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The variation in response to most anaesthetics and analgesics is currently still a 
poorly understood phenomenon. Besides environmental influences, differences in 
response may also be caused by genetic factors. Once the genetic components 
underlying this variation have been identified, it could offer insight into the 
molecular background of anaesthetic and analgesic action. In the following 
paragraphs an overview is presented on several animal models that have frequently 
been used to study the genetic background of differences in response to 
anaesthetics and analgesics. Next, background information is presented on the 
genetic dissection of complex traits through the use of QTL analysis. Finally, the 
rationale for the studies described in this thesis and the scope of the thesis is 
presented.  
 
Animal models for differential response to anaesthetics and analgesics 
 
Many animal models for the study of anaesthetic and analgesic drug response have 
originated from selection processes that focus on differential drug sensitivity. The 
breeding lines were derived from spontaneous and induced mutagenic processes, 
selectively bred lines and inbred lines possessing inherent differential drug 
sensitivities. The primary focus of the studies reported in the literature is on the 
general anaesthetic and analgesic drugs that are commonly used in the animal 
anaesthesia setting. These are drugs such as the inhalational agents (halothane, 
isoflurane, sevoflurane, enflurane and nitrous oxide), the intravenous induction 
agents (propofol, pentobarbital and diazepam) and the opiate analgesics (morphine, 
buprenorphine).  

Below, an overview is presented of existing model systems in the most 
frequently studied animal species: the mouse (Mus musculus), rat (Rattus 
norvegicus) and rabbit (Oryctolagus cuniculus).  
 
Inbred mouse strains 
A number of studies have reported on the differences in response to ethanol, 
pentobarbital and diazepam in a large group of inbred mouse strains (Crabbe et al. 
1994, Crabbe et al. 1998, Crabbe et al. 2002). Behavioural parameters such as 
locomotor activity, rearing and rotarod ataxia were assessed following the 
administration of these drugs. The results from these studies indicate that the 
genetic determinants of the response to the particular drug are specific to the 
particular response variable studied. For example, those strains sensitive to the loss 
of righting reflex induced by higher doses of ethanol showed reduced activity in 
the open field at lower doses and were more sensitive to ethanol-induced decreases 
in rearing (Crabbe et al. 1994).  

The potency of three inhalational anaesthetics (halothane, isoflurane and 
desflurane) was determined in a number of mouse strains that were used as genetic 
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models in the Human Genome Project (Sonner et al. 2000). Significant strain 
differences were observed in the minimum alveolar concentration (MAC) which 
was normally, but not randomly, distributed among the strains. This finding 
supported the view that multiple genes, rather than a single gene, underlie the 
differences in the sensitivity for these anaesthetics. 

Several studies have reported marked variations in morphine antinociception 
between the insensitive C57BL/6 (B6) and sensitive DBA/2 (D2) inbred mouse 
strains on the hot-plate assay (Belknap et al. 1989, Belknap et al.1990). The degree 
of analgesia was quantified by placing the mouse on a hot surface (49-56 °C) and 
recording the latency of a behavioral end point, usually paw licking or jumping. 
 
Selected mouse lines 
Besides the differences found in anaesthetic and analgesic response between 
existing inbred strains, there are also lines that have been specifically selected for 
this purpose. Selected rodent lines are produced by breeding schemes specifically 
designed to enrich for alleles of genes responsible for extreme phenotypes of 
anaesthetic response, both resistant and sensitive. In a genetically heterogeneous 
population of mice, the animals with the most extreme response are selected and 
used as parents for the next generation. This selection process continues for 
multiple generations, with testing in each generation to identify the extreme 
responders and to use these mice as parents for the next generation. The selection is 
completed when there is no further divergence in the response in the offspring. 
The response of these lines to inhalational and intravenous agents was assessed by 
observing ataxia or the loss of righting reflex (LORR). Examples of these lines are 
the high anaesthetic requirement (HI) and low anaesthetic requirement (LO) mice; 
the diazepam sensitive (DS) and resistant (DR) mice and the long sleep (LS) and 
short sleep (SS) mice (Koblin et al. 1980, McCrae et al. 1991, Simpson et al. 
1993). Examples of selected mouse lines used for analgesic response to opiates are 
the high (HA) and low (LA) swim stress-induced analgesia (Mogil et al. 1994) 
 
Recombinant inbred mouse strains 
Traditionally, recombinant inbred (RI) strains are developed by mating F2 
offspring generated from two existing parental inbred strains. The offspring is 
subsequently bred by brother-sister mating for a total of 20 generations to produce 
a number of inbred RI strains. Alternate breeding schemes can be used, e.g. 
members of the Complex Trait Consortium developed a large panel of eight-way 
RI mouse strains (Broman, 2005). Examples of RI mouse strains used in 
anaesthetic and analgesic response studies are the LXS RI  strains (Williams et al. 
2004) and the BXD RI strains (Belknap & Crabbe 1992). The BXD RI strains are 
derived from an F2 cross of the C57BL/6J and DBA/2J parental inbred strains and 
were used to study the responses to morphine and nitrous oxide. RI strains have 
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proven to be very useful in identifying and provisionally mapping gene loci 
responsible for drug response. 
 
Inbred and outbred rat strains 
Differential sensitivities were established in the analgesic effect of morphine and 
the partial µ-receptor agonists buprenorphine, nalbuphine and butorphanol between 
the F344 and LEW inbred rat strains. Using the tail withdrawal test, the analgesic 
responses were generally more potent in F344 than LEW males, whereas no 
consistent differences were observed between females of both strains (Cook et al. 
2000).  

The outbred Sprague-Dawley (SD) rat and the inbred Dark Agouti (DA) rat 
differ significantly in the analgesic response to codeine. This appears to be due to 
pharmacokinetic rather than central nervous system differences. The 
biotransformation of codeine to morphine is catalyzed by cytochrome P4502D1 
(CYP2D1) and is necessary to obtain any analgesic effect from codeine. As the 
female DA rat does not produce CYP2D1 the tail flick test did not show any 
analgesia in response to codeine (Cleary et al. 1994).  
 
Selected rat lines 
Selectively bred rat lines for differential ethanol sensitivity also show diverging 
sensitivities to other anaesthetic agents. The high alcohol sensitivity (HAS) and 
low alcohol sensitivity (LAS) rats retain differential sensitivities to halothane, 
isoflurane, enflurane, pentobarbital and ketamine (Draski et al. 1992, Deitrich et al. 
1994, Draski et al. 1995).  

These results differ from those found in the LS and SS mice, in which no 
differences were observed between the lines in response to halothane (Baker et al. 
1980) and the least ethanol sensitive SS strain exhibiting a higher sensitivity to 
pentobarbital than the LS strain (O’Connor et al. 1982). 
 
Chromosome substitution rat model 
Chromosome substitution models may serve to identify specific regions of the 
genome (i.e. chromosomes) responsible for different physiological responses to 
various anaesthetic agents (Stekiel et al. 2004, Stekiel et al.2006, Stekiel et 
al.2007). Dahl Salt Sensitive rats (SS/JrHsdMcwi, abbreviated as SS) exhibit 
significantly greater cardiovascular sensitivity to both volatile and parenteral 
anaesthetics than do rats of the Brown Norway strain (BN/NhsdMcwi, abbreviated 
as BN). A unique panel of chromosome substitution strains (also called consomic 
strains or lines) based on these SS and BN parentals was constructed. The 
consomics were produced by introgression of individual BN chromosomes into an 
otherwise unchanged SS genetic background. Solely substitution of BN 
chromosome 13, but not of any other BN chromosome, reversed the enhanced 
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anaesthetic sensitivity to pentobarbital (Stekiel et al. 2006) and propofol (Stekiel et 
al. 2007) in SS rats to the level of BN rats. For volatile anaesthetics this was the 
case when BN chromosome 16 was substituted (Stekiel et al. 2004)  

Chromosome substitution strains are not suitable for studies on epistatic 
interactions between QTLs on different chromosomes (i.e. identifying the 
chromosomes that contain the QTLs that interact with each other), but are a 
sensitive method in the search for additive QTLs or interacting QTLs on the same 
chromosome with relative small effects. Other mapping populations (i.e. F2 
intercross, RI strains, recombinant congenic strains) are more ideal for detecting 
interchromosomal, interlocus interactions. 
 
Rat strains used in this study 
The inbred rat strains used in this thesis were selected based on a number of 
criteria: i) phylogenetically distant strains; ii) extensively used strains; iii) inclusion 
of both albino and pigmented rat strains. The strains thus selected were the 
pigmented ACI/SegHsd, BN/RijHsd and COP/OlaHsd. The albino strains were 
F344/NHsd, LEW/HanHsd, SHR/NHsd, WAG/RijHsd and WKY/NHsd. Studies 
on the variability in the anaesthetic response among some rat strains were 
conducted in the 60’s and 70’s of the previous century. Since then many new 
classes of anaesthetics (α2-adrenoceptor agonists, NMDA receptor antagonists, 
etc.) were developed. One of the aims of this thesis was therefore the 
characterization of the strains mentioned above for the response to representatives 
of the new anaesthetic drug classes. 
 
Rabbit inbred strains 
The rabbit has been used less frequently for studying differences in response to 
anaesthetics and analgesics. Yet, the rabbit displays a high intraspecies variability 
in response to many anaesthetics (Flecknell 1996) which makes it a suitable model 
to study the genetic background of this response. 

In the present study we have used two rabbit inbred strains (AX/JU and 
IIIVO/JU). These two strains had previously been used in several studies that 
revealed marked differences in a variety of traits (Fox RR 1975, Meijer G 1991, 
Korstanje 2000). An overview of these differences is presented in Table 1. The 
probability of finding significant differences between both rabbit strains in 
response to anaesthetics was therefore considered high. In order to increase the 
likelihood of obtaining significant strain response differences even further, 
anaesthetics were selected that act via different receptor pathways (α2 receptor 
agonists, NMDA receptor antagonists and GABA agonists). 
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Table 1. Some strain characteristics of AX/JU and IIIVO/JU (From Van Haeringen 
2002) 
 

Trait AX/JU IIIVO/JU 
Cholesterol Susceptibility- Serum cholesterol response High Low 
Cholesterol Susceptibility- Development of atherosclerosis + - 
Liver copper level High Low 
Serum complement level (C3) Low High 
Serum corticosteroid level High Low 
Renal cysts - + 
Ovarian haemorrhages + - 

 
The strains originate from the Jackson Laboratory breeding colonies where a 
difference between the strains, formerly indicated as AX/J and IIIVO/J, in response 
to dietary cholesterol was first observed by Van Zutphen and Fox (1977). In 1983, 
The Jackson Laboratory stopped the research on rabbits. Breeding pairs of IIIVO/J 
(F>0.99) and AX/J (F>0.80) were taken over by Van Zutphen, who continued 
inbreeding at the Department of Laboratory Animal Science at Utrecht University. 
Since their arrival in Utrecht the two strains are indicated as IIIVO/JU and AX/JU 
and have been propagated by strictly brother x sister mating. From 1983 to 2005, 
AX/JU and IIIVO/JU have been inbred for more than 18 generations. In Figure 1 
an individual of each of the two inbred strains is shown.  

 
Fig. 1 An individual of the AX/JU (left) and IIIVO/JU (right) rabbit inbred strain 
 
As both strains possess a high coefficient of inbreeding, the strains can be used for 
intercross studies to localize candidate genes. A disadvantage of using the rabbit’s 
offspring for phenotyping purposes is the long generation interval compared to 
mice and rats.  
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QTL analysis and positional candidate genes 
 
Once significant strain differences in response to anaesthetic and analgesic drugs 
have been established, the localization of candidate genes responsible for these 
differences can be determined through the use of quantitative trait locus (QTL) 
analysis. The principal method of mapping genes and QTLs involved in a 
(quantitative) trait (e.g. anaesthetic response) is based on crosses between the 
inbred strains that differ in this trait. An F1 generation is produced by (reciprocal) 
matings of the parental strains. A genetically uniform population is created, as all 
F1-animals are heterozygous for many genes, including the QTLs responsible for 
the trait of interest. A genetically heterogeneous F2 offspring is formed by 
intercrossing animals of the F1 generation. The genetic heterogeneity can be 
visualized by genotyping genetic markers (Lander & Botstein 1989).  

Genetic markers based on amplified fragment length polymorphisms (AFLP) 
are exceptionally useful for QTL mapping in species, like the rabbit, for which no 
dense microsatellite map is available. They are highly polymorphic and are 
randomly distributed throughout the genome. The AFLP technique which leads to 
the detection of AFLP markers is based on the combined used of restriction 
enzymes and selective PCR primers (Vos et al. 1995). Multiple polymorphisms are 
simultaneously visualized without the need of information beforehand on genomic 
sequences. These polymorphisms predominantly consist of presence/absence 
polymorphisms (dominant/recessive markers). However, with refined 
quantification procedures, heterozygosity can also be identified. If a QTL is located 
near a genetic marker, the chance of recombination in F1 gametocytes is small. So, 
in the majority of F2 animals, the parental QTL and marker allele will remain 
coupled on the chromosome. Evidence for a QTL is based on the LOD score, 
indicating the log base 10 of the odds favouring linkage (Lander & Botstein 1989).  

Due to genomic conservation among species it is possible to compare the 
genetic maps of different species. Candidate genes may be detected by comparing 
the chromosomal segments that contain a QTL with the homologous segments of a 
species in which more genes have been mapped. Recently, complete rabbit-human 
homology maps were constructed using reciprocal chromosome painting 
(Korstanje 2000). This will greatly aid in rabbit gene mapping as humans are 
among one of the best mapped species. 
 
Scope of this thesis 
 
The studies presented in this thesis have been conducted in order to create further 
insight in the variability found in response to anaesthetics and analgesics in 
laboratory animal species. Genetic analysis can clarify the molecular pathways 
involved in the response to anaesthetic and analgesic drugs. Once the genetic 
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factors underlying this response have been identified, this knowledge can be used 
to specify anaesthetic and analgesic protocols according to the strain’s background. 
In addition, fast and slow metabolizers of anaesthetics and analgesics can be 
identified and doses adjusted accordingly. 

This thesis primarily deals with the identification of rabbit and rat strain 
differences in response to anaesthetics and analgesics. The results from this thesis 
can be used for the localization and identification of genes involved in this 
response. In Chapter 2 the differences in sleep time to three drugs used in 
anaesthetic protocols (propofol, ketamine and medetomidine) between the inbred 
rabbit strains AX/JU and IIIVO/JU are presented. As medetomidine evoked the 
most contrasting response, this anaesthetic drug was selected for a 
biotransformation study in the two strains (Chapter 3). An AFLP linkage map was 
then constructed by genotyping an F2-intercross progeny (AX/JU x IIIVO/JU/F1 x 
F1) followed by a QTL analysis to identify candidate genes for the formation rate 
of medetomidine metabolites (Chapter 4). In Chapter 5 the response of eight rat 
inbred strains to a selection of anaesthetics and analgesics was determined using 
sleep time and tail withdrawal test. In Chapter 6 differences in the behavioural 
response to buprenorphine were determined in the contrasting ACI and BN inbred 
rat strain in order to provide an additional parameter for future QTL analysis.  
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Abstract  
 
The large intraspecies variability of the response to anaesthetics in rabbits may 
partly be due to variations in genetic background. The aim of the present study was 
to determine differences in the response of the AX/JU and IIIVO/JU inbred rabbit 
strain to four frequently used drugs in anaesthetic protocols. Eight 
rabbits/strain/sex were injected intravenously with propofol (15 mg/kg), ketamine 
(20 mg/kg) and medetomidine (0.15 mg/kg) respectively using a cross over design. 
In addition the female rabbits of both strains were injected with iv xylazine (5 
mg/kg). The latency until loss of righting and the duration of loss of righting of the 
rabbit were used to determine the anaesthetic response. Male and female rabbits of 
the IIIVO strain had a significantly longer duration of loss of righting than rabbits 
of the AX/JU strain when propofol and ketamine were administered. 
Medetomidine did not induce loss of righting in all male and six female rabbits of 
the AX/JU strain. The two female AX/JU rabbits that did lose the righting reflex 
had a considerably prolonged latency and shortened duration of loss of righting 
compared to the female IIIVO/JU rabbits. The administration of xylazine induced 
severe excitation in two AX/JU rabbits. We conclude that the response to propofol, 
ketamine and medetmodine is higher in rabbits of the IIIVO/JU strain than in 
rabbits of the AX/JU strain. The results from this study can be used in future 
studies where quantitative trait loci for the sensitivity to anaesthetic drugs are 
localized. 
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Introduction 
 
Despite the emergence of inhalation anaesthesia during experimental procedures in 
rabbits, the need for reliable injectable anaesthetics remains undiminished. Apnoea 
during induction with volatile anaesthetic agents (Flecknell et al. 1996, Flecknell et 
al.1999, Hedenqvist et al. 2001a), and detrimental effects to personnel due to 
inadequate waste gas scavenging (Borkowski et al. 1990) are arguments in favour 
of the use of injection anaesthesia in rabbits. Unfortunately rabbits display a few 
characteristics that make the use of all anaesthetics a challenging one: i) 
widespread pre-existence of pulmonary pathology due to Pasteurella multocida 
resulting in respiratory failure during anaesthesia; ii) post-operative prolonged 
inappetence and subsequent gastro-intestinal stasis and in particular iii) the wide 
intra-species variability to the depressant effects of anaesthesia (Flecknell 1996, 
Cantwell 2001). Henke et al. (2005) failed to produce adequate surgical 
anaesthesia in Chinchilla cross-bred rabbits using a combination of medetomidine 
(0.25 mg/kg) and ketamine (35 mg/kg) whilst Hedenqvist et al. (2001b) achieved 
surgical anaesthesia in New Zealand White rabbits using the same dose of 
medetomidine and an even lower dose of ketamine (15 mg/kg). Pigmented outbred 
rabbits also receiving a ketamine/medetomidine (0.50 mg/kg) combination with 
dose rates of ketamine being as high as 75 mg/kg were not all surgically 
anaesthetized (Nevalainen et al. 1989). In other species such as mice and rats the 
genetic basis of intra-species variability in response to anaesthetics has been 
established through the use of selectively bred lines (Deitrich et al. 1994, Liu & 
Deitrich 1998, Simpson et al. 1998, Downing et al. 2003). In humans interethnic 
variability in anaesthetic drug response has also been reported (Ortolani et al. 2001, 
Ortolani et al. 2004a, Ortolani et al. 2004b). As yet, no strain specific studies on 
the response to anaesthetic drugs in rabbits have been performed. Apart from 
genetic differences the gender of an animal can also influence the response to 
anaesthetics (Neiger-Aeschbacher 2002). The present study describes the response 
of two inbred rabbit strains to injectable anaesthetics. The anaesthetics used in the 
study were selected for their usefulness in rabbit anaesthesia as well as their 
receptor action specificity (GABA, NMDA, α1/α2adrenoceptor). All substances 
were also selected for the possibility to be injected intravenously to rule out 
differences in individual bioavailability of the anaesthetic drug (Pugh 1991). 
 
