase in locomotion, 
rearing, and total activity was observed in animals exposed to theophylline 5 
or 25 mg/kg  
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Radial arm maze 
Mice that received vehicle or theophylline 1 mg/kg on days 3-7 showed rela-
tively linear improvement in radial arm maze acquisition performance, 
whereas mice exposed to theophylline 5 or 25 mg/kg failed to improve over 
successive days of testing.  

Elevated plus maze 
The natural reluctance to enter open spaces was exhibited by all groups 
tested in the elevated plus maze. The groups treated with theophylline 1 
mg/kg or 5 mg/kg did not differ from the control group. Exposure to theo-
phylline 25 mg/ kg altered the degree of reluctance to enter the open spaces.  

Summary of the results: 
1. A combination of ketamine with propofol or thiopental or a large dose of 

propofol alone increased apoptosis (Paper I) 
2. Ketamine or a combination of ketamine with propofol or thiopental af-

fected spontaneous behaviour – less active initially and more active later  
than controls (Paper I) 

3. Ketamine or a combination of ketamine with propofol or thiopental 
caused learning difficulties, assessed in a radial arm maze (Paper I) 

4. The anxiolytic property of diazepam in adults was reduced after neonatal 
exposure to propofol with or without ketamine (Paper I) 

5. We could not detect any aberrations with pentothal alone (Paper I) 
6. CaMKII content was increased in hippocampus following ketamine ex-

posure (Paper II) 
7. GAP-43 content was decreased in hippocampus following ketamine 

exposure (Paper II) 
8. At both 55 and 115 days, mice exposed to ketamine when ten days old 

had an altered spontaneous behaviour – less active initially and more ac-
tive later than controls (Paper II) 

9. CaMKII, GAP-43, synaptophysin and tau  in frontal cortex, parietal cor-
tex or hippocampus were un-affected by propofol exposure (Paper III) 

10. BDNF content was increased in hippocampus and frontal cortex, but 
reduced in parietal cortex following propofol exposure (Paper III) 

11. Propofol-exposed animals behaved differently (induced behaviour) than 
controls following diazepam treatment. Diazepam did not sedate the 
animals (Paper III) 

12. Propofol-exposed animals behaved differently than controls following 
diazepam in an Elevated Plus Maze. Diazepam lacked an anxiety-like al-
leviating effect (Paper III) 
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13. Clonidine (40 or 10 μg/kg) did not cause increased apoptosis or aberra-
tions in spontaneous behaviour (Paper IV) 

14. Clonidine (40 μg/kg) 30 min before a dose of ketamine that is known to 
cause apoptosis reduced apoptosis to normal levels (Paper IV) 

15. Clonidine (40 μg/kg) 30 min before a dose of ketamine that is known to 
cause aberrations in spontaneous behaviour normalized behaviour (Paper 
IV) 

16. Clonidine (10 μg/kg) did not prevent increased apoptosis or aberrations 
in behaviour following ketamine (Paper IV) 

17. Theophyllamine did not increase apoptosis in our study (Paper V) 
18. Theophyllamine given neonatally caused disruption of spontaneous be-

haviour and learning in a Radial Arm maze and anxiety-like behaviour 
in an Elevated Plus maze (Paper V) 

19. Behavioural disruptions following theophyllamine were dose- dependent 
(Paper V) 
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Discussion 

Does anaesthesia cause adverse developmental effects? 
Many studies from different laboratories have demonstrated that anaesthesia 
in neonatal rodents causes neuronal apoptosis and behavioural aberrations. 
No anaesthetic agent has so far, proved entirely harmless. Both volatile and 
intravenous anaesthetics have been studied. The studies have been extended 
into primates; there too the same pattern was observed [8, 57]. There are 
some common features among the results. The effect is dose dependent; the 
higher the dose, the greater the effect. Prolonged exposure is more harmful. 
Combinations, especially a GABAA agonist and a NMDA antagonist, are 
more harmful than a single agent [9-10]. Our first study adduced some of 
this knowledge regarding combinations and doses. A parallel can be seen 
between anaesthetic agents and ethanol. Ethanol is both a GABAA agonist 
and a NMDA antagonist and exposure during the BGS is known to cause 
similar damage in rodents [3]. In humans, ethanol exposure during the fetal 
period causes fetal alcohol syndrome with both morphological and behav-
ioural features.  