 
Materials and methods 
 
Animals 
The experiments with female rabbits were completed five months later than the 
experiments with male rabbits. Sixteen male rabbits, aged one to two years, and 
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sixteen female rabbits, aged two to four years, were used. Eight rabbits of each 
gender were of strain IIIVO/JU and the other eight of each gender were of strain 
AX/JU. The age of the male and female rabbits could not be matched since the 
available younger females were needed for breeding purposes. The strains 
(formerly called AX/J and IIIVO/J) had originated from the Jackson Laboratory 
colony, Bar Harbor, Maine, USA. In 1983, the Jackson Laboratory stopped 
research on rabbits and breeding pairs were taken over by our department. Since 
their arrival in Utrecht, the two strains are indicated as IIIVO/JU and AX/JU and 
have been propagated by strictly brother x sister mating. From 1983 to 2002, 
AX/JU and IIIVO/JU were thus inbred for more than 17 generations (F >0.95 for 
both strains).  

The protocols of the experiments were approved by the Animal Experiments 
Committee of the Academic Biomedical Centre Utrecht. 
 
Husbandry during experiment 
The rabbits were housed individually on 15 g/100 cm2 sawdust (Lignocel ¾®, 
Rettenmaier & Söhne, Ellwangen-Holzmühle, Germany) at the Central Laboratory 
Animal Institute, Utrecht in a conventional unit. Lighting (light from 7.00 to 19.00 
h), temperature (16 to 19°C) and relative humidity (55 to 75 per cent) was 
controlled. The ventilation rate was 12-13 air exchanges per hour. The rabbits were 
fed restricted amounts (100 g/day per animal) of commercial pellets (LKK-20®, 
Hope Farms, Woerden, The Netherlands) and grass sticks were provided for 
dietary fibre supplementation and enrichment purposes. Acidified water 
(approximate pH 2·5) was provided ad libitum. The animals were fasted overnight 
before the anaesthetic was administered. 
 
Study design 
Each rabbit was subjected to all three anaesthetics according to a cross-over design 
(the animals undergo the different treatments consecutively: A-B-C-D). In order to 
eliminate possible carry-over effects, a minimum wash-out period of one week 
between treatments was incorporated. The doses used were based upon those 
reported in the literature (Glen 1980, Green et al. 1981, Zornow 1991, Aeschbacher 
& Webb 1993, Flecknell 1996, Raekallio et al. 2002) and on preliminary 
experiments. Boli of propofol [GABA receptor agonist](Rapinovet® 15 mg/kg, 
Schering-Plough, Utrecht, The Netherlands; treatment ‘A’), ketamine [NMDA 
receptor antagonist](Narketan® 20 mg/kg, Vétoquinol, ‘s Hertogenbosch, The 
Netherlands; treatment ‘B’) and medetomidine [α2 adrenoceptor agonist](Domitor® 
0.15 mg/kg, Pfizer, Capelle a/d IJssel, The Netherlands; treatment ‘C’) were 
infused over 30 seconds using a pump (B-D Pilot A, Becton Dickinson), via the 
marginal ear vein. In the female rabbits xylazine [α2/α1 adrenoceptor 
agonist](Sedamun® 5 mg/kg, AUV, Cuijk, The Netherlands; treatment ‘D’) was 
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added to the study as the males had previously shown remarkable strain differences 
in response to medetomidine. Despite that xylazine has a 16 fold lower binding 
affinity to α2 receptors compared to medetomidine (Virtanen et al. 1988), the 
question arose whether the response to xylazine would be equally divergent 
between the two strains. The animals were placed on a heated (39 °C) and tilted 
table (at an angle of 40°) to facilitate the detection of loss of righting. As soon as 
the animals had lost their righting reflex ophthalmic ointment (Duodrops, Céva 
Santé Animale, Naaldwijk, The Netherlands) was applied to the eyes to prevent 
corneal desiccation or abrasions. During the experiment the light was dimmed, 
noise influence was minimised and physical contact with the animals was avoided 
to ensure that anaesthesia was not disturbed. The behaviour of the animal was 
observed from induction to recovery and noted accordingly. The times taken for 
loss and regaining of righting reflex were recorded. The righting reflex was defined 
as the ability of the animal to keep the sternal recumbent position when the table 
was tilted 40° laterally.   
 
Statistical analyses 
Results are presented as means with SD. The data were tested for normality using 
the Kolmogorov-Smirnov test, and strain means differences were compared using a 
two-tailed Student’s t test. The level of p<0.05 was considered to be statistically 
significant. Two side probabilities were estimated throughout. All statistical 
analyses were carried out according to Petrie & Watson (1999) using a SPSS 
computer program (SPSS Inc., Chicago, IL, USA).  
 
 
Results 
 
The mean latencies (time between injection and loss of righting) using propofol 
and ketamine were not significantly different between both strains in males (Fig. 
1a) as well as in females (Fig. 2a). In contrast, medetomidine did induce loss of 
righting in the IIIVO/JU strain whilst all male and six female members of the 
AX/JU strain remained in the upright position even after repeated attempts to 
manually force them into lateral recumbence (Figs. 1a and 2a). The individual 
latencies of the two female AX/JU rabbits that did lose the righting reflex were 
considerably higher (>550 sec.) than the mean latency of the IIIVO/JU females 
(130 ± 54 sec.). It must be noted however that all rabbits of the AX/JU strain did 
seem to exhibit other signs of sedation soon after injection with medetomidine such 
as lowering of the 
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Figure 1. Strain specific response to propofol, ketamine and medetomidine in male IIIVO/JU and 
AX/JU rabbits (n=8/strain). (a) Latency until loss of righting; (b) Duration of loss of righting. Results 
are presented as means + SD. (*) Paired Student’s t-test; in all other cases, the unpaired Student’s t-
test was used. 
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Figure 2. Strain specific response to propofol, ketamine and medetomidine in female IIIVO/JU and 
AX/JU rabbits (n=8/strain). (a) Latency until loss of righting. For medetomidine the individual 
latencies of the two AX/JU rabbits which lost the righting reflex are shown; (b) Duration of loss of 
righting. For medetomidine the AX/JU rabbits which did not lose the righting reflex were considered 
to have a duration of 0.0 seconds. Results are presented as means + SD (for duration of medetomidine 
based on n=2 AX/JU rabbits) 
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head and reduced locomotor activity. Increasing the dose of medetomidine to 0.30 
mg/kg did not result in loss of righting in the male AX/JU rabbits.  
Male and female rabbits of the IIIVO/JU strain had a significantly longer mean 
duration of loss of righting than the AX/JU strain when propofol or ketamine was 
used to induce anaesthesia. This also counts for medetomidine when the duration 
of loss of righting in IIIVO/JU animals is compared with this parameter in the two 
female AX/JU rabbits that lost the righting reflex (Figs. 1b and 2b). 

Both induction and recovery from propofol and medetomidine were uneventful 
for both strains and sexes. Ketamine induction resulted quite often in vigorous 
mastication and subsequent salivation in both strains. The administration of 
xylazine induced severe excitation during induction of anaesthesia in one AX/JU 
female rabbit resulting in a vertebral fracture after which the animal was 
euthanased. As subsequent administration of xylazine to a second AX/JU female 
induced similar signs, the anaesthetic drug was discontinued during the remainder 
of the experiment in the AX/JU rabbits. Induction and recovery from xylazine in 
the IIIVO/JU female rabbits was uneventful. The mean ± SD for latency until loss 
of righting was 168 ± 42 seconds; the mean ± SD for duration of loss of righting 
was 50 ± 12 minutes. 

No infections of the injection site or loss of appetite were observed during the 
course of the treatment period. Rabbits of both strains and sexes remained at a 
stable body weight throughout the experiment. 
 
 
Discussion 
 
This study clearly demonstrates differences in response to the anaesthetic drugs 
tested between the two inbred rabbit strains. Although no strain differences were 
observed in the latency until loss of righting for propofol and ketamine, the 
duration of the loss of righting with these anaesthetics was consistently higher in 
the IIIVO/JU strain compared to the AX/JU strain. Medetomidine did not induce 
loss of righting in all of the tested AX/JU males. Even after doubling the dose in a 
separate experiment (one week wash-out) the rabbits could not be forced into 
lateral recumbence. Further increases in dosage were not attempted as it has been 
shown that once the dosage of medetomidine exceeds a ceiling point this does not 
result in an increase in the level of sedation (MacDonald & Virtanen 1992). 
Although two female AX/JU rabbits did lose the righting reflex after medetomidine 
their latencies compared to the mean latency of the IIIVO/JU strain females 
indicates a far lesser sensitivity to the anaesthetic effects. A marked increase in 
blood catecholamine levels is measured in rabbits predisposed to stress (Gorbunova 
et al. 1982). The AX/JU rabbit strain displays a deficient stress coping strategy 
(Papaioannou et al. 2000). Possibly due to competitive occupation of receptor sites 
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by catecholamines (Raekallio et al. 2002) in the AX/JU rabbit, the sedative 
response to medetomidine is much less than in the stress resistant IIIVO/JU strain.  

Xylazine, in contrast to medetomidine, is considered a non-selective α2-agonist 

and exerts its actions on both α1 and α2 adrenoreceptors. The dose of xylazine in the 
present study was chosen based on limited experimental evidence using xylazine as 
a mono-anaesthetic (Sanford & Colby 1980, Flecknell 1996, Cantwell 2001). The 
hyperexcitatory response to the effects of xylazine in the AX/JU females has not 
previously been reported to occur in the rabbit. Drawing conclusions from this 
observation can therefore not be justified.  

With all anaesthetic drugs used, the response of the IIIVO/JU when compared 
to the AX/JU rabbit strain, is higher. One could hypothesize that the response to the 
anaesthetics tested are thus in part governed by a common mode of action. In 
recent years a theory has emerged that a large proportion of anaesthetic drugs can 
exert its action through identical molecular pathways. Experimental evidence has 
shown that not only ketamine but also other anaesthetics can directly or indirectly 
disrupt NMDA-dependent processes thereby establishing a lower state of 
consciousness (For review see Flohr et al. 1998). Voltage gated potassium 
channels (Kv channels) play an essential role as regulators of electrical neuronal 
activity. It has been shown that ethanol and anaesthetics such as propofol and 
ketamine can block these channels (Covarrubias & Rubin 1993, Covarrubias et al. 
1995, Nilsson et al. 2003). These findings support the view that Kv channels are 
involved in general anaesthesia.  

The mechanisms involved in the strain differences found in this study may be 
receptor related, or may be attributable to differences in biotransformation Further 
elucidation of the cause of the strain differences will require metabolic enzyme 
assays or receptor density studies.  

Genetic analysis to localise quantitative trait loci involved in the strain-specific 
responses may lead to the detection of candidate genes, and may thus contribute to 
detect which mechanism is responsible for the strain-specific response. 
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Abstract  
 
Medetomidine is an α2-adrenoceptor agonist with sedative and analgesic properties. 
Previously we demonstrated significant differences in the response to 
medetomidine between two inbred rabbit strains, denoted IIIVO/JU and AX/JU. 
The aim of the present study was twofold: first, to compare the hepatic CYP450 
enzyme activities between these rabbit strains (n=13(6♂♂,7♀♀)/strain). To this 
end, liver microsomes were incubated with known fluorescent substrates for the 
major drug-metabolizing CYP450 isoforms. A comparison of the obtained results 
indicated significant gender differences as well as differences between the two 
rabbit inbred strains. Secondly, the biotransformation rate of medetomidine in liver 
microsomes of both rabbit strains was determined using liquid chromatography 
coupled to tandem mass spectrometry. The rate of hydroxymedetomidine and 
medetomidine carboxylic acid formation was found to be significantly higher in the 
AX/JU strain. Specific CYP2D and CYP2E inhibitors could decrease the formation 
of both metabolites. Significant correlations were found between the rate of 
biotransformation of medetomidine and the activities of CYP2D and CYP2E, as 
well as between CYP450 enzyme activities and the anaesthetic response to 
medetomidine. 
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Introduction 
 
Medetomidine (d,l-4-[1-(2,3-dimethylphenyl)ethyl]-1H-imidazole) is an analgesic 
sedative licensed in large parts of the European Union for use in dogs and cats 
(Domitor®, Pfizer) but applied as a premedicant in many other mammalian species 
(Jalanka 1989). Its use in pre-anaesthetic combinations for rabbits during 
experimental procedures is increasing (Difilippo et al. 2004, Williams & Wyatt 
2007). It is marketed as a racemic mixture of two stereo-isomers: dextro-
medetomidine and levo-medetomidine. Dextro-medetomidine is considered to be 
the pharmacologically active enantiomer (Kuusela et al. 2000). Medetomidine can 
be described as a full agonist at pre-and postsynaptic α2-adrenoceptors both in the 
peripheral vasculature and in the central nervous system. Following administration, 
a dose-dependent reduction of norepinephrine release and turnover is induced in 
the CNS, resulting in a characteristic pattern of pharmacological responses 
including a modulation of the blood pressure, bradycardia, hypothermia, mydriasis, 
hyposalivation, analgesia and sedation (Virtanen et al. 1988, Scheinin et al. 1989). 
Medetomidine is extensively metabolized in all species tested, only traces of the 
dose are excreted unchanged in the urine (Salonen 1989). The metabolites of 
medetomidine are devoid of α-receptor activity and hence the rate of 
biotransformation of the parent compound determines the duration of its clinical 
effect (Salonen & Eloranta 1990). 

In previous studies, the anaesthetic response of two inbred strains of rabbits 
was determined following an i.v. bolus (0.15 mg/kg) of medetomidine. Significant 
strain differences were observed in the duration of loss of righting in male 
(Avsaroglu et al. 2003) and female rabbits of the AX/JU and IIIVO/JU inbred 
strain (Avsaroglu 2008). These strain differences may be attributable to differences 
in the metabolism of medetomidine, however, the biotransformation pathways of 
medetomidine in rabbits have not yet been studied. Based on data from studies in 
other animal species, metabolism by several routes can be anticipated. One of the 
possible pathways is through an initial cytochrome P450 (CYP)-catalyzed phase I 
hydroxylation, followed by either oxidation to medetomidine carboxylic acid or 
phase II O-conjugation with glucuronic acid or sulfate as previously demonstrated 
in rats (Salonen & Eloranta 1990). 

The aim of the present study was two-fold. Firstly, catalytic activities of 
different CYP isoforms in liver microsomes isolated from the AX/JU and IIIVO/JU 
rabbit inbred strains were measured to identify strain differences. For this purpose 
a rapid screening fluorometric assay recently developed for human CYP 
investigation was used. The specificity of the probes used in this assay was 
demonstrated with specific inhibitors. The second aim of the study was to 
determine differences in biotransformation rate of medetomidine between the two 
rabbit strains and to correlate these to the observed CYP isoenzyme activities and 
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the differences in anaesthetic response to medetomidine as obtained in previous 
studies. To this end, metabolite analysis of incubated rabbit microsomes obtained 
from animals of both genders and both inbred strains with medetomidine was 
performed using liquid chromatography/tandem mass spectrometry (LC-MS/MS). 
Known CYP inhibitors were added to the metabolite assays as a proof of principle 
for the involvement of individual CYP isoenzymes in the biotransformation of 
medetomidine. 
 
 
Materials and methods 
 
Drugs and chemicals 
3-[2-(N,N-diethylamino)ethyl]-7-hydroxy-4-methylcoumarinhydrochloride 
(AHMC), 3-[2-(N,N-diethyl-N-methylamino)ethyl]-7-methoxy-4-methylcoumarin 
(AMMC), dibenzylfluorescein (DBF) and 7-hydroxy-4-trifluoromethylcoumarin 
(7-HFC) were obtained from BD Gentest (Woburn, MA, USA). Aniline, 
dextromethorphan, diethyldithiocarbamic acid (DDTC), 7-ethoxy-4-
trifluoromethylcoumarin (EFC), fluorescein, furafylline, glucose-6-phosphate, 
imipramine, ketoconazole, 7-methoxy-4-trifluoromethylcoumarin (7-MFC), 4-
methylpyrazole, metyrapone, NADP, sulfaphenazole, tranylcypromine and 
quinidine were all obtained from Sigma Chemical Co. (St. Louis, MO, USA). 3-
Cyano-7-ethoxycoumarin (CEC) and 3-cyano-hydroxycoumarin (CHC) were 
obtained from Ultrafine Chemicals (Manchester, UK). Quercetin was obtained 
from Indofine Chemical Company. Glucose-6-phosphate dehydrogenase was 
obtained from Roche Diagnostics GmbH (Mannheim, Germany). Medetomidine 
hydrochloride {4-[1-(2,3-dimethylphenyl)ethyl-1H-imidazole HCL} in pure 
crystalline form was obtained from the synthesis laboratories of Orion Pharma 
(Turku, Finland). Likewise, the reference compounds hydroxymedetomidine 
{MPV-1305; 3-[1-(1H-imidazol-4-yl)ethyl]-2-methyl benzenemethanol} and 
medetomidine carboxylic acid {MPV-1306; 3-[1-(1H-imidazol-4-yl)ethyl]-2-
methyl benzoic acid} were from Orion Pharma. 

All other chemicals were of analytical grade and were purchased from local 
suppliers. 
 