Several epidemiological studies have been published in recent years [64, 66-
68] and more are forthcoming. It is of course paramount to interpret the find-
ings in laboratory animals. Aberration following anaesthesia was not found 
in twins in Holland, or after caesarean section or among youngsters in Den-
mark, though after more than two bouts of anaesthesia in Minnesota and 
after hernia repair in New York. These differences in results might be ex-
plained by what outcome is measured and by sample sizes. The groups all 
received different types of anaesthesia at different ages and for different 
surgical procedures. These differences might explain some of the conflicting 
results. To assess long-term consequences we are now studying children who 
had received anaesthesia many years previously. Anaesthesia management, 
monitoring and postoperative care have all improved during this time. The 
changes following anaesthesia are, if present, subtle and difficult to distin-
guish from all other influences during childhood. Hopefully the ongoing 
study comparing general and regional anaesthesia for the same procedures 
will provide more information [78]. 
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We therefore conclude that in animal experiments, anaesthesia cause in-
creased apoptosis and behavioural changes, but in humans there is still room 
for debate as to whether this occurs. 

Confounding factors 
Many causes - apart from the anaesthesia exposure - have been sought to 
explain the adverse effects. 

Doses of anaesthesia agents are high when one compares mg/kg in human 
anaesthetic requirements versus the doses used in laboratory animal studies. 
However if the objective is to attain the same level of anaesthesia, the doses 
given are low and sedative rather than anaesthetic. This is based on the as-
sumption that the mechanisms of anaesthesia and the mechanisms for induc-
ing more apoptosis are similarly dose dependent. This is still a controversial 
topic. 

It has also been suggested that ischaemia is responsible for the effects seen 
in laboratory animals. As we monitor children in paediatric anaesthesia and 
provide oxygen, this is not a problem in clinical reality.  Conversely the most 
thoroughly studied agent is ketamine, known for maintaining respiration and 
circulation and therefore unlikely to cause the same ischaemia as a large 
dose of propofol or thiopental. The apoptotic pattern is similar for all anaes-
thesia agents and dissimilar from an ischaemic pattern [71].  Some groups 
studying larger animals have monitored saturation without finding any de-
saturation [9]. We have observed that the skin of the pups was invariably 
pink and not blue-tinged, indicating that no gross ischaemia had occurred. 

Isoflurane was reported to cause hypoglycaemia, and thus a new possible 
explanation for the mechanisms of apoptosis was found. One study supple-
mented sugar and carefully monitored normoglycaemia, but the apoptosis 
persisted [60]. Hypothermia has been discussed as a possible confounder, 
but without any measurements that indicate that this could be contributory. 

Results obtained from laboratory animals are not readily applied to humans. 
All drugs must however be tested on animals before being used on humans, 
based on the assumption that there is sufficient likeness to be relevant. Our 
studies are performed on mice, but some studies are now done on Rhesus 
monkeys with the same results [8, 58]. Mankind has abundant opportunities 
to compensate for defects and perhaps that will obscure some effects that are 
more apparent in animals. 
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More than apoptosis 
The first observed change following anaesthesia was apoptosis and certain 
behavioural disturbances. Later cell morphological changes, but without cell 
death, have been documented e.g. dendritic spines [79-80]. We suggest that 
the gaba-ergic receptor function is also altered because, even if there is no 
pronounced apoptosis and no behavioural changes, we can still observe a 
late and persistent diminished effect of diazepam, as shown in studies I and 
III. In this example it was only when the same receptor system was used in 
adults as were triggered neonatally that a difference was observed. This 
could mean that some changes might be so subtle that they are difficult to 
detect, but nevertheless determine the functioning of the nervous system. 
The nicotin-ergic system for example is irreversibly altered following neona-
tal exposure to nicotine [17].  This led us to the thought that some patients 
may have had their receptor systems triggered as children so that as adults 
they needed larger doses of anaesthetic. This could explain, at least partly, 
why there are such differences in anaesthetic requirements for patients.  

Protein changes during BGS after anaesthesia 
We have proven in our studies that after neonatal propofol exposure the lev-
els of BDNF - but not CaMKII, GAP-43, synaptophysin or tau - are in-
creased. We showed that after ketamine the levels of CaMKII were in-
creased in hippocampus, but not in cortex, while GAP-43 increased in hip-
pocampus, but decreased in cortex. Thus we show that different anaesthetics 
influence the same proteins that are of importance for the brain’s develop-
ment during this vulnerable period. 

As BDNF protects from apoptosis [35] it is interesting that the levels are 
altered by the same anaesthetic agents that increase apoptosis. BDNF is also 
important in learning[36] and in our studies we can show both a decreased 
ability to learn in the Radial Arm maze and an altered level of BNDF.  