Animals and microsomal preparations 
Microsomes were isolated from liver tissue of rabbits (n=13/strain; 6 ♂♂ + 7 ♀♀) 
of the inbred strains AX/JU (AX) and IIIVO/JU (IIIVO). The strains (formerly 
called AX/J and IIIVO/J) were originally bred at the Jackson Laboratory colony, 
Bar Harbor, Maine, USA. In 1983, the Department of Laboratory Animal Science 
of Utrecht University, The Netherlands took over breeding pairs and propagated 
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them by exclusive brother x sister mating (F >0.95 for both strains in 2005) 
denoted thereafter as IIIVO/JU and AX/JU. 

At the time of euthanasia all rabbits were between 2 and 4 years old. Liver 
samples of approximately 5 g were obtained from each rabbit and microsomes 
were isolated according to the method of Rutten et al. (1987). In brief, liver 
samples were homogenized with 1.15% (m/v) KCl, containing 0.1 mM EDTA at 
4°C using a Potter-Elvehjem homogenizer. The homogenates were centrifuged at 
9,000 g for 25 min. at 4°C, and the supernatant obtained was centrifuged at 
100,000 g for 75 min. at 4°C. The microsomal pellet was resuspended in 0.05 M 
phosphate buffer, pH 7.4, containing 0.1 mM EDTA and 20% (v/v) glycerol, 
quickly frozen in liquid nitrogen and stored at -70°C until use. Fluorescence assays 
were carried out using microsomal fractions isolated from six rabbits per gender 
and strain. The protein concentration was determined by the method of Lowry et 
al. (1951) using BSA (bovine serum albumin) as a standard. 
 
Cytochrome P450 activity 
The metabolic activity of the CYP isoenzymes CYP1A, CYP2B, CYP2C, CYP2D, 
CYP2E and CYP3A were measured using a fluorescence-based method in flat-
bottom 96-well plates according to manufacturer’s instructions1 with minor 
changes to optimize the conditions for the rabbit microsomes. In brief, assays were 
performed by incubating liver microsomes in a total volume of 200 µl appropriate 
buffer and cofactor system. For reaction and detection conditions see Table 1. After 
a preincubation period of 10 min at 37°C, CEC, EFC, DBF, AMMC, 7-MFC and 
BFC were added as substrates for CYP1A, CYP2B, CYP2C, CYP2D, CYP2E and 
CYP3A, respectively. At the end of incubation, the reactions were stopped by 
adding 75 µl of an appropriate stop reagent (see Table 1). The fluorescence was 
measured using a Fluostar Optima BMG (B&L Systems, Maarssen, The 
Netherlands) and the amount of formed product was calculated by means of a 
standard curve.  
 
Cytochrome P450 inhibition 
Enzyme activity was measured after addition of the inhibitors α-naphtaflavone for 
CYP1A; furafylline for CYP1A2; tranylcypromine for CYP2B; quercetine or 
sulfaphenazole for CYP2C; quinidine or imipramine for CYP2D; DDTC for 
CYP2E and ketoconazole for CYP3A (an overview is given in Table 1). The 
selected concentration for each inhibitor was based on pilot studies. For each 
experiment, the microsomes were pooled per strain and gender. 

 
1 
http://www.bdbiosciences.com/discovery_labware/gentest/products/HTS_KITS/HTS/hts_s
ummary.shtml 



Table 1. Reaction and detection conditions for the fluorescence assays used in this study. 

 

CYP Substrate 
(#study)* 

Substrate 
(µM) 

Cofactor 
system 

Product Inhibitor Inhibitor 
(µM) 

Incubation 
time 

Stop 
reagent 

Ex Em Microsomal 
protein 
(mg/ml) 

Buffer 
(M) 

CYP1A CEC (1) 5 C1 CHC   20 S1 409 460 0.1 0.05P 

CYP1A Ethoxyresorufin (2) 2.5 C3 Resorufin α-Naphthaflavone 100 30 S3 560 590 1 0.1T 

CYP1A Ethoxyresorufin (2) 2.5 C3 Resorufin Furafylline 100 30 S3 560 590 1 0.1T 

CYP2B EFC (1&2) 2.5 C1 7-HFC Tranylcypromine 500 30 S1 409 530 0.1 0.05P 

CYP2C DBF (1&2) 2 C1 Fluorescein Quercetin 50,000 120 S2 485 538 0.1 0.05P 

CYP2C 7-MFC (2) 100 C1 7-HFC Sulfaphenazole 100 45 S1 409 530 0.05 0.05P 

CYP2D AMMC (1&2) 1.5 C2 AHMC Quinidine 500 30 S1 390 460 0.2 0.05P 

CYP2D AMMC (1&2) 1.5 C2 AHMC Imipramine 500 30 S1 390 460 0.2 0.05P 

CYP2E 7-MFC (1) 100 C1 7-HFC  100 45 S1 409 530 0.05 0.05P 

CYP2E Aniline (2) 600 C3 4-Hydroxyaniline DDTC 50 30 S4 -† -† 1 0.2T 

CYP3A BFC (1) 50 C1 7-HFC   30 S1 409 530 0.1 0.05P 

CYP3A DBF (2) 2 C1 Fluorescein Ketoconazole 50,000 120 S2 485 538 0.1 0.05P 

*Substrates used for activity (1) and/or inhibition (2) study. †Spectrophotometric method (UV detection at 630 nm) as described by Chhabra et al. (1972).  
Ex-Excitation, Em-Emission, C1 - NADP+ 1.3 mM; Glucose-6-Phosphate 3.3 mM; Magnesium Chloride Hexahydrate 3.3 mM; Glucose-6-Phosphate Dehydrogenase 0.4 
Units/ml, C2 - NADP+ 8.2 µM; Glucose-6-Phosphate 0.41 mM; Magnesium Chloride, Hexahydrate 0.41 mM; Glucose-6-Phosphate Dehydrogenase 0.4 Units/ml, C3 - 
NADP+ 1.0 mM; Glucose-6-Phosphate 5 mM; Magnesium Chloride Hexahydrate 3.0 mM; Glucose-6-Phosphate Dehydrogenase 1.0 Units/ml, S1 - Acetonitril/0.5 M Tris 
base 80/20 (v/v), S2 - 2 M NaOH, S3 - Methanol (ice cold; equal to incubation volume), S4 - 20% TCA (half of the incubation volume), P - Phosphate buffer pH 7.4, T - 
Trisbuffer pH 7.6. 
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Medetomidine incubations 
Reconstituted liver microsomes (0.5 mg protein) were incubated with 
medetomidine (final concentration 0.5 µM) in a total volume of 500 µl. After an 
incubation time of 60 min at 37°C, the reaction was stopped by placing the samples 
on ice and by adding 500 µl 1% (v/v) acetic acid. All samples were stored at - 24°C 
prior to analysis.  

For the inhibition experiments, liver microsomes from the different genders 
and strains were pooled and an aspecific or specific inhibitor was added to the 
incubation mixture (final volume 450 µl) followed by a pre-incubation of 5 min at 
37°C. Thereafter medetomidine was added (final concentration 0.5 µM) and the 
incubation continued for 60 min at 37 °C. The reaction was stopped as described 
above by placing the samples on ice and by adding 500 µl 1% (v/v) acetic acid. 
The following inhibitors were used: metyrapone (10 µM), SKF 525A (1 µM) 
(Archakov et al. 2002) and inhibitors of CYP2D-like activity (quinidine and 
dextromethorphan) or CYP2E-like activity (DDTC and 4-methyl pyrazole (4MP)) 
at concentrations of 0.5, 5 or 50 µM (Guengerich et al. 1991, Guengerich, 1997, 
Venhorst et al. 2003, Collom et al. 2008).  
 
LC-MS/MS 
For LC-MS/MS analysis, 10-µl aliquots of the incubation sample were injected 
into an HPLC system consisting of two HPLC pumps (PE200 series), an 
autosampler (PE200 series) and a Qtrap MS detector (API2000) equipped with an 
electrospray ionization interface. All instruments were obtained from Applied 
Biosystems (Foster City, CA, USA). The HPLC column was a Luna C18 (50 x 
2.0 mm, Phenomenex, Torrance, CA, USA), which was eluted with mobile 
phase A consisting of 0.1% (v/v) formic acid in water and mobile phase B 
consisting of 0.1% (v/v) formic acid in acetonitrile. The flow rate was set at 
200 µL/min using a linear gradient run as follows: 95% A for 1 min, then to 60% A 
in 11 min. The HPLC column was equilibrated with 95% A for 8 min prior to the 
next injection. 

The electrospray ionization interface of the MS was operated at a voltage of 
5000 V and a source temperature of 400°C. The entrance and declustering 
potentials were set at 10 V and 45 V, respectively. Nitrogen was used as curtain 
gas. Tandem MS analysis was performed in positive multi-reaction-monitoring 
(MRM) mode. The collision energy was set for each individual trace. The LC-
MS/MS instrument was controlled by Analyst software package (version 1.4.1, 
Applied Biosystems). Calibration curves were plotted using reference compounds 
MPV-1305 and MPV-1306. Through linear regression analysis the best-fit was 
constructed leading to the equations y=473x-418 (MPV-1305) and y=444x-1652 
(MPV-1306). Subsequently LC-MS/MS results of medetomidine incubations could 
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be converted and thus quantified to metabolite formation rates in pmol min-1 mg-1 

protein. 
 
Statistical analysis 
All statistical analyses were carried out according to Petrie & Watson (1999), using 
a SPSS computer program (SPSS Inc, Chicago, IL, 2004). The Kolmogorov–
Smirnov one-sample test was used to check the normality of data. The significance 
of the differences between groups was calculated by a two-way analysis of 
variance (ANOVA) with strain and gender as the main between-subject factors. 
Homogeneity of the variances were tested using the Levene’s test. If the two-way 
ANOVA showed significant effects, the group means were further compared with 
the unpaired Student’s t-test. The unpaired tests were performed with pooled (for 
equal variances) or separate (for unequal variances) variance estimates. The 
equality of variances was tested using the Levene’s test. To take into account the 
greater probability of a type I error due to multiple comparisons, the level of 
significance for the Student’s t-tests was pre-set by 0.013 (α = 1 – [1 – 0.05]1/c; c = 
number of comparisons = 4) instead of P<0.05 ( Dunn-Šidák correction). In all 
other cases, the probability of a type I error <0.05 was taken as the criterion of 
significance. The Pearson Product Moment Correlation (r) for parametric measures 
was calculated; significance was assessed by a two-tailed test based on the t 
statistic. Two-sided probabilities were estimated throughout. 
 
 
Results 
 
All results within groups were normally distributed and the variances were similar. 
 
Cytochrome P450 activities 
The results of the cytochrome P450 mediated activities in liver microsomes of the 
AX and IIIVO rabbit inbred strain are summarized in Table 2. 

The AX strain showed significantly lower activities with substrates CEC 
(CYP1A) and EFC (CYP2B) compared to the IIIVO strain. Conversely, activities 
with AMMC (CYP2D) and 7-MFC (CYP2E) were significantly higher in AX liver 
microsomes than in IIIVO’s. No strain difference was observed with DBF 
(CYP2C) and the strain difference with BFC (CYP3A) was found to be statistically 
significant only between the female individuals of both strains with the IIIVO 
showing higher activity. 

Gender-related differences in CYP-activity were observed with CEC as 
substrate (CYP1A), the activity was significantly higher in female individuals of 
both strains. A higher activity was also observed with EFC (CYP2B) and BFC 
(CYP3A), albeit in the IIIVO strain only. In contrast, the activity with DBF 
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(CYP2C) was significantly higher in male individuals of both strains. No gender-
related differences were observed with AMMC (CYP2D) and 7-MFC (CYP2E) as 
substrates.  
 
Table 2. Cytochrome P450 activity (pmol min-1 mg-1 protein) in liver microsomes 
of AX and IIIVO rabbits (n=6/strain/gender), measured by fluorescent assays in 
triplicate. 

IIIVO  AX   
CYP  
isoform Male Female  Male Female  
CYP1A  262±44ac* 435±83ad 114±23bc 166±25bd  
CYP2B  570±66ab 725±82ac  263±63b 377±102c  
CYP2C  685±83a 477±77a  767±100b 543±99b  
CYP2D  14±24a 33±7b  85±17a 129±40b  
CYP2E  1126±204a 1489±302b  2490±332a 3285±746b  
CYP3A  590±166a 1002±175ab  737±141 650±96b  
*Contrast significance (mean±SD; unpaired Student’s t-test). Within a row, values bearing the same 
superscript letter are significantly different (P<0.013). 
 
 
Cytochrome P450 inhibition 
The inhibition results were classified as described by Bogaards et al. (2000): no 
inhibition when < 15%, weak inhibition from 15 to 30%, moderate inhibition from 
30 to 60%, strong inhibition from 60 to 80% and very strong inhibition if >80% of 
the enzyme activity was inhibited. The exact percentage of inhibition is presented 
in Table 3.  

Very strong inhibition of EROD metabolism (CYP1A) was observed in both 
strains and genders by α-naphthoflavone. In contrast furafylline had no inhibitory 
effect. Tranylcypromine only weakly inhibited CYP2B associated metabolism of 
EFC in the IIIVO strain. The metabolism of DBF by CYP2C was moderate to 
strongly inhibited by quercetin (inhibitor of human CYP2C8) in both strains of 
rabbits and in both genders. Quinidine (inhibitor of human CYP2D6) failed to 
inhibit the hydroxylation of AMMC but imipramine very strongly inhibited the 
CYP2D activity in both genders and rabbit strains. The CYP2E-dependent 
hydroxylation of aniline was strongly inhibited by DDTC in both strains and 
genders. Ketoconazole (inhibitor of human CYP3A4) inhibited the metabolism of 
DBF in all samples strongly.  
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Table 3. Inhibition profiles of cytochrome P450 activity (pmol min-1 mg-1 protein) 
in AX and IIIVO rabbits. Presented are data from pooled microsomes measured in 
duplicate.  

  % of inhibition 

  IIIVO  AX 
Substrate Inhibitor Male  Female  Male  Female 
EROD α-Naphthoflavone 91 88 88 88 
EROD Furafylline 3 4 0 2 
EFC Tranylcypromine 22 14 0 5 
DBF Quercetin 74 61 62 58 
7-MFC Sulfaphenazole 28 0 17 0 
AMMC Quinidine 3 2 3 0 
AMMC Imipramine 100 100 100 100 
Aniline DDTC 75 68 70 67 
DBF Ketoconazole 64 70 64 70 
   

 

 

 

 

 

 
 
 
Medetomidine biotransformation analysis 
Using MPV-1305 and MPV-1306 standards, intense molecular ions [M+H]+ were 
obtained in Q1 at m/z 217 and m/z 231, respectively. Collision-induced 
fragmentation of these base ions gave a high responding product ion in Q3 at m/z 
95 for both MPV-1305 and MPV-1306 (both collision energies set to 25 V). For 
this reason, m/z 217  m/z 95 and m/z 231  m/z 95 traces were used to quantify 
these potential medetomidine metabolites in the MRM mode of the LC-MS/MS 
system. In Q3, a less abundant fragment was observed at m/z 68 and was used for 
confirmation of the identity of the products (Fig. 1). 

The results of the LC-MS/MS analyses following incubation of rabbit liver 
microsomes (n=13/strain; 6♂♂ + 7♀♀) with medetomidine are summarized in 
Table 4. The LC-MS/MS results showed that in both genders the formation rate of 
metabolites MPV-1305 and MPV-1306 is higher in the AX rabbits compared to the 
IIIVO rabbits. No gender-related differences were observed in the formation rate of 
the two metabolites.  
 
Inhibition of medetomidine biotransformation 
The results of the effects of the aspecific CYP450 inhibitors metyrapone and SKF 
525A on the formation rate of metabolites MPV-1305 and MPV-1306 are shown in 
Fig. 2. Metyrapone slightly reduced the formation of metabolite MPV-1305 in liver 
microsomes of the female IIIVO strain and the male AX rabbits, whereas the  
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Figure 1. Q1 (left-column panels) and product-ion (right-column panels) mass spectra of 
medetomidine (a), MPV-1305 (b) and MPV-1306 (c), respectively. 
 
 
concentration of the MPV-1306 metabolite was approximately half of that found in 
corresponding samples without metyrapone in both strains and genders. SKF 525A 
inhibited the formation of metabolite MPV-1305 and MPV-1306 strongly or very 
strongly in the IIIVO strain and the male AX rabbits, but to a lesser extent in the 
female AX strain.  

Rabbit microsomes of both strains and genders were pooled and incubated with 
medetomidine in the presence of a range of concentrations of inhibitors for 
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CYP2D-like activity (quinidine or dextromethorphan) and CYP2E-like activity 
(DDTC or 4-MP). The inhibition profiles of the formation of metabolites MPV-
1305 and MPV-1306 are shown in Figure 3. Strong inhibition of MPV-1305 
formation was observed following microsomal incubation with quinidine (77%) 
and dextromethorphan (59%). The formation of MPV-1305 was moderately 
inhibited by DDTC (46%). MPV-1306 formation was moderately inhibited by 
quinidine (59%) and very strongly by dextromethorphan (87%). Very strong and 
moderate inhibition of MPV-1306 formation was observed when DDTC (83%) 
respectively 4-MP (54%) were used. 
 
Table 4. Rate of formation of the metabolites MPV-1305 and MPV-1306 as 
measured by LC-MS/MS after incubation of IIIVO and AX rabbit liver 
microsomes (n=13(6♂♂,7♀♀)/strain) with medetomidine. 
 

 

  IIIVO  AX 
Metabolite*  Male  Female  Male  Female 
MPV-1305  2.7 ± 0.5a†  3.1 ± 0.3b  4.4 ± 0.3a  4.4 ± 0.2b 

MPV-1306  0.4 ± 0.1a  0.4 ± 0.1b  0.7 ± 0.2a  0.9 ± 0.3b 

*Metabolites MPV-1305 and MPV-1306 are expressed in pmol min-1 mg-1 protein. †Contrast 
significance (mean±SD: unpaired Student’s t-test). Within a row, values bearing the same superscript 
letter are significantly different. (P<0.013).  
 