Mechanisms of action 
Since the mechanisms of actions of anaesthetics are partly unknown it is 
difficult to assess the cause of their harmful properties during the BGS.  The 
most popular theory is that during the BGS the nervous system is constantly 
“pruned” by removal of neurons and synapses that are not used. An artificial 
silencing of neurones will thus be interpreted as the brain having an abun-
dance of neurons that are then doomed to apoptosis. If this is true, then per-
haps surgical stimuli would balance the silencing into a steady state of al-
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most normal activity. No studies have yet been conducted with anaesthesia 
and surgery, in contrast to anaesthesia alone. Probably even the most well 
balanced anaesthesia would not conserve normal brain activity.  

Another theory is that anaesthetic substances per se cause an up-regulation 
of apoptotic factors or down-regulation of stimulating factors. The ERK1/2 
system is inhibited by both an NMDA receptors antagonist [21] and a 
GABA receptor agonist/TRESK agonist isoflurane [23]. In study III we 
found that BDNF is reduced after propofol.  Administration of BDNF re-
duces apoptosis to normal levels [35]. Whether this is the first step in the 
reaction, or a consequence of something else, is not yet known. Anaesthesia 
may also injure the cells that is so severely that apoptosis is the only option.  
Free oxygen radicals are a recently proposed culprit [81].  

Behavioural changes might be present even though no apoptosis has been 
detected, as we demonstrated in our first study. Other mechanisms must 
therefore be sought. The NMDA receptor that is important in learning and 
antagonized by ketamine is probably implicated in some way. We showed in 
study III that even if we had not detected any increased apoptosis or behav-
ioural aberrations, we did find changed behaviour in the Elevated Plus maze 
and induced behaviour when we provoked the system with substances that 
use the same receptor systems. Somehow the receptors must have become 
modified. Perhaps this is related to the change in BDNF levels.   

Strategies to avoid harmful effects of anaesthesia  
The discovery of anaesthesia made many surgical procedures possible that 
previously could not be performed. Generally speaking, anaesthesia has been 
one of the most important improvements ever in medicine. Thus, it is vital in 
a discussion such as this, that the potential for harm must not be allowed to 
obscure the great advantages of anaesthesia. We cannot avoid the potentially 
harmful effects of anaesthesia by refraining to use them, whether for ethical 
reasons or because pain itself causes behavioural alterations [1]. Other solu-
tions must therefore be sought. 

Since it is during the brain growth spurt that vulnerability is pronounced, 
postponing procedures and anaesthesia can sometimes be beneficial. The 
FDA recommends postponing anaesthesia, if possible until after six months 
of age [82]. This is possible only when the potential of reducing anaesthe-
sia’s negative effects exceeds the risk of delaying intervention. The duration 
of the vulnerable period is therefore important. In humans the BGS is ends at 
about three years of age. But in mice day ten is the age for testing which 
corresponds roughly to birth in humans. 
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The guiding principle when anaesthesia cannot be avoided is to use the 
smallest effective dose for the shortest possible time. Perhaps management 
in the operating theatre can be organized for swift intervention and no pro-
cedural delays in cases of anaesthetized children.  

In such instances when anaesthesia cannot be delayed it is desirable to 
find other substances that can prevent it’s negative effects. A variety of 
agents have been tested to consider their prophylactic properties. Melatonin 
[12], lithium [6], xenon [11], dexmedetomidine [5] and clonidine all seem to 
prevent increased apoptosis by differing mechanisms. 

Our first study also showed that various anaesthetics do not have the same 
effects. Ketamine, propofol and combinations of ketamine with propofol or 
thiopental caused more apoptosis and more behavioural aberrations. That 
combinations are more damaging is supported by other studies. Conse-
quently one should try to avoid combinations whenever possible. Although 
only data from one study, it is interestingly that our study I did not show any 
deleterious effects of pentothal at all 

Other harmful substances 
Children are exposed to many chemicals besides anaesthesia. Studies similar 
to those in this dissertation show that flame-retardants [77, 83] and environ-
mental toxins such as bisphenol A [84] cause apoptosis and behavioural 
aberrations too. On the basis of these studies, the use of certain chemicals 
has been banned in Sweden.  

It is regularly necessary to prescribe analgesics, antibiotics and other phar-
maceuticals for sick children. Opioids have not shown any of these detri-
mental effects when given to neonates [85]. Paracetamol is currently being 
investigated (ongoing study, Wiberg et al.)  Theophylline was chosen for one 
of our studies as it was at the time widely used on our hospital ward for pre-
term babies. Most substances prescribed for children have not yet been 
tested and evaluated. 
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Conclusions 

Ketamine, propofol and pentothal, common anaesthetics, cause increased 
acute apoptosis and late behavioural aberrations in neonatal mice, especially 
when given in a combination. 

Concentrations of proteins involved in brain development (GAP 43 and 
CaMKII) are altered following ketamine, but not after propofol exposure. 

Concentrations of BDNF in different parts of the brain are altered following 
neonatal exposure to propofol. 

Clonidine, given 30 minutes before ketamine, appears to protect the brain 
from both acute apoptosis and late behavioural aberrations 

Theophyllamine appears to increase apoptosis acutely and affect later behav-
iour dose-dependently.  
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Further research areas 

We need to understand more of the mechanisms of anaesthesia and also to 
gain more insight into the normal development of the brain. We also need to 
assess if these adverse effects following anaesthesia are found exclusively in 
laboratory experiments or if they can be translated to humans. Thankfully 
several epidemiological studies with differing approaches are on their way. 
Lastly, if anaesthesia should prove harmful to children, we must plan how to 
avoid such detrimental effects of anaesthesia. 

In greater detail, this thesis could inspire to more research into clonidine as a 
prophylactic agent, preferably comparing clonidine with dexmedethomidine. 
Also a study with both theophylline and caffeine would be very interesting 
to undertake and many other substances that children are exposed to still 
need to be investigated. Sweden is a country that just like Denmark, has 
much available demographic data. It is therefore possible to perform reliable 
epidemiological studies in Sweden. 

Throughout the eight years of this thesis work, the amount of new informa-
tion that has been obtained is staggering. I suspect this is only the beginning. 



 

 46 

Acknowledgements 

I wish to thank my Supervisor, Anders Fredriksson, for his unending support 
and faith. Thank you for not listening when I started to talk about quitting! 
We made it to the end, together! 
 
Torsten Gordh for having the initial idea for the project, enticing me to join 
the group and always believing in both me and the project.  
 
Per Eriksson for keen interest and enthusiasm.  
 
Henrik Viberg for swift responses to questions and articles alike. 
 
Lars Wiklund for allowing me time for research, Sten Rubertsson and An-
ders Larsson for their work to develop our Institution.  
 
Colleagues at the Anaesthesia and intensive care Clinic; many, many of you 
inspire me in my daily work as an anaesthetist. 
 
Richard Bramstaedt who organizes the schedule so that I receive my allotted 
time for research. Despite his title his is neither tardy nor sloppy. 
 
The nurses on the recovery ward who have seen too little of me for far too 
long. 
 
The medical students, residents and nurses in training, who that are both 
inquisitive and humble; they constantly remind me of how much fun it is to 
teach – and to learn. 
 
The choir that make my Mondays long, but lovely; choir leader Gunnar 
Englund for a positive spirit and for introducing me to the world of early 
music. 
 
The “bokbastu” group that sometimes keeps me sane – and clean. Hazze, 
Diane and all the others. 
 
My life is made richer by my many friends; I’d like to especially mention 
Barbara and Josephine and Mats and Christine.   



 

 47

My family: Cons, Samuel and Sebastian who are the three most important 
people in my life. Words cannot sufficiently express the joy, gratitude and 
pride I feel for being part of this family. Finally the time for “Party, Ring and 
Hat” is here. 



 

 48 

References 

1. Prevention and management of pain and stress in the neonate. 
American Academy of Pediatrics. Committee on Fetus and 
Newborn. Committee on Drugs. Section on Anesthesiology. Section 
on Surgery. Canadian Paediatric Society. Fetus and Newborn 
Committee. Pediatrics, 2000. 105(2): p. 454-61. 

2. Bittigau, P., et al., Antiepileptic drugs and apoptotic 
neurodegeneration in the developing brain. Proc Natl Acad Sci U S 
A, 2002. 99(23): p. 15089-94. 

3. Ikonomidou, C., et al., Ethanol-induced apoptotic 
neurodegeneration and fetal alcohol syndrome. Science, 2000. 
287(5455): p. 1056-60. 

4. Davison AN, D.J., Applied Neurochemisty. 1968, Oxford: 
Blackwell. 

5. Sanders, R.D., et al., Dexmedetomidine attenuates isoflurane-
induced neurocognitive impairment in neonatal rats. 
Anesthesiology, 2009. 110(5): p. 1077-85. 

6. Straiko, M.M., et al., Lithium protects against anesthesia-induced 
developmental neuroapoptosis. Anesthesiology, 2009. 110(4): p. 
862-8. 