 
Correlation between anaesthetic response, CYP450 activity and medetomidine 
biotransformation 
The anaesthetic response, quantified by the Loss Of Righting Interval to 
medetomidine (LORIM), previously determined in both inbred rabbit strains, was 
also used in the presented experiment. In the previous experiment it was found that 
the response was significantly higher in the IIIVO inbred strain than in the AX 
inbred strain (Avsaroglu et al., 2003). To provide a comparison of these results 
with the data on biotransformation, in Table 5 the correlation coefficients between 
medetomidine metabolite production activities of the CYP2D and CYP2E 
isoenzymes and the anaesthetic response to medetomidine are presented. 

Highly significant correlations (P<0.01) were found between the activities of 
the CYP2D and CYP2E isoenzymes and the formation of metabolites MPV-1305 
and MPV-1306. Highly significant negative correlations (P<0.01) were found 
between the LORIM and the formation of MPV-1305 and MPV-1306. 
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Figure 2. The effect of non-specific CYP450 inhibitors on the formation of MPV-1305 (a) and MPV-
1306 (b). Presented are the mean values of the duplicate measurements from pooled rabbit 
microsomes (error bars indicate min/max values). The microsomes were incubated with 
medetomidine and metyrapone (1 µM, A) or SKF-525A (10 µM, B). Initial formation (i.e. in the 
absence of inhibitor) was normalized to 100%. 
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Figure 3. Inhibition profiles of the formation of metabolites MPV-1305 and MPV-1306 using 
specific inhibitors for CYP2D (quinidine and dextrometorphan) (a) and for CYP2E (DDTC and 4-
MP) (b). Presented are the mean values of the duplicate measurements from pooled rabbit 
microsomes. Initial formation (i.e. in the absence of inhibitor) was normalized to 100%.  
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Table 5. Correlation coefficients for the formation of medetomidine metabolites 
and the activity of CYP450 isoenzymes or anaesthetic response to medetomidine in 
the IIIVO and AX rabbit.  

 

 Correlation coefficient† 

 CYP450 activity  

Metabolite formation CYP2D CYP2E LORIM‡ 

MPV-1305 0.781* 0.765* -0.778* 

MPV-1306 0.820* 0.850* -0.606* 

†Correlations were determined using Pearson’s correlation. *P <0.01,n = 26. ‡The anaesthetic 
response to medetomidine of the rabbits was determined using the LORIM parameter (Loss Of 
Righting Interval of Medetomidine). Data (n=8 rabbits/strain/gender) was used from previous studies 
(Avsaroglu 2008; Avsaroglu et al. 2003): AX ♂ = 0.0 ± 0.0 min., AX ♀ = 7.0 ± 13.2 min., IIIVO ♂ = 
64.1 ± 10.6 min. and IIIVO ♀ = 48.5 ± 23.6 min (means ± SD). 
 
 
Discussion 
 
The first objective of this study was the analysis of CYP450 isoenzymes in the two 
inbred strains of rabbits, by the use of a rapid fluorescence assay. To confirm the 
CYP450 isoenzymes’ substrate specificity, inhibition studies were conducted. The 
second objective was to describe the Phase I biotransformation of medetomidine in 
the same rabbit strains and to correlate the biotransformation rate of medetomidine 
to the CYP450 activities and the previously observed anaesthetic responses to 
medetomidine. 

Significant strain differences were observed in the activity of CYP1A with the 
IIIVO strain exhibiting a two fold higher activity. The CYP1A-mediated 
ethoxyresorufin-O-deethylation was inhibited by α- naphthoflavone but not by 
furafylline. In New Zealand White (NZW) rabbits Bogaards et al. (2000) have 
observed a 15-30% inhibition of EROD metabolism with a much lower 
concentration of furafylline (25 µM). This discrepancy may be due to differences 
in substrate concentrations used or may be a consequence of polymorphic 
variations between the different breeds. The activity of CYP2B as measured with 
EFC as substrate, was also found to be significantly higher in IIIVO rabbits 
compared with the AX strain. However, previous studies have shown that the 7-
ethoxy-4-trifluoromethylcoumarin-O-dealkylase activity in male (Vmax=2136 pmol 
min-1 mg-1 microsomal protein) and female (Vmax=1620 pmol min-1 mg-1 
microsomal protein) NZW rabbits was much higher than in the rabbit strains tested 
in the current study (Bogaards et al. 2000). The data presented shows that CYP2B 
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activity was only slightly inhibited by tranylcypromine in the IIIVO strain, which 
could indicate that either the liver of these rabbits does not express CYP2B6 to a 
great extent or alternatively, that the rabbit isoform is structurally different to that 
of the human form. Alternatively, as the rabbit orthologue to human CYP2B6 
(=CYP2B4) has been shown to be present in at least three functionally distinct 
forms (Gasser et al. 1988) the weak inhibition may be due to the presence of these 
polymorphisms also in the inbred rabbit strains.  

The activity of CYP2C with DBF did not differ in liver microsomes from both 
strains and genders. Human CYP2C is subdivided into isoforms CYP2C8, 
CYP2C9 and CYP2C19, which are inhibited by quercetin, sulfaphenazole and 
tranylcypromine, respectively (Crespi et al. 1997, Naritomi et al. 2004). We found 
that quercetin inhibited rabbit CYP2C activity in both strains and genders, 
indicating that the rabbit orthologue to human CYP2C8 may be involved in this 
metabolism.  

The activity of CYP2D with AMMC as substrate was significantly higher in 
microsomes of the AX than of the IIIVO strain. In humans CYP2D6 exhibits a 
high rate of polymorphism, hence it is conceivable that polymorphisms also exist 
in the rabbit isoform (Ingelman-Sundberg 2004).  

However, quinidine, a specific CYP2D6 inhibitor in humans, failed to inhibit 
the hydroxylation of AMMC. This may be due to rabbits expressing other CYP2D 
isoforms rather than CYP2D6 (Zuber et al. 2002). This correlates with the previous 
study by Bogaards et al. (2000) where bufuralol 1’-hydroxylase activity was not 
inhibited by quinidine. In fact, imipramine competitively inhibited the 
hydroxylation of AMMC in both strains and genders indicating the expression of 
CYP2D in rabbit microsomes.  

The CYP2E activity also proved to be higher in the AX compared to the IIIVO 
strain. In rabbits, two CYP2E isoforms, 2E1 and 2E2, are expressed with almost 
identical structure and substrate specificity that both correspond well to the human 
CYP2E1 counterpart (Zuber et al. 2002). In this study CYP2E was successfully 
inhibited by DDTC confirming the presence of at least CYP2E1.  

The metabolism of BFC indicative of CYP3A activity was only significantly 
higher in the female IIIVO rabbits compared with the AX individuals of the same 
gender. The gender-related discrepancy was not observed in the inhibition study 
since ketoconazole diminished the metabolism of BFC in all samples, which is 
highly suggestive for a CYP3A-mediated reaction. In rabbits the orthologue for 
human CYP3A4 was found to be the rifampicine-induced CYP3A6 enzyme (Boek-
Dohalská et al. 2001). According to Zuber et al. (2002) the rabbit CYP2C family 
has taken the role of the human CYP3A family, e.g. the testosterone 6-β 
hydroxylase activity of rabbit CYP2C3.  

Significant gender differences in the activity of isoforms CYP1A, CYP2B, 
CYP2C and CYP3A were observed in this study. Gender based differences in 
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expression of hepatic enzymes have been demonstrated previously in many animal 
species, including rabbits (Czerniak 2001) and the results from our study confirm 
these findings. 

The results from the LC-MS/MS analyses clearly indicate the formation of 
MPV-1305 and MPV-1306 after incubation of rabbit hepatic microsomes with 
medetomidine. Collision-induced fragmentation confirmed the identity of the 
metabolites by the presence of product ions m/z 95 and m/z 68, as expected. In rats, 
the in-vitro conversion of medetomidine yielded one major metabolite 
chromatographically confirmed as MPV-1305 (Salonen & Eloranta 1990). 
However, in rat urine MPV-1306 was also isolated.  

The inhibition studies point towards involvement of the CYP450 system in the 
biotransformation of medetomidine, as shown by the decline in transformation rate 
of MPV-1305 and MPV-1306 following the use of the non-specific inhibitors 
metyrapone and SKF-525A. Using specific inhibitors, it was determined that lower 
concentrations of inhibitors of CYP2D-like activity were required for the decline in 
biotransformation rate in comparison to the inhibitors of CYP2E-like activity. 
Surprisingly, the specific CYP2D6 inhibitor quinidine markedly inhibited the 
metabolism of medetomidine whilst this was not the case when AMMC was used 
as substrate at comparable inhibitory concentrations. 

If an inverse relationship is expected between metabolism rate and anaesthetic 
response to medetomidine, then the inhibition studies together with the performed 
correlations strongly suggest involvement of CYP2D and CYP2E in the 
biotransformation of medetomidine.  

Medetomidine, like many other arylalkyl imidazoles, is known to induce and 
inhibit microsomal CYP450 enzyme activity (Pelkonen et al. 1991, Rodrigues & 
Roberts 1997, Konstandi et al. 2005). Although it is debated whether this influence 
is significant at therapeutic concentrations of medetomidine, autoregulation cannot 
be excluded and should be taken into consideration when evaluating the results 
from the present study. In addition it has been shown that stress, e.g. restraint 
stress, may result in the induction of P450 enzyme activity via mechanisms related 
to α2-adrenoceptors (Konstandi et al. 1998). As the AX strain displays a deficient 
stress coping strategy (Papaioannou et al. 2000), this could have interfered with the 
biotransformation of medetomidine and thus the anaesthetic response to 
medetomidine. 

Although the presented data suggest a correlation between the rate of 
metabolism and the biological response, a genetic variability in α2-receptors may 
contribute to the observed strain differences in LORIM. The α2A adrenoceptor 
subtype has been identified as the principal mediator of the hypnotic response to 
medetomidine in mice and rats (Mizobe et al. 1996, Hunter et al. 1998). After 
sequencing the α2A gene (ADRA2A) in a multi-ethnic population of human 
subjects, many polymorphisms were noticed but not yet linked to phenotypical 
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divergence in anaesthetic response to medetomidine (Kurnik et al. 2006). It would 
be of interest to determine whether the two rabbit strains exhibit variations in α2A 
expression as well, as this would be an alternative explanation for the differences 
found in the anaesthetic response. 

In conclusion, the AX and IIIVO rabbit strains display strain-specific 
differences in CYP450 activity and biotransformation rate of medetomidine. In 
conjunction with the previously observed differences in anaesthetic response, the 
results indicate primarily the involvement of CYP2D and CYP2E in the 
metabolism of medetomidine in the rabbit. Future research will focus on the 
genetic analysis of F2-intercross progeny (AX x IIIVO/F1 x F1) in order to localize 
quantitative trait loci (QTLs) involved in the strain specific responses.  
 
 
Acknowledgements 
 
The authors wish to thank Ria den Bieman, Giet Lankhorst, Sandra Nijmeijer and 
Lillian de Nijs-Tjon for their technical assistance. The gift of purified 
medetomidine, hydroxymedetomidine and medetomidine carboxylic acid by Orion 
Pharma, Turku, Finland was greatly appreciated.  
 



Chapter 4 

 

 

Quantitative trait loci influencing the hepatic 
microsomal biotransformation rate of medetomidine 
in rabbits 
 
 
 
 
 
H. Avsaroglu 
W.A. van Haeringen 
M.G. den Bieman 
P. Scherpenisse 
A.A. Bergwerff 
L.J. Hellebrekers 
L.F.M. van Zutphen 
H.A. van Lith 
 

 
 
 

 
 

Submitted 
 
 
 



4 QTLS FOR MEDETOMIDINE BIOTRANSFORMATION 
 
 

 38

Abstract  
 
The α2-adrenoceptor agonist medetomidine is inactivated by hepatic microsomal 
cytochrome P450 (CYP) mediated biotransformation. The formation rates of the 
metabolites hydroxymedetomidine and medetomidine carboxylic acid have been 
found to differ significantly between the AX/JU and IIIVO/JU rabbit inbred strains. 
The purpose of this study was to determine, by way of QTL (quantitative trait loci) 
analysis, the most likely position, i.e. locus, on the genome that could account for 
the observed differences. To test the co-segregation of the metabolite formation 
rates in the F2- intercross progeny with known marker positions, a linkage map was 
constructed using the amplified fragment length polymorphism (AFLP) 
technology. The formation rates of both medetomidine metabolites were 
determined in the hepatic microsomal fraction of 71 (AX/JU x IIIVO/JU/F1 x F1) 
intercross animals by liquid chromatography/tandem mass spectrometry (LC-
MS/MS). AFLP markers were identified and interpreted using fluorescent methods. 
The marker distances were computed using Joinmap software and the location of 
the QTL’s was determined using the MapQTL computer program. QTL’s 
responsible for the differential formation rate of the two medetomidine metabolites 
are located on rabbit chromosomes 1 and 18. The findings from the present study 
support the view that CYP2E is involved in the biotransformation of 
medetomidine. A pleiotropic effect of the Tyr-gene on medetomidine metabolite 
formation in the rabbit cannot be ruled out. 
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Introduction 
 
The proposed biotransformation pathway of the α2-adrenoceptor agonist 
medetomidine in the rat (Rattus norvegicus) is through a cytochrome P450 (CYP) 
mediated hydroxylation followed by either further oxidation to the carboxylic acid 
form or glucuronidation. As these metabolites are inactive at the α-adrenoceptor 
site, the biotransformation rate of medetomidine determines the duration of its 
analgesic and sedative effect (Salonen & Eloranta 1990). The hydroxy –and 
carboxylic acid metabolites were also produced by liver microsomes of the rabbit 
(Oryctolagus cuniculus) when incubated with purified medetomidine (Avsaroglu et 
al. 2008). A significantly higher formation rate of hydroxymedetomidine and 
medetomidine carboxylic acid by liver microsomes of the AX/JU could be 
established, in comparison with the IIIVO/JU inbred rabbit strain. Subsequently, 
significant correlations were found between the formation rates of both metabolites 
and the activities of CYP2D and CYP2E rabbit isoforms (Avsaroglu et al. 2008).  

The purpose of this study was to detect quantitative trait loci (QTLs) involved 
in the difference in hepatic microsomal biotransformation rate of medetomidine 
between the two aforementioned rabbit inbred strains. Once a putative QTL has 
been assigned to a certain region within the genome, candidate genes can be 
identified involved in the expression of the trait (Lander & Botstein 1989, Crabbe 
et al. 1999). Over the past two decades, methods for genome analysis of animal 
models have been developed to identify and locate QTLs. These methods are based 
on linkage analysis, which tests the cosegregation of the trait of interest and a 
genetic marker locus of known position on a chromosome or a linkage group 
(Lander & Botstein 1989, Lander & Kruglyak 1995).  

In the present study, markers were generated using the amplified fragment 
length polymorphism (AFLP) technique. This DNA technology rapidly generates 
hundreds of highly replicable markers and is based on the selective PCR 
amplification of restriction fragments from a total digest of genomic DNA (Vos et 
al. 1995). AFLP markers have been used earlier in QTL-analysis of cholesterol-
related traits in the progeny of a IIIVO/JU x [IIIVO/JU x AX/JU]F1 backcross (Van 
Haeringen et al. 2001, Van Haeringen et al. 2002). We aimed at constructing an 
AFLP linkage map by genotyping the F2-intercross progeny from the AX/JU and 
IIIVO/JU inbred strains of which the hepatic microsomal formation rate of 
hydroxymedetomidine and medetomidine carboxylic acid had been determined by 
liquid chromatography/tandem mass spectrometry (LC-MS/MS). Here we present 
the results of this QTL analysis. Alternative possible candidate genes involved in 
the biotransformation of medetomidine, and located in the vicinity of the QTLs, are 
discussed. 
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Materials and methods 
 
Ethical note 
The protocol of the experiment was reviewed by the scientific committee of the 
Department of Animals, Science & Society, Utrecht University, the Netherlands, 
and approved by the Animal Experiments Committee of the Academic Biomedical 
Centre, Utrecht, The Netherlands. Further, all animal experiments followed the 
national ‘Code on laboratory animal care and welfare’ and the Guidelines for the 
Care and Use of Mammals in Neuroscience and Behavioral Research (National 
Research Council 2003). 
 
Animals and housing 
For this study two rabbit inbred strains (IIIVO/JU and AX/JU) were used. These 
strains originated from the Jackson Laboratory colony, Bar Harbor, Maine (Fox 
1975), and maintained since 1983 at the Faculty of Veterinary Medicine of Utrecht 
University. To produce F1-hybrids, AX/JU females were mated with one IIIVO/JU 
male. The F1-hybrids were intercrossed (brother x sister mating) producing F2-
progeny. In material harvested from 37 F2-males and 34 F2-females, hepatic 
microsomal biotransformation rate of medetomidine was determined. After 
weaning at the age of 10 weeks, all F2-rabbits were fed a commercial diet (LKK-
20®, Hope Farms B.V., Woerden, The Netherlands) and were housed individually 
at the Central Laboratory Animal Institute of Utrecht University. Cages were 
located in a room with controlled lighting (light from 7.00 to 19.00), temperature 
(16 to 19°C) and relative humidity (55 to 75 per cent). The ventilation rate was 12 
to 13 air exchanges per hour. The rabbits were fed a restricted amount (100 g/day 
per animal) of the commercial pellets. Acidified tap water (approximately pH 2.5) 
was provided ad libitum. 

At the age of 20-30 weeks the rabbits were euthanized by cervical dislocation 
followed by cardiac exsanguination. Next liver, spleen and kidneys were removed 
and weighed. DNA was isolated from these organs using a standard procedure 
involving overnight proteinase K digestion and subsequent phenol/chloroform 
extractions (Ausubel et al. 1987). DNA was resuspended in TE buffer (10 mM 
Tris, 0.2 mM EDTA, pH 8.0) at a concentration of 1 µg/µl. DNA samples were 
stored at 4 °C. 
 
Quantitative trait phenotyping 
For quantifying medetomidine metabolites, microsomes were isolated from the 
liver samples using a standard homogenization and centrifugation procedure 
(Rutten et al. 1987). The microsomal pellet was resuspended in 0.05 M phosphate 
buffer, pH 7.4, containing 0.1 mM EDTA and 20% (v/v) glycerol, quickly frozen 
in liquid nitrogen and stored in Eppendorf cups at -70°C until use.  
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Reconstituted liver microsomes (0.5 mg protein) were incubated with an 
NADPH system that consisted of NADP+, Glucose-6-Phosphate, Magnesium 
Chloride Hexahydrate and Glucose-6-Phosphate Dehydrogenase (final 
concentration 1 mM) and purified medetomidine (final concentration 0.5 µM) in a 
total volume of 500 µl. After an incubation time of 60 min at 37°C, the reactions 
were stopped by placing the samples on ice and by adding 500 µl 1% (v/v) acetic 
acid. All samples were stored at -24°C prior to analysis. 

For LC-MS/MS analysis, 10 µl aliquots of the incubation sample were injected 
into an HPLC system consisting of two HPLC pumps (PE200 series), an 
autosampler (PE200 series) and a Qtrap MS detector (API2000) equipped with an 
electrospray ionization interface. All instruments were obtained from Applied 
Biosystems (Foster City, CA, USA). The HPLC column was a Luna C18 (50 x 2.0 
mm, Phenomenex, Torrance, CA, USA), which was eluted with mobile phase A 
consisting of a mixture of 0.1% (v/v) formic acid in water and with mobile phase B 
consisting of 0.1% (v/v) formic acid in acetonitrile. The flow rate was set at 200 
µL/min using a linear gradient run as follows: 95% A for 1 min, then to 60% A in 
11 min. The HPLC column was equilibrated with 95% A for 8 min prior to the next 
injection. The electrospray ionization interface of the MS was operated at a voltage 
of 5,000 V and a source temperature of 400°C. The entrance and declustering 
potentials were set at 10 V and 45 V, respectively. Nitrogen was used as curtain 
gas (setting 20). Tandem MS analysis was performed in positive multi-reaction-
monitoring (MRM) mode. The collision energy was set for each individual trace. 
The LC-MS/MS instrument was controlled by Analyst software package version 
1.4.1 (Applied Biosystems). Quantification of concentrations was carried out using 
reference compounds as external standards. All chemicals were of analytical grade 
and were purchased from local suppliers. 
 
AFLP markers 
A comprehensive background of the AFLP procedure has been described earlier 
(Vos & Kuiper 1997). The present AFLP analysis was performed according to that 
protocol using EcoRI and TaqI as restriction enzymes. All oligonucleotides used as 
adapters or primers were synthesized by Applied Biosystems (Warrington, UK). 
The products were separated on a 4% sequencing gel using an ABI 3100 sequencer 
(PE Biosystems, Foster City, CA, USA). Adapter and primer sequences are given 
in Table 1. 

AFLP markers were identified and interpreted using fluorescent methods. 
Three primer combinations were analyzed simultaneously (Herbergs et al. 1999). 
The reliability of the genotyping was verified using a previously described strategy 
which consisted of the use of parental generations (P and F1) in each amplification 
and analysis (Van Haeringen et al. 2001).  
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Table 1. AFLP adapters and primers used in this study 

* The code of the primer combination is given in parentheses 

Adapters and 
primers used 

Number of 
selective bases 

Primer 
code 

Adapter and primer sequences or primer 
combination code 

EcoRI-adapter   5’-CTCGTAGACTGCGTACC-3` (top strand) 

   3’-CATCTGACGCATGGTTAA-5` (bottom strand) 

EcoRI-primers +1 (A) E01 5’-GACTGCGTACCAATTCA-3’ 

 +3 (AAG) E33 5’-GACTGCGTACCAATTCAAG-3’ 

 +3 (AAT) E34 5’-GACTGCGTACCAATTCAAT-3’ 

 +3 (ACT) E38 5’-GACTGCGTACCAATTCACT-3’ 

 +3 (ATA) E43 5’-GACTGCGTACCAATTCATA-3’ 

TaqI-primers +1 (A) T01 3’-AAGCCAGTCCTGAGTAG-5’ 

 +3 (AAC) T32 3’-CAAAGCCAGTCCTGAGTAG-5’ 

 +3 (AAG) T33 3’-GAAAGCCAGTCCTGAGTAG-5’ 

 +3 (AGA) T39 3’-AGAAGCCAGTCCTGAGTAG-5’ 

 +3 (AGT) T42 3’-TGAAGCCAGTCCTGAGTAG-5’ 

 +3 (ATC) T44 3’-CTAAGCCAGTCCTGAGTAG-5’ 

 +3 (ATG) T45 3’-GTAAGCCAGTCCTGAGTAG-5’ 

TaqI-adapter   5’-CGGTCAGGACTCAT-3’ (top strand) 

   3’-CAGTCCTGAGTAGCAG-5’ (bottom strand) 

Primer 
combinations*: 
 

 
 
 

 
 
 

E43/T39(K), E43/T44(L), E33/T44(P), E33/T45(Q), 
E38/T33(R), E38/T39(S), E38/T42(T), E38/T44(U),  
E43/T32(V), E43/T33(W), E34/T39(X) 

 



 QTLS FOR MEDETOMIDINE BIOTRANSFORMATION 4 
 
 

 43 

Table 2. Characteristics of the AFLP markers on chromosome 1 and 18 

 

Present/absent 
Present/absent 

Alias@ Marker 
name 

Product 
size 
(bp) AX IIIVO 

Alias@ Marker 
name 

Product 
size 
(bp) AX IIIVO 

Chromosome 1 Chromosome 18 
R7 D1Vhl14 232 + - L0 D18Vhl1 108 + - 
K8 D1Vhl15 257 + - X5 D18Vhl2 235 + - 
S13 D1Vhl16 470 + - Q15 D18Vhl3 480 - + 
U9 D1Vhl17 229 + - Q14 D18Vhl4 476 + - 
U12 D1Vhl18 474 - +      
Q5 D1Vhl19 260 - +      
T6 D1Vhl20 176 - +      
Q3 D1Vhl21 192 - +      
S5 D1Vhl22 233 + -      
Q7 D1Vhl23 286 - +      
Q6 D1Vhl24 282 + -      
U8 D1Vhl25 214 - +      
R5 D1Vhl26 146 - +      
W9 D1Vhl27 273 + -      
K9 D1Vhl28 262 - +      
L3 D1Vhl29 123 - +      

@ The alias consists of the primer combination code (see Table 1) and the ranking number. 
 
Examination of the inheritance patterns of the linkage groups provided further 
confirmation of the genotyping data. AFLP markers were codominantly scored. 
Polymorphic AFLP markers were identified by the primer combination code (K, L, 
P-X; see bottom of Table 1) and a ranking number based on their sizes in a 
sequencing gel (Table 2). This ranking number is added to the primer combination 
code to identify primer combination and rank efficiently (i.e., the “alias” in Table 
2). In the linkage map, the AFLP markers are presented according to the standard 
nomenclature rules.  
 
Map construction and QTL analyses 
AFLP patterns ranging from 35–500 bp were scored automatically using Genescan 
version 3.7 and Genotyper version 3.7 software (PE Biosystems). This enabled us 
to calculate the total signal present within the sample based on the height of the 
peaks. The ratio between the height of an individual peak and the total sum of the 
height of the peaks was then calculated. Using these ratios, the individual alleles 
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could be labeled with the corrected height, and alleles could be identified based on 
the adjusted height of the peaks. The corrected labels were checked manually 
(Herbergs et al. 1999). The segregation ratio for the individual markers was 
checked by means of the χ2 goodness-of-fit test. The genetic map distance for the 
markers was computed with JoinMap version 3.0 (Van Ooijen & Voorrips 2001). 
For the establishment of linkage groups we used a critical minimal LOD score of 
3.0. For calculating of map distances and estimating most likely gene orders, a 
critical LOD score of 0.05 was used. Recombination frequencies were converted to 
map distances in centimorgans with the Kosambi function (Kosambi 1944).  

The quantitative traits tested for association with AFLP markers were the 
formation rates of hydroxymedetomidine and medetomidine carboxylic acid. The 
two parental inbred strains differ for the albino (c) genotype for which the gene is 
located on chromosome 1 (Korstanje et al. 2001b) and the F2-intercross animals 
were also genotyped for this locus. The Kolmogorov–Smirnov one-sample test was 
used to check normality of the phenotypic data within the F2-population. Both in 
the whole F2-population and within each gender the traits were normally 
distributed. Although gender did not appear to have a significant influence on the 
phenotypes (unpaired Student’s t test, P < 0.05), for the genetic analysis in the 
whole F2 population the phenotypes were first normalized in each gender. The 
measured levels were subtracted by the mean established for that gender and then 
divided by the standard deviation of that gender. Within the F2 population the 
transformed variables were normally distributed.  

The location of the QTLs affecting the measured quantitative traits and the 
variance explained by each locus were determined using the MapQTL computer 
package version 4.0 (Van Ooijen & Maliepaard 1996). Because the traits were 
normally distributed, the interval-mapping module was used (Lander & Botstein 
1989). Results were expressed as LOD scores. The LOD score threshold to achieve 
the genome-wide significance levels of 5% (significant linkage) was preset at 3.4 
for dominant/recessive inheritance and 3.3 for additive inheritance; for suggestive 
linkage it was preset at 2.0 and 1.9, respectively(Lander & Kruglyak 1995). 
Comparison of the traits that have been tested in the F2-intercross animals after 
grouping by genotype of an AFLP marker has also been performed. If an AFLP 
marker and the trait of interest are segregating independently, the values of the trait 
will be equally distributed among the homozygote and heterozygote genotypes. 
Again, the Kolmogorov–Smirnov one-sample test was used to check normality of 
these data. All results within genotype groups were found to be normally 
distributed. The significance of the difference between the genotype groups was 
calculated with the unpaired Student’s t test. The unpaired Student’s t tests were 
performed with pooled (for equal variances) or separate (for unequal variances) 
variance estimates. Homoscedasticity was tested using the Levene’s test (Lim & 
Loh 1996). For the unpaired Student’s t-test with separate variance estimates the 
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Welch-Satterthwaite correction was used. To take into account the greater 
probability of a type I error due to multiple comparisons, the level of significance 
for these unpaired Student’s t-tests was pre-set by 0.01695 (α = 1 – [1 – 0.05]1/c; c 
= number of comparisons = 3) ( Dunn-Šidák correction). In all other cases P < 0.05 
was taken as the criterion of significance. The mode of inheritance was chosen as 
free, additive, dominant or recessive according to the significance of differences in 
the mean values of the traits between rabbits that were homozygous AX/JU, 
heterozygous and homozygous IIIVO/JU. All statistical analyses were carried out 
according to Petrie & Watson (1999) using an SPSS® for Windows (version 12.0.1) 
computer program (SPSS Inc., Chicago, IL, USA). 
 
 
Results 
 
LC-MS/MS analysis  
Using hydroxymedetomidine and medetomidine carboxylic acid as external 
standards, intense molecular ions [M+H]+ were obtained in Q1 at m/z 217 and m/z 
231, respectively. Collision-induced fragmentation of these base ions gave a high-
responding product ion at m/z 95 in Q3 for both hydroxymedetomidine and 
medetomidine carboxylic acid (collision energy set at 25 V). For this reason, m/z 
217  m/z 95 and m/z 231  m/z 95 traces were used to quantify these 
metabolites in the MRM mode of the LC-MS/MS system. In Q3, a less abundant 
fragment was observed at m/z 68 and was used for confirmation of the identity of 
the products. The formation rate of the metabolites is expressed relative to the 
intensity of the external standards. 
 
QTL analyses 
A subset of 132 markers was used for the analysis in JoinMap. Out of these 132 
AFLP markers a total of 121 markers could be allocated to a linkage group. QTL 
analysis revealed significant linkage for the scored phenotypical traits on linkage 
groups 1 and 4. These linkage groups had earlier been assigned to chromosomes 1 
(Korstanje et al. 2001b) and 18 (unpublished results), respectively. Table 2 shows 
the characteristics of the AFLP markers allocated to chromosomes 1 and 18. The 
orientation of our genetic map of chromosome 1 can be inferred by comparing it to 
previously constructed linkage maps (Fig. 1) on which a number of physically 
mapped markers are present. 

The results of the QTL analysis using the MapQTL software are summarized 
in Table 3. For the formation rate of hydroxymedetomidine, suggestive linkage was 
found at marker D1Vhl19 (peak LOD score = 3.32) and significant linkage 
between markers D18Vhl1 and D18Vhl2 (peak LOD score = 6.64). Significant 
linkages were also found for the formation rate of medetomidine carboxylic acid 
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between markers D1Vhl20 and D1Vhl21 (peak LOD score = 3.83) and between 
markers D18Vhl1 and D18Vhl2 (peak LOD score = 22.86). All QTL results were 
verified using the unpaired Student’s t test after grouping by marker–genotype 
(Table 4). 
 
Table 3. Summary of the QTLs for the formation rate of two medetomidine 
metabolites in rabbits* 

 

Phenotypic trait Chrom. Peak LOD 
score† 

Location‡ % 
Variance§ 

1 3.32 D1Vhl19  
(46.8 cM) 

15 Hydroxymedetomidine formation 
rate (normalized) 

18 6.64 D18Vhl1-D18Vhl2 
(11.0 cM) 

39 

1 3.83 D1Vhl20-D1Vhl21 
(51.6 cM) 

25 Medetomidine carboxylic acid 
formation rate (normalized) 

18 22.86 D18Vhl1-D18Vhl2 
(10.0 cM) 

86 

* QTLs were investigated using the MapQTL software on data collected from 71 (AX/JU x 
IIIVO/JU/F1 x F1) intercross animals. 
† Data were shown only when significant or suggestive results were found. Thresholds for suggestive 
and significant linkage were those of Lander and Kruglyak (4). 
‡ The location on the chromosome where the LOD score peaked is given in parentheses 
§ Percentage of the genetic variance explained by the QTL 
 



Table 4. Cosegregation analysis results in F2-intercross progeny of AX/JU and IIIVO/JU rabbits* 

* Values are  number of rabbits parentheses NA sample give a conclusive genotype, hence the number of 
rabbits typed varied slightly with each locus. 

 means ± SD;  is given in . Some D s failed to 

 
 

 Genotype†  One-way 
ANOVA  
(P value)§ 

Marker Phenotypic trait A/A A/I I/I LOD score‡ Genotype 
D1Vhl19 Hydroxymedetomidine 

formation rate, normalized 
original data 

0.37 ± 0.86a¶ (12) 
23918 ± 4731 

0.22 ± 0.98b (39) 
23366 ± 6007 

-0.70 ± 0.73ab (19) 
18527 ± 4545 

3.32 0.0007 

D18Vhl1 Hydroxymedetomidine 
formation rate, normalized 
original data 

-0.03 ± 1.07 (17) 
20765 ± 5249 

-0.09 ± 0.98 (35) 
22250 ± 6358 

0.20 ± 0.94 (18) 
23010 ± 5254 

4.35 0.5914 

D18Vhl2 Hydroxymedetomidine 
formation rate, normalized 
original data 

0.33 ± 0.55a (18) 
24001 ± 3490 

0.39 ± 0.92b (32) 
24105 ± 5856 

-0.88 ± 0.79ab (21) 
17487 ± 4618 

6.55 0.0000 

D1Vhl20 Medetomidine carboxylic acid 
formation rate, normalized 
original data 

0.08 ± 0.80a (13) 
2278 ± 1193 

0.33 ± 1.01b (38) 
2434 ± 1283 

-0.69 ± 0.63ab (20) 
1184 ± 736 

3.55 0.0004 

D1Vhl21 Medetomidine carboxylic acid 
formation rate, normalized 
original data 

0.13 ± 0.93a (15) 
2186 ± 1233 

0.26 ± 0.97b (34) 
2392 ± 1258 

-0.64 ± 0.75ab (20) 
1291 ± 968 

2.98 0.0025 

D18Vhl1 
 

Medetomidine carboxylic acid 
formation rate, normalized 
original data 

-0.49 ± 0.96 (17) 
1967 ± 1298 

-0.11 ± 0.99 (35) 
1920 ± 1247 

0.27 ± 1.01 (18) 
2400 ± 1256 

8.81 0.3963 

D18Vhl2 Medetomidine carboxylic acid 
formation rate, normalized 
original data 

1.11 ± 0.59ab (18) 
3421 ± 837 

0.11 ± 0.58ac (32) 
2180 ± 820 

-1.12 ± 0.27bc (21) 
689 ± 422 

20.27 0.0000 

† A = AX/JU allele, I = IIIVO/JU allele. 
‡ LOD scores reported are at the marker indicated. LOD score between markers is higher (see Table 3). 
§ One way ANOVA with main factor genotype. Significant effects (P<0.05) are indicated in bold characters. Note that a P value of 0.0000 does not 
mean that it is zero, only that it is less than 0.0005. 
¶ Contrast significance (unpaired Students’s t test; P<0.01695). Within one row values bearing the same superscript letter are significantly different. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        
Figure 1. Linkage maps of Chromosome 1 markers. (I) Microsatellite linkage map including anchorage markers as described by Chantry-Darmon et al. (2005). (II) 
Linkage map including AFLP markers, biochemical markers and microsatellite markers (unpublished results). (III) Map of the (AX/JU x IIIVO/JU/F1 x F1) 
intercross. (IV) Linkage map as described by Fox (1994). (V) Maps of (OS/JxX/J)X/J) and (WH/J x X/J)X/J back crosses as described by Korstanje et al. (2001b). 
(VI) Map of (IIIVO/JUx[IIIVO/JU x AX/JU]F1) backcross as described by Van Haeringen et al. (2001). 
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Discussion 
 
Individual variation in response to the effects of anesthetics may be attributed to 
genetic-based variations in drug metabolizing phenotype. Forward genetic 
approaches utilizing QTL analysis have been successfully applied to detect 
candidate genes involved in complex traits (Crabbe et al. 1999, Lyons et al. 2005, 
Korstanje et al. 2004). However, only a limited number of studies have focused on 
the detection and mapping of QTLs that determine effect of anesthetics (Simpson 
et al. 1998, Megumi et al. 2004, Mueller et al. 2004). We report on the F2-
intercross progeny of two inbred rabbit strains, that differ in the biotransformation 
rate of the α2-adrenoceptor agonist medetomidine. The AX/JU strain can be 
classified as the extensive metabolizer phenotype, as such in contrast to the poor 
metabolizer IIIVO/JU strain (Avsaroglu et al 2008). The phenotypical data of the 
F2 individuals was used in a genetic analysis to obtain QTLs that could account for 
the metabolizing differences found between the parental inbred strains.  