7. Scallet, A.C., et al., Developmental neurotoxicity of ketamine: 
morphometric confirmation, exposure parameters, and multiple 
fluorescent labeling of apoptotic neurons. Toxicol Sci, 2004. 81(2): 
p. 364-70. 

8. Slikker, W., Jr., et al., Ketamine-induced neuronal cell death in the 
perinatal rhesus monkey. Toxicol Sci, 2007. 98(1): p. 145-58. 

9. Jevtovic-Todorovic, V., et al., Early exposure to common anesthetic 
agents causes widespread neurodegeneration in the developing rat 
brain and persistent learning deficits. J Neurosci, 2003. 23(3): p. 
876-82. 

10. Fredriksson, A., et al., Neonatal exposure to a combination of N-
methyl-D-aspartate and gamma-aminobutyric acid type A receptor 
anesthetic agents potentiates apoptotic neurodegeneration and 
persistent behavioral deficits. Anesthesiology, 2007. 107(3): p. 427-
36. 

11. Cattano, D., et al., Potential of xenon to induce or to protect against 
neuroapoptosis in the developing mouse brain. Can J Anaesth, 2008. 
55(7): p. 429-36. 



 

 49

12. Yon, J.H., et al., Melatonin reduces the severity of anesthesia-
induced apoptotic neurodegeneration in the developing rat brain. 
Neurobiol Dis, 2006. 21(3): p. 522-30. 

13. Ikonomidou, C., et al., Blockade of NMDA receptors and apoptotic 
neurodegeneration in the developing brain. Science, 1999. 
283(5398): p. 70-4. 

14. Eriksson, P. and U. Talts, Neonatal exposure to neurotoxic 
pesticides increases adult susceptibility: a review of current 
findings. Neurotoxicology, 2000. 21(1-2): p. 37-47. 

15. Eriksson, P., Developmental neurotoxicity of environmental agents 
in the neonate. Neurotoxicology, 1997. 18(3): p. 719-26. 

16. Fredriksson, A., et al., Maze learning and motor activity deficits in 
adult mice induced by iron exposure during a critical postnatal 
period. Brain Res Dev Brain Res, 2000. 119(1): p. 65-74. 

17. Eriksson, P., E. Ankarberg, and A. Fredriksson, Exposure to nicotine 
during a defined period in neonatal life induces permanent changes 
in brain nicotinic receptors and in behaviour of adult mice. Brain 
Res, 2000. 853(1): p. 41-8. 

18. Eriksson, P., J. Ahlbom, and A. Fredriksson, Exposure to DDT 
during a defined period in neonatal life induces permanent changes 
in brain muscarinic receptors and behaviour in adult mice. Brain 
Res, 1992. 582(2): p. 277-81. 

19. Rice, D. and S. Barone, Jr., Critical periods of vulnerability for the 
developing nervous system: evidence from humans and animal 
models. Environ Health Perspect, 2000. 108 Suppl 3: p. 511-33. 

20. Yon, J.H., et al., Anesthesia induces neuronal cell death in the 
developing rat brain via the intrinsic and extrinsic apoptotic 
pathways. Neuroscience, 2005. 135(3): p. 815-27. 

21. Hansen, H.H., et al., Mechanisms leading to disseminated apoptosis 
following NMDA receptor blockade in the developing rat brain. 
Neurobiol Dis, 2004. 16(2): p. 440-53. 

22. Young, C., et al., Ethanol causes and lithium prevents 
neuroapoptosis and suppression of pERK in the infant mouse brain. 
Neurobiol Dis, 2008. 31(3): p. 355-60. 

23. Sanders, R.D., et al., Dexmedetomidine provides cortical 
neuroprotection: impact on anaesthetic-induced neuroapoptosis in 
the rat developing brain. Acta Anaesthesiol Scand, 2010. 54(6): p. 
710-6. 

24. Elmore, S., Apoptosis: a review of programmed cell death. Toxicol 
Pathol, 2007. 35(4): p. 495-516. 

25. Blaylock, M., T. Engelhardt, and B. Bissonnette, Fundamentals of 
neuronal apoptosis relevant to pediatric anesthesia. Paediatr 
Anaesth, 2010. 20(5): p. 383-95. 

26. Jevtovic-Todorovic, V., et al., Nitrous oxide (laughing gas) is an 
NMDA antagonist, neuroprotectant and neurotoxin. Nat Med, 1998. 
4(4): p. 460-3. 



 

 50 

27. Franks, N.P. and W.R. Lieb, Molecular and cellular mechanisms of 
general anaesthesia. Nature, 1994. 367(6464): p. 607-14. 

28. Wang, C.Z. and K.M. Johnson, Differential effects of acute and 
subchronic administration on phencyclidine-induced 
neurodegeneration in the perinatal rat. J Neurosci Res, 2005. 81(2): 
p. 284-92. 

29. Solt, K. and S.A. Forman, Correlating the clinical actions and 
molecular mechanisms of general anesthetics. Curr Opin 
Anaesthesiol, 2007. 20(4): p. 300-6. 

30. Liu, C., et al., Potent activation of the human tandem pore domain K 
channel TRESK with clinical concentrations of volatile anesthetics. 
Anesth Analg, 2004. 99(6): p. 1715-22, table of contents. 

31. Bonin, R.P. and B.A. Orser, GABA(A) receptor subtypes underlying 
general anesthesia. Pharmacol Biochem Behav, 2008. 90(1): p. 105-
12. 

32. Lessmann, V., K. Gottmann, and M. Malcangio, Neurotrophin 
secretion: current facts and future prospects. Prog Neurobiol, 2003. 
69(5): p. 341-74. 

33. Webster, M.J., et al., BDNF mRNA expression during postnatal 
development, maturation and aging of the human prefrontal cortex. 
Brain Res Dev Brain Res, 2002. 139(2): p. 139-50. 

34. Climent, E., et al., Ethanol exposure enhances cell death in the 
developing cerebral cortex: role of brain-derived neurotrophic 
factor and its signaling pathways. J Neurosci Res, 2002. 68(2): p. 
213-25. 

35. Han, B.H., et al., BDNF blocks caspase-3 activation in neonatal 
hypoxia-ischemia. Neurobiol Dis, 2000. 7(1): p. 38-53. 

36. Kesslak, J.P., K.R. Chuang, and N.C. Berchtold, Spatial learning is 
delayed and brain-derived neurotrophic factor mRNA expression 
inhibited by administration of MK-801 in rats. Neurosci Lett, 2003. 
353(2): p. 95-8. 

37. Erondu, N.E. and M.B. Kennedy, Regional distribution of type II 
Ca2+/calmodulin-dependent protein kinase in rat brain. J Neurosci, 
1985. 5(12): p. 3270-7. 

38. Rongo, C. and J.M. Kaplan, CaMKII regulates the density of central 
glutamatergic synapses in vivo. Nature, 1999. 402(6758): p. 195-9. 

39. Frankland, P.W., et al., Alpha-CaMKII-dependent plasticity in the 
cortex is required for permanent memory. Nature, 2001. 411(6835): 
p. 309-13. 

40. Oestreicher, A.B., et al., B-50, the growth associated protein-43: 
modulation of cell morphology and communication in the nervous 
system. Prog Neurobiol, 1997. 53(6): p. 627-86. 

41. Sarnat, H.B. and D.E. Born, Synaptophysin immunocytochemistry 
with thermal intensification: a marker of terminal axonal maturation 
in the human fetal nervous system. Brain Dev, 1999. 21(1): p. 41-50. 

42. Valtorta, F., et al., Synaptophysin: leading actor or walk-on role in 
synaptic vesicle exocytosis? Bioessays, 2004. 26(4): p. 445-53. 



 

 51

43. Viberg, H., Neonatal ontogeny and neurotoxic effect of 
decabrominated diphenyl ether (PBDE 209) on levels of 
synaptophysin and tau. Int J Dev Neurosci, 2009. 27(5): p. 423-9. 

44. Wang, J.Z. and F. Liu, Microtubule-associated protein tau in 
development, degeneration and protection of neurons. Prog 
Neurobiol, 2008. 85(2): p. 148-75. 

45. Ma, D., N. Rajakumaraswamy, and M. Maze, alpha2-Adrenoceptor 
agonists: shedding light on neuroprotection? Br Med Bull, 2004. 71: 
p. 77-92. 

46. Winzer-Serhan, U.H. and F.M. Leslie, Expression of alpha2A 
adrenoceptors during rat neocortical development. J Neurobiol, 
1999. 38(2): p. 259-69. 

47. Dahmani, S., et al., Dexmedetomidine increases hippocampal 
phosphorylated extracellular signal-regulated protein kinase 1 and 
2 content by an alpha 2-adrenoceptor-independent mechanism: 
evidence for the involvement of imidazoline I1 receptors. 
Anesthesiology, 2008. 108(3): p. 457-66. 

48. Hoffman, W.E., et al., Clonidine decreases plasma catecholamines 
and improves outcome from incomplete ischemia in the rat. Anesth 
Analg, 1991. 73(4): p. 460-4. 