We have established that the QTLs for the formation rate of 
hydroxymedetomidine and medetomidine carboxylic acid are located on 
chromosomes 1 (OCU1) and 18 (OCU18) of the rabbit. The mean hepatic 
microsomal formation rates of both metabolites of F2 animals heterozygous at 
chromosome 1 markers D1Vhl19-21 were more similar to that of AA allele 
homozygotes (AX/JU genotype) than II allele homozygotes (IIIVO/JU genotype). 
Therefore the A allele appears to be dominant over the I allele. Since the QTL’s 
responsible for both metabolites are situated in close proximity to each other (4.6 
cM) on OCU1, the combined results are suggestive for a common candidate gene. 
The mean formation rate of hydroxymedetomidine at OCU18 marker D18Vhl2 
displayed an inheritance pattern with the A allele appearing dominant over the I 
allele. However, the results from the same marker for the formation rate of 
medetomidine carboxylic acid showed a strictly additive mode of inheritance 
(Table 4). For OCU18 it is therefore feasible that different genes regulate the 
formation rates of each medetomidine metabolite. 

The QTLs found on OCU1, tentatively indicated as Hmbmedh1 and 
Hmbmedc1, are at respectively 11 cM (hydroxymedetomidine) and 6.4 cM 
(medetomidine carboxylic acid) distance from the cytogenetically mapped 
(Korstanje et al. 2001a, Chantry-Darmon et al. 2005, Chantry-Darmon et al. 2006) 
c-(albino)-locus at OCU1q14-15 (Fig 2). Previously, complete rabbit-human 
homology maps were constructed using reciprocal chromosome painting 
(Korstanje et al. 1999). The results from that study showed homology between 
rabbit OCU1q and human chromosome 11 (HSA11). The human (HAS), mouse 
(MMU) and rat (RNO) homologues of the c-locus are located on HSA11q14-21, 
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MMU7 (44.0 cM) and RNO1q32, respectively2. Interestingly, several previous 
studies have also found QTLs determining anesthetic responsiveness in close 
proximity to the Tyr-(albino)-locus on MMU7. The duration of the loss of righting 
reflex was assessed in recombinant inbred (RI) series of selectively bred long sleep 
(LS) and short sleep (SS) mice. Genetic analysis revealed tight linkage of a QTL to 
the Tyr-locus for ethanol (Markel et al. 1996), propofol (Simpson et al. 1998) and 
etomidate (Downing et al. 2003). However, no effect of albinism on the 
responsiveness of these anesthetics could be discerned thereby ruling out the 
albinism gene as a possible candidate (Rikke et al. 2001). Confidence intervals for 
QTL position can be determined using the 1-LOD drop off method from the peak 
of the QTL (Lynch & Walsh 1998). This method has been shown to be 
approximate to a 90-95% confidence interval (Van Ooijen 1992).The results from 
our study show that the Tyr-locus is just outside the 2-LOD support interval with 
respect to the QTL peak for hydroxymedetomidine formation. However, for 
carboxymedetomidine formation the Tyr-locus is within the 1-LOD support 
interval (Fig 2). Therefore, based on the present findings a (pleiotropic) effect of 
the Tyr-gene on medetomidine metabolite formation in rabbits can not be ruled out. 
 

In human (HSA11), rat (RNO1) and mouse (MMU7), the chloride channel 
locus CLNS1A can be found close to the Tyr-locus (human: TYR 11q14-q21 
88550688-88668474, CLNS1A 11q13.5-q14; rat: Tyr 1q32 143642400-
143746414, Clns1a 1q32 154946713-154966947; mouse: Tyr 44.0 cM 94575915-
94641921, Clns1a 50.0 cM 104845201-104867389)3. As it is postulated that 
various ion conductance channels are involved in the hypnotic effect of anesthetics 
including α2-adrenoceptor agonists (Nacif-Coelho et al. 1994), the CLNS1A locus 
may be considered as a positional candidate gene. 

It is interesting to note that the CYP2C4, CYP2C18 and CYP2E1 genes have 
been assigned to OCU18 (Zijlstra et al. 2002, Chantry-Darmon 2005, Chantry-
Darmon 2006). Earlier we have found significant differences in the activity of 
CYP2D and CYP2E isoforms in the livers of AX/JU and IIIVO/JU rabbits using 
specific human substrates. Furthermore, we demonstrated a decrease in formation 
rate of the medetomidine metabolites using CYP2D or CYP2E specific inhibitors 
(Avsaroglu et al. 2008). In that study, no significant differences were found in 
CYP2C activity between the two rabbit inbred strains, which excludes CYP2C4 
and CYP2C18 as candidate genes. The homologous human gene of CYP2D is 
assigned to HSA22q13.1. This human chromosome is homologous to segments of 
rabbit chromosomes 4 and 21 (Korstanje et al. 1999, Chantry-Darmon 2005). 

 
2 http://www.informatics.jax.org/searches/homology_form.shtml, last accessed April 1, 
2008 
3 http://rgd.mcw.edu/genes, last accessed April 1, 2008 

http://www.informatics.jax.org/searches/homology_form.shtml
http://rgd.mcw.edu/genes
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Figure 2. Lod score plots of chromosome 1 exhibiting significant or suggestive linkage of a 
quantitative trait to AFLP markers. (A) Hmbmedh1 = QTL for Hepatic microsomal 
biotransformation of medetomidine / hydroxymedetomidine formation (B) Hmbmedc1 = QTL for 
Hepatic microsomal biotransformation of medetomidine / medetomidine carboxylic acid formation. 
The distances are indicated in cM. The positions of selected marker loci genotyped in the F2 progeny 
are indicated on the x-axis of each panel. The most likely position for each QTL, determined by its 
2.0-Lod support interval, is indicated by a solid, thick bar under the plot. The thin lines at both ends 
of the bar represent Lod scores between 1.0 and 2.0. Thin and thick dotted lines represent threshold 
value of the Lod score considered as suggestive and significant for linkage, respectively, in the model 
of inheritance chosen according to the Student’s t-test analysis (dominant/recessive model). 
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Thus CYP2D could also be excluded as a candidate gene. Therefore, based on the 
results from our previous work and the present study it is likely that CYP2E is 
involved in the biotransformation of medetomidine. 

 In summary, the present study indicates that rabbit chromosomes 1 and 18 
each contain at least 1 QTL that is involved in hepatic microsomal formation rate 
of two medetomidine metabolites. CYP2E1 is the candidate gene at chromosome 
18. Because the QTL mapping data were obtained with a relatively small number 
of animals, additional studies may further substantiate the role of this suggested 
candidate gene. 
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Abstract  
 
Differences in response to analgesic and anaesthetic drugs can partly be attributed 
to variations in the genetic background of experimental animals. This study was 
carried out to determine differences in the response of inbred rat strains to a 
selection of analgesics and drugs used in anaesthetic protocols. A cross between 
the most contrasting strains can then be phenotyped in future studies in order to 
localize quantitative trait loci (QTL’s) involved in analgesic/anaesthetic drug 
sensitivity. Eight inbred strains (n=6 rats/strain) were selected for the study: the 
pigmented ACI, BN and COP strains and the albino F344, LEW, SHR, WAG and 
WKY strains. Each rat was injected intravenously with two analgesics 
(buprenorphine 0.05 mg/kg and nalbuphine 1 mg/kg) and three drugs used in 
anaesthetic protocols (propofol 25 mg/kg, medetomidine 50 μg/kg and ketamine 10 
mg/kg), respectively, using a cross over design. Analgesic responses were assessed 
using an analgesiometric procedure. The sleep time of the rat and, where 
applicable, the interval between injection and loss of righting reflex were used to 
determine the anaesthetic response. Six out of eight strains responded significantly 
different from each other to the analgesic effect of buprenorphine with the ACI 
strain as hyperresponder. The tail withdrawal latency at 55°C of the F344 and 
WKY rats using buprenorphine was not significantly different from base-line tail 
withdrawal latencies. In this study all strains were non-responsive to the analgesic 
effects of nalbuphine. The response to all three drugs used in anaesthetic protocols 
differed significantly among the strains. The F344 and BN strain were relatively 
resistant to the sedative effects of medetomidine. Use of ketamine was abandoned 
in the ACI and BN strains when the first two animals of both strains died soon after 
induction. With all three drugs the sleep time of albino rats was significantly longer 
compared with that of the pigmented ones. We conclude that the results from this 
study can be used in future studies where QTL’s for the sensitivity to 
anaesthetic/analgesic drugs are localized. 
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Introduction 
 
Experimental procedures in animals often require the use of anaesthetics and 
analgesics to minimize discomfort. In small rodents they are usually administered 
as a single intramuscular, subcutaneous or intraperitoneal injection, which leaves 
no opportunity to adjust the dose (Flecknell 1996). It is common knowledge that 
the animal’s response to these drugs can show great inter-individual variation. 
Moreover, it has been well established that this variation can partly be attributed to 
differences in genetic background. Previous studies have demonstrated significant 
strain differences in the response to propofol, ketamine and medetomidine in the 
rabbit (Avsaroglu et al. 2003) and to pentobarbital in the rat (Collins & Lot 1968, 
Shearer et al. 1973, Vieregge et al. 1987). In one of the rat-studies, the lethal dose 
(LD50) for sodium pentobarbital administered intraperitoneally was significantly 
lower for several albino strains as compared with pigmented strains of rats (Shearer 
et al. 1973), suggesting that susceptibility for sodium pentobarbital is genetically 
linked to the albino (tyrosinase) locus on rat chromosome 1 (RNO1). Differences 
in the antinociceptive effect of analgesics have been demonstrated among some rat 
inbred strains (Cook et al. 2000, Barrett et al. 2002, Terner et al. 2003).  

The present study was designed in accordance with our previous study using 
inbred rabbit strains (Avsaroglu et al. 2003). In both studies, a common objective is 
shared: phenotyping inbred strains for the response to anaesthetic/analgesic drugs 
to ultimately localize quantitative trait loci (QTLs) for drug sensitivity using 
phenotypic information from a cross between contrasting strains. It has been shown 
that the combined use of low efficacy opioids (i.e., opioids that require activation 
of a large fraction of the receptor pool to produce an effect) and high-intensive 
nociceptive stimuli evoke maximal activation of the opioid system, and thus 
increase the likelihood of finding strain and sex differences (Cook et al. 2000, 
Barrett et al. 2002). The partial agonists buprenorphine and nalbuphine, being 
typical representatives of low efficacy opioids, were therefore selected for our 
experiment. For obvious reasons, anaesthetic combinations could not be used for 
this study. Instead, specific drugs used in anaesthetic protocols for laboratory 
animals were selected based on receptor activity specificity (gamma-aminobutyric 
acid [GABA], N-methyl-D-aspartic acid [NMDA] and alpha2A). All substances 
were also selected because of the possibility of intravenous injection to rule out 
differences in bioavailability (Pugh 1991). The choice of inbred rat strain was 
based on three criteria: i) phylogenetically distant strains (Canzian 1997); ii) 
extensively used strains (Hedrich 1990); iii) inclusion of both albino and 
pigmented rat strains. 
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Materials and methods 
 
Animals 
Forty-eight male rats of eight different inbred strains (n=6/strain) were used for the 
study. The pigmented strains were ACI/SegHsd, BN/RijHsd and COP/OlaHsd. The 
albino strains were F344/NHsd, LEW/HanHsd, SHR/NHsd, WAG/RijHsd and 
WKY/NHsd. All strains were purchased from Harlan (Horst, The Netherlands). 
The health status report that was delivered with the rats indicated that they were 
free of the micro-organisms monitored based on Federation of Laboratory Animal 
Science Associations (FELASA) recommendations. Testing of the animals 
commenced at the age of twelve weeks after an acclimatization period of two 
weeks. The protocols of the experiments were approved by the Animal 
Experiments Committee of the Academic Biomedical Centre Utrecht and peer-
reviewed by the Scientific and Ethical Committee of the Division of Laboratory 
Animal Science. 
 
Husbandry during experiment 
The animals were housed in groups in Makrolon IV-S cages (2 cages/strain) with a 
sawdust bedding (Lignocel®, Rettenmaier & Söhne, Ellwangen-Holzmühle, 
Germany). The room temperature was maintained at 20-23 °C with a relative 
humidity of 50 ± 5 % and 15-20 air changes per hour. The artificial light-dark cycle 
of the room was 12:12 h with lights on at 07:00 h. The rats were fed a pelleted 
maintenance diet (CRM (P)®, SDS, Witham, UK) and had access to acidified (HCl) 
water through an automated drinking water system (pH~2.5) ad libitum. All 
animals were subjected to a two week pre-study period of habituation to being 
restrained in a small towel. On the day of the experiment, the strains to be tested 
were placed in a room adjacent to the experimental room. During the experiment, 
only the animals used were placed in the experimental room, thereby minimizing 
potentially interfering stress responses in the other members of the strain. 
 
Study design 
Each rat was subjected to two analgesics and three anaesthetics, respectively, 
according to a crossover design (the animals underwent the different treatments 
consecutively: A-B-C-D-E; 1 drug/animal/week). A minimum washout period of 
one week between treatments was included with the intention of eliminating 
possible carry-over effects. Four experimental days were allocated to each week, 
and 12 animals (2 strains) were used each day. Injections and subsequent response 
measurements were carried out between 11:00 and 15:30 h. For practical reasons, 
no randomization to avoid “day of the week” effects was attempted. All 
intravenous injections were performed by one and the same operator over a period 
of approximately 10 s. The doses used were based upon literature data (Flecknell 
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1996, Flecknell & Waterman-Pearson 2000). The analgesics tested were 
buprenorphine (Temgesic® 0.05 mg/kg, Schering-Plough, Amstelveen, The 
Netherlands; treatment ‘A’) and nalbuphine (Nubain® 1 mg/kg, Bristol-Myers 
Squibb, Woerden, The Netherlands; treatment ‘B’). The anaesthetics tested were 
propofol [GABA receptor agonist](Rapinovet® 10 mg/kg, Schering-Plough, 
Utrecht, The Netherlands; treatment ‘C’), medetomidine [alpha2A adrenoceptor 
agonist](Domitor® 50 μg/kg, Pfizer, Capelle a/d IJssel, The Netherlands; treatment 
‘D’) and ketamine [NMDA receptor antagonist](Narketan® 25 mg/kg, Vétoquinol, 
‘s Hertogenbosch, The Netherlands; treatment ‘E’). With the exception of propofol. 
all drugs were diluted with sterile saline to provide a suitable volume for 
intravenous dosing (0.2 ml/100 g body weight) (Baumans et al. 2001). No 
infections of the injection site or loss of appetite were observed during the course 
of the treatment period. Rats of all strains gained in body weight at approximately 
the same rate throughout the experiment.  
 
Analgesic response 
A warm water tail withdrawal procedure, as described by Cook et al. (2000), was 
used to assess the animal’s response to the analgesic. The rats were restrained in a 
small towel and the distal 7 cm of the tail was immersed into thermostat controlled 
water baths. The latency to tail-withdrawal was then recorded at +40 °C (baseline) 
and at +55 °C water temperature. Tests at each temperature were separated by 2-3 
min, and a 15-s cut-off was imposed in all tests to minimize potential tissue 
damage. After baseline latencies were recorded, the analgesic was injected into the 
tail vein using a 25G needle. Thirty minutes after the analgesic injection, latency to 
tail-withdrawal from the warm water at +40 °C and +55 °C was determined once 
more. The response of the rat to the analgesic was defined as the statistically 
significant difference in tail withdrawal latency at 55oC water temperature before 
and after the administration of analgesic and expressed by the Δt55°C. The strains 
could therefore be roughly divided into different response groups. The low 
response group had a mean Δt55°C ≤ 1.0 s. The medium response group was defined 
as having a 1.0 < mean Δt55°C ≤ 3.0 s. The high response group was defined as 
having a mean Δt55°C > 3.0 s. 
 
Anaesthetic response 
The animal’s response to the anaesthetic was assessed by measuring ‘sleep time’ 
(Gruber et al. 1954). The rats were restrained in a small towel and injected with the 
anaesthetic in the tail vein using a 25G needle. The time between injection and loss 
of righting reflex (latency) was noted. After the animals had lost their righting 
reflex, they were placed in dorsal recumbence on a heating pad that was maintained 
at body temperature. Ophthalmic ointment (Duodrops®, Céva Santé Animale, 
Naaldwijk, The Netherlands) was applied to the eyes to prevent corneal desiccation 
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or abrasions. As soon as the animal was able to perform three consecutive righting 
reflexes, this was considered the time of regain of righting reflex and noted 
accordingly. The time frame between loss and regain of righting reflex was thereby 
considered the sleep time of the animal. 
 
Statistical analyses 
Results are presented as means ± SD. All data were tested for normality using the 
Kolmogorov-Smirnov one-sample test. All results within groups were found to be 
normally distributed. Student’s t-test for paired data was used to evaluate changes 
with time within strains. For comparison of group data the Kruskal-Wallis test was 
used. If the Kruskal-Wallis test showed significant effects, the group means were 
further compared with Scheffé’s test. Strain comparisons of the time from injection 
to loss of righting reflex for propofol and ketamine were not performed as all 
animals lost their righting reflex upon injection. A subsequent comparison of 
means for the sleep times between the pigmented and albino strains was performed 
using the unpaired Student’s t-test. The probability of a type I error <0.05 was 
taken as the criterion of significance. Two side probabilities were estimated 
throughout. All statistical analyses were carried out according to Petrie & Watson 
(1999) using the SPSS computer program.  
 
 
Results 
 
Analgesic response 
At 40 °C water temperature, all strains failed to withdraw their tail by the 15-s cut-
off time before and after the administration of buprenorphine and nalbuphine 
(results not shown).  

At 55 °C water temperature, no significant differences were found in tail 
withdrawal time between the strains when no analgesic was administered. After 
administering buprenorphine, the ACI, BN, COP, LEW, SHR and WAG strains 
showed a significant increase in tail withdrawal time. None of the strains exhibited 
significant increases in tail withdrawal time after administering nalbuphine (Table 
1). Figure 1. shows the Δt55°C of buprenorphine for the eight strains. The effect of 
buprenorphine was strongest in the ACI strain (Δt55°C = 12.0 ± 1.3 s), while the 
effect in F344 and WKY strains did not reach statistical significance. 
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Table 1. Time interval between immersion and tail withdrawal in 55°C water temperature before and 
after administration of analgesic† 

 
 Before 

buprenorphine (s) 
After 
buprenorphine (s) 

Before 
Nalbuphine (s) 

After  
Nalbuphine (s) 

ACI 2.0 ± 0.6 14.0 ± 1.7** 2.5 ± 0.6 2.7 ± 0.5 
BN 2.3 ± 0.5   3.3 ± 0.5* 2.3 ± 0.5 2.0 ± 0.0 
COP 2.0 ± 0.0   3.3 ± 0.5* 2.0 ± 0.0 2.5 ± 0.6 
F344 2.3 ± 0.5   3.8 ± 1.3 1.8 ± 0.4 2.2 ± 0.4 
LEW 2.0 ± 0.6   2.7 ± 0.5* 2.0 ± 0.0 1.7 ± 0.5 
SHR 2.3 ± 0.8   4.7 ± 1.6* 2.8 ± 0.8 2.3 ± 0.5 
WAG 1.8 ± 0.4   3.2 ± 0.8* 1.0 ± 0.0 1.0 ± 0.0 
WKY 2.0 ± 0.6   2.5 ± 0.8 1.8 ± 0.4 1.8 ± 0.4 
Significance‡ - S - - 

Asterisks indicate significant differences in values before and after the administration of analgesic  
(* P<0.05, **P<0.005; paired Student’s t-test) 
†Values are means ± SD for six rats per strain.  
‡Significance based on Kruskal-Wallis test (P<0.05). S=significant strain effect. 

 
 
Figure 1. Δt55°C using buprenorphine in eight rat inbred strains. Each diagram represents mean value 
+ SD (6 rats/strain). The numbers in the bars represent the mean value. There are significant strain 
effects (P≤0.0005, Kruskal-Wallis test). There are significant differences between values before and 
after administration of buprenorphine (* P<0.05, **P<0.0005; paired Student’s t-test). The ACI 
inbred strain differed significantly from the other strains (P<0.05; Scheffé’s test) 
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Anaesthetic response 
Propofol induced loss of righting reflex in all strains immediately after 
administration. Anaesthesia and subsequent recovery were uneventful. After 
recovery, all animals quickly regained their ability to move around the cage. Strain 
F344 had the longest sleep time (16.17 ± 1.94 min) while COP had the shortest 
(7.33 ± 1.21 min; Table 2). 

After the administration of medetomidine, all strains except BN lost their 
righting reflex. The latency (time between injection and loss of righting) was most 
apparent in the F344 strain (11.17 ± 6.82 min; Table 2). The other strains lost their 
righting reflex significantly faster (Table 2). The animals of the BN strain did not 
lose their righting reflex at all, even after repeated efforts to place the animals in 
dorsal recumbence. The latter was attempted well beyond the maximum time 
interval injection-loss of righting as observed in the other strains. All seven strains 
that lost their righting reflex recovered without incident from medetomidine 
anaesthesia. Upon placement back in their home cage, the animals often retained an 
unstable posture or fell back into a state of sedation for some time.  

Sleep time varied significantly among the strains, with the longest time for the 
LEW strain (75.83 ± 16.13 min). The F344 strain, while having the longest latency, 
regained its righting reflex sooner than other strains (15.67 ± 9.16 min) (Table 2). 

Immediately after the administration of ketamine, all strains lost their righting 
reflex. In the ACI and BN strains, soon after induction the mucous membranes 
became cyanotic and, despite resuscitation efforts, two rats of both strains died, 
after which the experiments using ketamine on these strains were stopped. All 
animals of the other strains recovered uneventfully from ketamine anaesthesia. The 
time needed to regain the ability to move around freely when placed back in the 
home cage was, however, prolonged when compared with propofol. The rats 
crawled unsteadily and some animals fell back into a sedative state for an indefinite 
period while preserving their righting reflex. Inter-strain comparison of sleep times 
showed significant differences, with SHR (26.33 ± 1.63 min) and F344 (16.83 ± 
3.60 min) being the most contrasting (Table 2).  

When comparing sleep times of albino strains with those of pigmented strains, 
it was found that for each of the three anaesthetics the sleep time in albino strains 
was significantly longer than in pigmented strains (Figure 2) 



Table 2. Latency (time between injection and loss of righting reflex) for medetomidine and sleep times for propofol, medetomidine and ketamine in eight rat inbred 
strains 
 
 Inbred strains  
Drug   ACI   BN   COP   F344   LEW  SHR   WAG  WKY P value* 
Propofol                         

Sleep time 8.50 ± 3.27a§ 9.17 ± 1.47b 7.33 ± 1.21c 16.17 ± 1.94abcdef 10.83 ± 2.48d 9.50 ± 1.05e 8.17 ± 3.87f 12.00 ± 1.10 <0.0005 

Medetomidine                    

Latency 1.67 ± 0.52a nr   3.17 ± 1.33b 11.17 ± 6.82abcdef 1.67 ± 0.52c 2.67 ± 1.75d 2.00 ± 0.63e 3.00 ± 0.63f <0.0005 

Sleep time 55.50 ± 7.79a nr   60.50 ± 12.53b 15.67 ± 9.16abcde 75.83 ± 16.13c 59.67 ± 9.22d 71.83 ± 7.68e 48.83 ± 6.49ce <0.0005 

Ketamine                    

Sleep time na   na   20.00 ± 1.27a 16.83 ± 3.60bcd 19.83 ± 4.02e 26.33 ± 1.63abe 23.50 ± 3.45c 25.83 ± 2.48d <0.0005 

Each value represents mean ± SD (6 rats/strain) in minutes. na=not available, nr=no response 
* P value in the Kruskal-Wallis test.  
§ Contrast significance (mean±SD: Scheffé’s test). Within a row, values bearing the same superscript letter are significantly different. (P<0.05) 
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Figure.2. Sleep time comparing pigmented and albino strains using propofol (npig=18, nalb=30), 
medetomidine (npig=18, nalb=30) and ketamine (npig=6, nalb=30). Each diagram represents mean value 
+ SD. The numbers in and above the bars represent the mean and P value, respectively. Pigmented 
when compared to albino rats had a significantly shorter sleep time (P<0.05; unpaired Student’s t-
test). 
 
 
Discussion 
 
The present study provides evidence of strain-related differences in the analgesic 
effectiveness to the partial µ opioid receptor agonist buprenorphine. Marked strain 
differences in baseline (i.e. non-drug) tail withdrawal latencies were not observed. 
In previous studies, significant differences were observed in baseline tail 
withdrawal latency between the F344 and the LEW strains even at high stimulus 
intensities as used in the present study (Cook et al. 2000). In accordance with the 
present study, other studies could not confirm these results using the same strain 
and stimulus intensity (Barrett et al. 2002). Six out of eight strains showed 
significant increases in tail withdrawal latencies subsequent to the administration of 
buprenorphine, with ACI as the most contrasting responder. This analgesic effect 
of buprenorphine in ACI is not in line with an earlier study by Terner et al. (2003), 
who found that ACI was only moderately sensitive to buprenorphine. Since the 
strain in the present study was supplied by the same vendor, we have as yet no 
explanation for the observed discrepancy. The BN and LEW strains showed low 
responsiveness to the analgesic effects of buprenorphine, which confirms previous 
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studies (Terner et al. 2003). Since the ACI and BN strains were subjected to 
buprenorphine administration on the same day, confounding ‘day of the week’ 
effects seem unlikely as rats of the BN strain responded quite differently to rats of 
the ACI strain. The F344 and the WKY strains were found to be unresponsive to 
the analgesic effects of buprenorphine at the dose rate used. Previously the F344 
strain has been found to display a significant increase in analgesia following 
administration of buprenorphine (Cook et al. 2000, Terner et al. 2003). This 
discrepancy could be due to substrain differences as the rats came from a different 
vendor. Besides substrain differences, social stress factors during early postnatal 
life (Alleva et al. 1986, Sudakov et al. 1996) might have caused the difference in 
analgesic response. Also, differences in restraint methods should be considered as 
the rats from the previous studies were placed in restraint tubes. Although a 
habituation protocol was followed prior to testing, it cannot be ruled out that 
restraint stress potentiated the analgesic effect of buprenorphine (Woolfolk & 
Holtzman 1995). The COP, SHR and WAG strains displayed medium 
responsiveness to the analgesic effect of buprenorphine at the given stimulus 
intensity.  

In contrast with buprenorphine, nalbuphine, also representing the group of 
partial agonists, induced no analgesia in any of the strains under the defined 
experimental conditions. Others have reported the inability to define an ED50 for 
nalbuphine at high (56 °C) (Terner et al. 2003) or even mild (50 °C) to moderate 
(52 °C) water temperatures (Morgan et al. 1999, Cook et al. 2000). Since 
nalbuphine was administered at therapeutic doses in this study, one might doubt the 
effectiveness of nalbuphine in achieving adequate analgesia in rats at this dose 
level during experimental procedures.  

The F344 strain responds most profoundly to the effects of propofol while the 
COP strain has the weakest response. The F344 strain differs markedly from all the 
other strains in having a substantially extended latency to loss of righting following 
the administration of medetomidine. It has been shown that the F344 strain 
possesses high levels of diurnal and stress related corticosterone levels (Dhabhar et 
al. 1993), which might affect the distribution and metabolism of medetomidine 
(Raekallio et al. 2002) and could thus explain the delayed loss of righting reflex 
after administration of medetomidine. This assumption is further supported by the 
observation that the F344 strain regains its righting reflex substantially faster than 
all the other strains. The BN strain does not lose its righting reflex at all, although 
other signs of sedation do occur. A similar observation has previously been made 
in the AX/JU inbred strain of the rabbit (Avsaroglu et al. 2003). Further studies are 
necessary to ascertain whether these unrelated observations share a common mode 
of action. 

The variation in sleep time among the strains using ketamine is less prominent 
than with propofol and medetomidine. However, in the case of the ACI and BN 
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strain a lethal hypoxemia occurred, which can be construed as a hyper response to 
the anaesthetic effects of ketamine. Administered as a mono-anaesthetic, ketamine 
is generally considered to be one of the few anaesthetics not to specifically 
suppress the respiratory rate centrally. However, it can significantly increase 
pulmonary viscoelastic pressure resulting in dilation of alveolar ducts and alveolar 
collapse (Alves-Neto et al. 2001). We assume that the ACI and BN strains have 
developed this complication more extensively than the other strains tested, but no 
(histo)pathological data are available to substantiate this assumption. Another 
explanation for the extreme response to ketamine could be found in 
chronopharmacological differences. Previous studies indicate that duration and 
magnitude of CNS depression of ketamine in rats exhibit circadian rhythmic 
variation (Rebuelto et al. 2002). Strains such as the ACI, displaying a strong 24 h 
circadian rhythm (Siebert & Wollnik 1991) could respond disproportionately to the 
depressant effects of ketamine, as Rebuelto et al. (2002) have shown that the 
longest pharmacological response occurs during the period (11:00-15:30h) in 
which ketamine was administered in this study. With all three anaesthetics, the 
response of albino when compared with pigmented rats is higher. Whether this 
implies that the response to propofol, medetomidine and ketamine is governed by a 
genetic component that is closely linked to the albino locus on the rat chromosome 
can be the subject of further study. 

In conclusion, the response to buprenorphine and the anaesthetics in this study 
show considerable differences among the tested inbred rat strains. Results of 
particular interest are (a) the unusually strong response of the ACI rats to 
buprenorphine; (b) the relative resistance of the F344 and BN rats to 
medetomidine, (c) the relative hypersensitivity of ACI and BN rats to ketamine. It 
would be of interest to study the genetic basis of the differences in response. A 
prerequisite for finding QTL’s with a significantly high LOD score is that the 
assessment of the phenotype is accurate and reproducible. This study has addressed 
a number of confounding influences on the response to anaesthetic and analgesic 
drugs. However, although refining of the methodology might further increase the 
accuracy of phenotyping, the results so far seem to be sufficiently discriminative as 
to provide a solid basis for the design of a QTL study. 
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Abstract  
 
Buprenorphine is a partial µ,κ agonist that has been shown to influence 
spontaneous behaviour in animals. Previously, we have demonstrated significant 
differences in the analgesic response to buprenorphine between the August 
Copenhagen Irish (ACI)/SegHsd and the Brown Norway (BN)/RijHsd inbred rat 
strains. The purpose of this study was to determine whether these strains also 
differed in their behavioural response to buprenorphine in order to provide an 
additional parameter for the genetic analysis and localization of genes involved in 
this response. Male and female rats of both strains were used (n=6 /strain/sex) for 
this study. Each rat was subjected, respectively, to three treatment regimens at 
15:00 h: A) unchallenged; B) intravenous saline; C) intravenous buprenorphine 
(0.05 mg/kg) according to a crossover design. The relative duration (s/h) of 
locomotion, grooming, drinking and eating behaviour was subsequently determined 
from 15:30 to 07:00 h using the automatic registration system, Laboratory Animal 
Behaviour Registration and Analysis SystemTM. Significant strain differences were 
observed in unchallenged behaviour between the ACI and the BN rats. ACI rats, 
but not BN rats, responded to buprenorphine treatment with decreased levels of 
locomotion, drinking and eating behaviour. The same treatment resulted in an 
increased grooming behaviour in both strains. Slight but significant sex differences 
were observed for locomotion and eating in the analysis of variance procedure, but 
did not reach the level of statistical significance in the multiple comparison 
procedure. The results of this study emphasize the possibility that strain-specific 
effects must be taken into account when using behavioural parameters for the 
assessment of the analgesic effects of buprenorphine in rats. 
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Introduction 
 
Buprenorphine is a highly lipophilic oripavine analgesic. Its analgesic effects are 
generally considered to be mediated through both mu (µ)- and kappa (κ)-opioid 
receptors (See Cowan 1995, Rothman et al. 1995 for review). It is applied 
extensively to alleviate clinical and postoperative pain in a variety of animal 
species and man (see Roughan & Flecknell 2002 for review). Apart from its 
analgesic properties, buprenorphine has been shown to influence the spontaneous 
behaviour of animals. In male albino mice (MFI/Ola), the subcutaneous (s.c.) 
administration of buprenorphine (0.10, 0.30 or 1.0 mg/kg) resulted in an increase in 
spontaneous locomotor activity when compared with control animals (Cowan et al. 
1977b). In the same study, male Sprague-Dawley rats were also injected with s.c. 
buprenorphine (0.10-3.0 mg/kg) with the overall locomotor activity being 
increased as well, although the rats remained immobile and showed a typical 
hunchbacked (“hedgehog”) posture initially. After 4-5 h, repetitive licking and 
biting of the limbs and cage bars occurred.  

In male outbred Wistar rats, an increase in locomotor activity was also 
preceded by an initial reduction of activity following a single s.c. dose of 0.05 
mg/kg buprenorphine (Liles & Flecknell 1992). Food intake was significantly 
reduced following a single s.c. dose of 0.05 or 0.1 mg/kg buprenorphine, whereas 
water intake remained unaffected. Male and female outbred Wistars displayed an 
increase in locomotor activity as well as a significant reduction in ventral grooming 
behaviour following 0.05 mg/kg buprenorphine s.c. (Roughan & Flecknell 2000). 
The intrinsic behavioural effect of buprenorphine can lead to misinterpretation 
when measuring the analgesic potency of this drug with the use of behavioural 
parameters, e.g. locomotor activity and grooming (Roughan & Flecknell 2000, 
Roughan & Flecknell 2002). Previously, we observed significant differences in the 
response to buprenorphine (0.05 mg/kg intravenous [i.v.]) as measured by the tail-
flick test in inbred rat strains (Avsaroglu et al. 2007). The August Copenhagen 
Irish (ACI)/SegHsd strain responded strongly to the analgesic effects of 
buprenorphine while the Brown Norway (BN)/RijHsd strain had a weak response 
(n=6 females/strain). To rule out the sex differences in analgesic response (Cook et 
al. 2000, Barrett et al. 2002, Terner et al. 2003) a subsequent study was performed 
where male and female members of both strains were subjected to the same 
experimental design. Although the response of the female ACI/RijHsd rats was 
weaker than the males, the strain differences remained significant (unpublished 
results). 

The aim of the present study was to analyse the strain-specific effects of 
buprenorphine on behaviour in the two, differently responding, rat inbred strains, in 
order to provide an additional parameter for future genetic studies and localization 
of genes involved in the response to buprenorphine. For behavioural analysis, 
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Laboratory Animal Behaviour Registration and Analysis System (LABORASTM) 
was used - a system that automatically registers six distinct behavioural categories 
in the rat (immobility, locomotion, rearing, grooming, drinking and eating). As this 
system is entirely automated, continuous long-term behavioural measurements can 
be performed in the animal’s home cage (Bulthuis et al. 1997, Van de Weerd et al. 
2001).  
 