49. Engelhard, K., et al., The effect of the alpha 2-agonist 
dexmedetomidine and the N-methyl-D-aspartate antagonist S(+)-
ketamine on the expression of apoptosis-regulating proteins after 
incomplete cerebral ischemia and reperfusion in rats. Anesth Analg, 
2003. 96(2): p. 524-31, table of contents. 

50. Huang, R., et al., Dexmedetomidine-induced stimulation of 
glutamine oxidation in astrocytes: a possible mechanism for its 
neuroprotective activity. J Cereb Blood Flow Metab, 2000. 20(6): p. 
895-8. 

51. Maiese, K., et al., Reduction in focal cerebral ischemia by agents 
acting at imidazole receptors. J Cereb Blood Flow Metab, 1992. 
12(1): p. 53-63. 

52. Bickler, P.E. and B.M. Hansen, Alpha 2-adrenergic agonists reduce 
glutamate release and glutamate receptor-mediated calcium 
changes in hippocampal slices during hypoxia. Neuropharmacology, 
1996. 35(6): p. 679-87. 

53. Fredholm, B.B., Astra Award Lecture. Adenosine, adenosine 
receptors and the actions of caffeine. Pharmacol Toxicol, 1995. 
76(2): p. 93-101. 

54. Kang, S.H., et al., Caffeine-induced neuronal death in neonatal rat 
brain and cortical cell cultures. Neuroreport, 2002. 13(15): p. 1945-
50. 

55. Fredriksson, A., et al., Neurofunctional deficits and potentiated 
apoptosis by neonatal NMDA antagonist administration. Behav 
Brain Res, 2004. 153(2): p. 367-76. 



 

 52 

56. Shen, Y. and S. Sangiah, Effects of cadmium and verapamil on 
ketamine-induced anesthesia in mice. Vet Hum Toxicol, 1995. 
37(3): p. 201-3. 

57. Wang, C., et al., Blockade of N-methyl-D-aspartate receptors by 
ketamine produces loss of postnatal day 3 monkey frontal cortical 
neurons in culture. Toxicol Sci, 2006. 91(1): p. 192-201. 

58. Paule, M.G., et al., Ketamine anesthesia during the first week of life 
can cause long-lasting cognitive deficits in rhesus monkeys. 
Neurotoxicol Teratol, 2011. 33(2): p. 220-30. 

59. Cattano, D., et al., Subanesthetic doses of propofol induce 
neuroapoptosis in the infant mouse brain. Anesth Analg, 2008. 
106(6): p. 1712-4. 

60. Johnson, S.A., C. Young, and J.W. Olney, Isoflurane-induced 
neuroapoptosis in the developing brain of nonhypoglycemic mice. J 
Neurosurg Anesthesiol, 2008. 20(1): p. 21-8. 

61. Loepke, A.W., et al., The effects of neonatal isoflurane exposure in 
mice on brain cell viability, adult behavior, learning, and memory. 
Anesth Analg, 2009. 108(1): p. 90-104. 

62. Satomoto, M., et al., Neonatal exposure to sevoflurane induces 
abnormal social behaviors and deficits in fear conditioning in mice. 
Anesthesiology, 2009. 110(3): p. 628-37. 

63. Young, C., et al., Potential of ketamine and midazolam, individually 
or in combination, to induce apoptotic neurodegeneration in the 
infant mouse brain. Br J Pharmacol, 2005. 146(2): p. 189-97. 

64. Wilder, R.T., et al., Early exposure to anesthesia and learning 
disabilities in a population-based birth cohort. Anesthesiology, 
2009. 110(4): p. 796-804. 

65. Sprung, J., et al., Anesthesia for cesarean delivery and learning 
disabilities in a population-based birth cohort. Anesthesiology, 
2009. 111(2): p. 302-10. 

66. DiMaggio, C., et al., A retrospective cohort study of the association 
of anesthesia and hernia repair surgery with behavioral and 
developmental disorders in young children. J Neurosurg 
Anesthesiol, 2009. 21(4): p. 286-91. 

67. Bartels, M., R.R. Althoff, and D.I. Boomsma, Anesthesia and 
cognitive performance in children: no evidence for a causal 
relationship. Twin Res Hum Genet, 2009. 12(3): p. 246-53. 

68. Hansen, T.G., et al., Academic performance in adolescence after 
inguinal hernia repair in infancy: a nationwide cohort study. 
Anesthesiology, 2011. 114(5): p. 1076-85. 

69. Schmued, L.C. and K.J. Hopkins, Fluoro-Jade B: a high affinity 
fluorescent marker for the localization of neuronal degeneration. 
Brain Res, 2000. 874(2): p. 123-30. 

70. Ye, X., et al., Fluoro-Jade and silver methods: application to the 
neuropathology of scrapie, a transmissible spongiform 
encephalopathy. Brain Res Brain Res Protoc, 2001. 8(2): p. 104-12. 



 

 53

71. Ishimaru, M.J., et al., Distinguishing excitotoxic from apoptotic 
neurodegeneration in the developing rat brain. J Comp Neurol, 
1999. 408(4): p. 461-76. 

72. Eriksson, P., T. Archer, and A. Fredriksson, Altered behaviour in 
adult mice exposed to a single low dose of DDT and its fatty acid 
conjugate as neonates. Brain Res, 1990. 514(1): p. 141-2. 

73. Archer, T., et al., Marble burying and spontaneous motor activity in 
mice: interactions over days and the effect of diazepam. Scand J 
Psychol, 1987. 28(3): p. 242-9. 

74. Olton, D.S. and M.A. Werz, Hippocampal function and behavior: 
spatial discrimination and response inhibition. Physiol Behav, 1978. 
20(5): p. 597-605. 

75. Olton, D.S. and B.C. Papas, Spatial memory and hippocampal 
function. Neuropsychologia, 1979. 17(6): p. 669-82. 

76. Lister, R.G., The use of a plus-maze to measure anxiety in the 
mouse. Psychopharmacology (Berl), 1987. 92(2): p. 180-5. 

77. Viberg, H., W. Mundy, and P. Eriksson, Neonatal exposure to 
decabrominated diphenyl ether (PBDE 209) results in changes in 
BDNF, CaMKII and GAP-43, biochemical substrates of neuronal 
survival, growth, and synaptogenesis. Neurotoxicology, 2008. 29(1): 
p. 152-9. 

78. McCann, M.E., et al., Clinical research approaches to studying 
pediatric anesthetic neurotoxicity. Neurotoxicology, 2009. 30(5): p. 
766-71. 

79. Briner, A., et al., Volatile anesthetics rapidly increase dendritic 
spine density in the rat medial prefrontal cortex during 
synaptogenesis. Anesthesiology, 2010. 112(3): p. 546-56. 

80. De Roo, M., et al., Anesthetics rapidly promote synaptogenesis 
during a critical period of brain development. PLoS One, 2009. 
4(9): p. e7043. 

81. Boscolo, A., et al., The abolishment of anesthesia-induced cognitive 
impairment by timely protection of mitochondria in the developing 
rat brain: the importance of free oxygen radicals and mitochondrial 
integrity. Neurobiol Dis, 2012. 45(3): p. 1031-41. 

82. Sanders, R.D. and A. Davidson, Anesthetic-induced neurotoxicity of 
the neonate: time for clinical guidelines? Paediatr Anaesth, 2009. 
19(12): p. 1141-6. 

83. Viberg, H., A. Fredriksson, and P. Eriksson, Changes in 
spontaneous behaviour and altered response to nicotine in the adult 
rat, after neonatal exposure to the brominated flame retardant, 
decabrominated diphenyl ether (PBDE 209). Neurotoxicology, 
2007. 28(1): p. 136-42. 

84. Viberg, H., et al., Dose-dependent behavioral disturbances after a 
single neonatal Bisphenol A dose. Toxicology, 2011. 290(2-3): p. 
187-94. 



 

 54 

85. Westin, B.D., et al., Validation of a preclinical spinal safety model: 
effects of intrathecal morphine in the neonatal rat. Anesthesiology, 
2010. 113(1): p. 183-99. 

 
 





�+
	�,�������
	
���,��	�������
��������	
��������������������
�������������������
��
�
��������������
��������������

��
��)�����-�	���.�
���/	+��
0��.�����+���

����+
��	��������
	
����.��1�
���/	+��
0��.�����+���2�,���	�	
,�������
02�������	��0�	���11	�0��.�	���1*����.��	����3���.�4
+�������.�
���+�1���
��������
	
����	���5��
�	
�1	�����4�����
����	�+����*�	����2�4�����
�����11	�0�	�����������
��*�
��
��
���	
���	��0�
����6��
����������-�6�
	��7�1����������
��11	������.�,���	�	�-�����
	
�����.��1�
���/	+��
0��.
����+���3

-��
��*�
���)���*��+	
����3��3��
���)�*�)��)��)���	# �(�% 

����
����	
�������
�����	����
������

����


	Abstract