 
Materials and methods 
 
Animals 
Twelve rats of the ACI/SegHsd (ACI) strain and 12 rats of the BN/RijHsd (BN) 
strain (n=6/sex/strain) were used for this study. The ACI is a black agouti-coloured 
inbred rat strain with a white belly and feet. The substrain SegHsd is derived from 
a nucleus colony obtained from Dr A Segaloff’s colony at the Ochsner Medical 
Center, Jefferson, LA, USA. The strain is a model for congenital genitourinary 
anomalies, hepatic disorders and locomotor activity (Greenhouse et al. 1990). The 
ACI strain displays a unimodal wheel running activity pattern with a high 
amplitude of activity (Klante et al. 1999), while significant ultradian components 
are absent (Wollnik 1991). The BN is a non-agouti brown inbred rat strain. In 
1963, the Radiobiological Institute, Nederlandse Organisatie voor toegepast-
natuurwetenschappelijk onderzoek (TNO), Rijswijk, The Netherlands started 
inbreeding the substrain RijHsd. The strain is a model for myelocytic leukaemia, 
kidney disorders and sleep behaviour (Greenhouse et al. 1990). The BN rat exhibits 
low levels of corticosterone release after restraint stress or exposure to a novel 
environment when compared with other rat strains (Sarrieau et al. 1998). This is 
thought to be caused by differences in corticosteroid receptor efficiencies and 
regulation (Marissal-Arvy et al. 1999). The weight of the male rats ranged from 
195 to 230 g and that of the females from 140 to 170 g at the start of the 
experiment. Both strains were purchased from Harlan Netherlands BV (Horst, The 
Netherlands). The rats’ health status report indicated them to be free from the 
micro-organisms monitored, based on the FELASA recommendations. Testing of 
the animals started when they were twelve weeks of age after an acclimatization 
period of two weeks. The protocols of the experiments were approved by the 
Animal Experiments Committee of the Academic Biomedical Centre of Utrecht 
University. 
 
Husbandry and study design 
The animals were housed in a room adjacent to the room where the LABORASTM 
equipment was located. Rats were housed in groups of four same-sex individuals of 
the same strain in Makrolon IV-S cages (Tecniplast®, Milan, Italy) with a 
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woodchip bedding (Abedd®, Dominik Mayr KEG, Köflach, Austria). Surplus rats 
of the same sex and strain were added to the cages where just two experimental 
animals were present. The room temperature was maintained at 20-22 °C with a 
relative humidity of 40-55 %. The artificial light-dark cycle of the room was 12:12 
h with lights on at 05:00 h at approximately 100 lux shelf level. The rats were fed a 
pelleted maintenance diet (CRM (P)®, SDS, Witham, UK) and had an access to tap 
water through drinking bottles ad libitum. 

Each rat was subjected to three treatment regimens, respectively: A) 
unchallenged; B) i.v. saline; C) i.v. buprenorphine, according to a crossover design 
(the animals undergo the different treatments consecutively: A-B-C). Immediately 
after each treatment, the rat was individually placed on the LABORASTM platform 
for the collection of behavioural data. At the end of the LABORASTM session, the 
animals were returned to their respective home cages and mates. No subsequent 
signs of aggression were observed among the cage mates. 
 
Treatment 
All rats were handled daily for two weeks, to reduce non-specific stress during the 
experiments. The unchallenged animals (treatment A) were placed directly on the 
LABORASTM platforms without giving an i.v. injection. For treatments (B) and 
(C), the rats were restrained in a small towel and either saline (0.9 % NaCl; B) or 
buprenorphine (Temgesic® 0.05 mg/kg, Schering-Plough, Amstelveen, The 
Netherlands; C) was injected into the tail vein using a 25G needle. Both treatments 
were administered at 0.2 ml/100 g body weight (BW) as this is considered an 
appropriate volume for i.v. dosing in the rat tail vein (Baumans et al. 2001). As the 
commercial solution of buprenorphine is too concentrated to be administered at the 
required volume, the compound was diluted in a laminar air flow cabinet with 
sterile saline. Neither infections of the injection site nor loss of appetite were 
observed during the experimental period.  
 
Behavioural assessment 
Four rats were tested at the same time using four different platforms (1 
rat/strain/sex). At 15:00 h, the animals received the injection after which they were 
placed individually in a test cage. The unchallenged rats (treatment A) were placed 
in the test cage at 15:00 h as well. The collection of behavioural data started at 
15:30 h and was terminated at 07:00 h the following morning. Each rat was thus 
tested on three consecutive days with treatments (A), (B) and (C), respectively. The 
cages were cleaned, disinfected (alcohol 70%) and supplied with fresh bedding 
before a new rat was introduced in the test cage. 

The LABORASTM system (Metris BV, Hoofddorp, The Netherlands) consists 
of three parts: (i) sensor platforms; (ii) electronics (e.g. amplifiers and control unit); 
iii) software (Windows-based). The triangular-shaped sensor platform (carbon fibre 
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plate 700 x 700 x 1000 x 30 mm, Metris BV) was positioned on two orthogonally 
placed force transducers (single point small [SPS] load cells) and on a third fixed 
point attached to a heavy bottom plate (Corian Plate 695 x 695 x 980 x 48 mm, 
Metris BV). The whole construction stood on three spikes that were adjustable in 
height and absorbed external vibrations. The rats were housed in Makrolon type 
IIIH cages (UNO Roestvaststaal, Zevenaar, The Netherlands; Hopper and Bottle: 
LabProducts Inc., Seaford, USA), with a woodchip-covered floor. One cage was 
placed directly onto the sensing platform, the upper part of which (including the 
top, food hopper and drinking bottle) was suspended in a high adjustable frame and 
was free from the sensing platform. The vibrations evoked by the movements of 
the animal were picked up by the carbon fibre measurement plate and passed to the 
force transducers below it. The transducers were connected to a pre-amplifier (and 
signal conditioning unit), that was mounted on to the measurement platform. The 
gain and offset of the pre-amplifier were adjusted by the software, based on the 
weight of the laboratory animal that was entered by the experimenter, through a 
calibration routine. The pre-amplifier also filtered out the noise from the signals. 
The output signals of the amplifiers were sent to the LABORASTM Control Unit 
(LCU) which converted the analogue signals into a digital format. The LCU sent 
the data over a serial line to the PC for further processing. The PC then processed 
the stored data using several signal analysis techniques to classify the signals into 
behavioural categories, such as locomotion, grooming, drinking and eating. The 
behaviour that dominated was scored. Movement of the animal with both forepaws 
and hindlimbs was classified as locomotion. Grooming includes all categories of 
body and head grooming, penile grooming and scratching (for details see Van de 
Weerd et al. 2001).  

 
Data processing and statistical analyses 
The behaviours: locomotion, grooming, drinking and eating that were recorded 
during the 15.5 h observation period were quantified as relative duration (s/h) both 
over the total observation period as well as in four time blocks of 4, 4, 4 and 3.5 h, 
respectively (Tables 1-4). An activity profile of grooming behaviour was 
constructed and expressed as duration in seconds/15-minute intervals.(Figure 1 is a 
typical example illustrating the behavioural pattern over the observed time period). 
In Tables 1-4, the results are presented as means ± SD. 

All statistical analyses were carried out according to Petrie & Watson (1999), 
using a SPSS computer program (SPSS Inc, Chicago, IL, USA, 2004). Two-side 
probabilities were estimated throughout. The Kolmogorov–Smirnov one-sample 
test was used to check the normality of these data. All results within groups were 
normally distributed. The significance of the differences between groups was 
calculated by a repeated measures analysis of variance (ANOVA) with strain and 
gender as the main between-subject factors, and treatment as the main within-
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subject factor. If the repeated measures ANOVA showed significant effects, the 
group means were further compared with the unpaired and/or paired Student’s t-
test. The unpaired tests were performed with pooled (for equal variances) or 
separate (for unequal variances) variance estimates. The equality of variances was 
tested using an F-test. To take into account the greater probability of a type I error 
due to multiple comparisons, the level of significance for the Student’s t-tests was 
pre-set at P<0.05/ times a group was used for a comparison (i.e. P<0.05/4=0.0125) 
instead of P<0.05, according to Bonferroni’s adaptation. In all other cases, the 
probability of a type I error <0.05 was taken as the criterion of significance.  
 
 
Results 
 
An overview of the statistical results is shown in Tables 1-4. 
 
Locomotion 
Male ACI rats displayed a shorter duration of locomotion when treated with saline 
(15.5 h period, 15:30-07:00 h; fourth block, 03:30-07:00 h) and buprenorphine 
(15.5 h period, 15:30-07:00 h; first block, 15:30-19:30 h) when compared with 
unchallenged levels (Table 1). Although the ACI female rats also had a shorter 
duration of locomotion around the start of the dark period (first block, 15:30-19:30 
h) when given saline or buprenorphine, this did not reach statistical significance 
over the total time period (15.5 h period, 15:30-07:00 h) measured. 

Female but not male BN rats displayed an overall (15.5 h period, 15:30-07:00 
h) significantly shorter duration of locomotion when treated with saline compared 
with unchallenged treatment. This was particularly apparent immediately after the 
injection (first block, 15:30-19:30 h). 

ACI rats displayed an overall significantly longer duration of locomotion when 
compared with BN rats after both unchallenged treatment and saline 
administration. This was particularly apparent for females during the largest part of 
the dark period (first to third block, 15:30-03:30 h). In males the differences 
between the strains became apparent later (control: second to fourth block, 19:30-
07:00h; saline: second and third block, 19:30-03:30 h).  
 
 



 

 

Table 1. Locomotion (in s/h) over the entire period and per time block (mean±SD) using LABORAS in ACI and BN inbred rat strains 
(n=6M,6F) under three different experimental conditions (control, intravenous saline, intravenous buprenorphine) 
 
  ACI  BN  ANOVA§ 

Interval* Gender Control Saline† Buprenorphine‡  Control Saline Buprenorphine  S T G S x T S x G T x G S x T x G 
Total                 
 Males 52 ± 8abc¶ 33 ± 8ad 27 ± 11b  28 ± 8c 16 ± 7d 23 ± 7         
 Females 57 ± 4b 51 ± 14c 36 ± 23  29 ± 7ab 17 ± 4ac 71 ± 49  0.013 0.043 0.005 0.000 0.500 0.030 0.019 
Block 1                            
 Males 71 ± 21b 35 ± 17 19 ± 19b  52 ± 16a 28 ± 19 22 ± 15a         
 Females 82 ± 10ade 50 ± 11bd 27 ± 19e 50 ± 11ac 22 ± 5bc 94 ± 94  0.712 0.004 0.041 0.003 0.513 0.088 0.038 
Block 2                            
 Males 50 ± 12a 39 ± 15b 31 ± 20  28 ± 10ac 14 ± 5bc 44 ± 17         
 Females 45 ± 6a 54 ± 22b 57 ± 46  22 ± 4a 17 ± 7b 125 ± 92  0.556 0.002 0.021 0.001 0.388 0.007 0.165 
Block 3                             
 Males 57 ± 11a 41 ± 9b 34 ± 13  20 ± 10a 12 ± 5b 16 ± 8         
 Females 66 ± 15a 64 ± 14b 44 ± 43  23 ± 10a 17 ± 5b 40 ± 20  0.000 0.160 0.012 0.003 0.739 0.443 0.212 
Block 4                             
 Males 26 ± 9ab 14 ± 8b 22 ± 18  9 ± 3a 11 ± 4 8 ± 4         
 Females 30 ± 11 32 ± 21 15 ± 13  19 ± 7 14 ± 5 19 ± 8  0.001 0.301 0.012 0.396 0.510 0.363 0.042 
                            
 
*Block 1 = 15:30-19:30 h; Block 2 = 19:30-23:30 h; Block 3 = 23:30-03:30 h; Block 4 = 03:30-07:00 h; 17:00 h = lights out; 05:00 h = lights on 
†0,2 ml/100 g BW 
‡0,2 ml/100 g BW; 0,05 mg/kg buprenorphine  
§Significance (p<0.05) based on repeated measures analysis of variance (ANOVA) with between-subject factors strain (S) and gender (G) and within-subject factor treatment (T). S x 
T,interaction; S x G, interaction; T x G, interaction; S x T x G, interaction 
¶Contrast significance (mean±SD). For treatment comparison the paired Student’s t-test, for strain and gender comparison the unpaired Students’s t-test were used. Within one row, 
values bearing the same superscript letter are significantly different. Underlined values represent significant differences between genders (P<0.0125; Bonferroni’s correction). Bold 
values represent P<0.05. Note that a P value of 0.000 does not mean that it is zero, only that it is less than 0.0005 
ACI = August Copenhagen Irish; BN = Brown Norway; LABORAS = Laboratory Animal Behaviour Registration and Analysis System



 

 

Table 2. Grooming (in s/h) over the entire period and per time block (mean±SD) using LABORAS in ACI and BN inbred rat strains 
(n=6M,6F) under three different experimental conditions (control, intravenous saline, intravenous buprenorphine) 

  ACI  BN  ANOVA§ 

Interval* Gender Control Saline† Buprenorphine‡  Control Saline Buprenorphine  S T G S x T S x G T x G S x T x G 
Total                 
 Males 658 ± 56b¶ 570 ± 76d 1464 ± 274bde  513 ± 103a 483 ± 94c 934 ± 95ace         
 Females 598 ± 52b 515 ± 58d 1149 ± 328bd  526 ± 103a 512 ± 98c 975 ± 128ac  0.000 0.000 0.121 0.002 0.027 0.276 0.178 
Block 1                            
 Males 704 ± 101c 568 ± 116d 1462 ± 527cd  677 ± 124a 634 ± 215b 1546 ± 174ab         
 Females 753 ± 121 628 ± 110 1006 ± 464 644 ± 124 568 ± 97 1105 ± 490  0.887 0.000 0.030 0.609 0.617 0.009 0.904 
Block 2                            
 Males 807 ± 175c 597 ± 171d 1546 ± 538cd  513 ± 225a 490 ± 174b 1417 ± 249ab         
 Females 536 ± 122c 597 ± 134d 1497 ± 498cd  534 ± 137a 569 ± 96b 1317 ± 289ab  0.072 0.000 0.421 0.825 0.420 0.563 0.547 
Block 3                             
 Males 771 ± 66ad 804 ± 126be 1673 ± 219cde  539 ± 145a 503 ± 121b 451 ± 129c         
 Females 727 ± 70ad 579 ± 81de 1198 ± 432e  189 ± 147ab 486 ± 169c 1024 ± 211bc  0.000 0.000 0.432 0.000 0.000 0.242 0.000 
Block 4                             
 Males 305 ± 41b 275 ± 82c 1135 ± 519abc  295 ± 134 294 ± 131 238 ± 106a         
 Females 346 ± 125 221 ± 64 861 ± 465  425 ± 231 412 ± 130 382 ± 111  0.004 0.000 0.759 0.000 0.059 0.514 0.434 
                            
 
*Block 1 = 15:30-19:30 h; Block 2 = 19:30-23:30 h; Block 3 = 23:30-03:30 h; Block 4 = 03:30-07:00 h; 17:00 h = lights out; 05:00 h = lights on 
†0,2 ml/100 g BW 
‡0,2 ml/100 g BW; 0,05 mg/kg buprenorphine  
§Significance (p<0.05) based on repeated measures analysis of variance (ANOVA) with between-subject factors strain (S) and gender (G) and within-subject factor treatment (T). S x 
T,interaction; S x G, interaction; T x G, interaction; S x T x G, interaction 
¶Contrast significance (mean±SD). For treatment comparison the paired Student’s t-test, for strain and gender comparison the unpaired Students’s t-test were used. Within one row, 
values bearing the same superscript letter are significantly different. Underlined values represent significant differences between genders (P<0.0125; Bonferroni’s correction). Bold 
values represent P<0.05. Note that a P value of 0.000 does not mean that it is zero, only that it is less than 0.0005 
ACI = August Copenhagen Irish; BN = Brown Norway; LABORAS = Laboratory Animal Behaviour Registration and Analysis System 



 

 

Table 3. Drinking (in s/h) over the entire period and per time block (mean±SD) using LABORAS in ACI and BN inbred rat strains 
(n=6M,6F) under three different experimental conditions (control, intravenous saline, intravenous buprenorphine) 

 

  ACI  BN  ANOVA§ 

Interval* Gender Control Saline† Buprenorphine‡  Control Saline Buprenorphine  S T G S x T S x G T x G S x T x G 
Total                 
 Males 142 ± 58ab¶ 117 ± 46c 46 ± 22a  27 ± 23b 33 ± 16c 40 ± 13         
 Females 175 ± 22ac 153 ± 2b 74 ± 44a  15 ± 10c 23 ± 15b 41 ± 22  0.000 0.000 0.093 0.000 0.012 0.977 0.824 
Block 1                            
 Males 155 ± 74a 118 ± 67 37 ± 49  31 ± 14ab 40 ± 11 72 ± 22b         
 Females 208 ± 36acd 188 ± 32bd 63 ± 57c 16 ± 10a 24 ± 20b 89 ± 70  0.000 0.011 0.069 0.000 0.032 0.938 0.259 
Block 2                            
 Males 162 ± 63ac 147 ± 62bd 45 ± 42cd  30 ± 27a 34 ± 32b 46 ± 22         
 Females 182 ± 44a 160 ± 25b 95 ± 54  21 ± 13a 24 ± 22b 33 ± 17  0.000 0.000 0.433 0.000 0.081 0.680 0.562 
Block 3                             
 Males 179 ± 92ac 152 ± 52b 57 ± 32c  31 ± 41a 44 ± 44b 27 ± 28         
 Females 213 ± 38ad 190 ± 57b 85 ± 70d  13 ± 13ac 27 ± 17bc 28 ± 31  0.000 0.000 0.374 0.000 0.079 0.963 0.852 
Block 4                             
 Males 61 ± 31a 42 ± 36 45 ± 45  15 ± 13a 13 ± 11 13 ± 13         
 Females 86 ± 33a 62 ± 45 48 ± 86  12 ± 13a 16 ± 13 11 ± 18  0.000 0.314 0.432 0.361 0.398 0.822 0.841 
                            

*Block 1 = 15:30-19:30 h; Block 2 = 19:30-23:30 h; Block 3 = 23:30-03:30 h; Block 4 = 03:30-07:00 h; 17:00 h = lights out; 05:00 h = lights on 
†0,2 ml/100 g BW 
‡0,2 ml/100 g BW; 0,05 mg/kg buprenorphine  
§Significance (p<0.05) based on repeated measures analysis of variance (ANOVA) with between-subject factors strain (S) and gender (G) and within-subject factor treatment (T). S x 
T,interaction; S x G, interaction; T x G, interaction; S x T x G, interaction 
¶Contrast significance (mean±SD). For treatment comparison the paired Student’s t-test, for strain and gender comparison the unpaired Students’s t-test were used. Within one row, 
values bearing the same superscript letter are significantly different. Underlined values represent significant differences between genders (P<0.0125; Bonferroni’s correction). Bold 
values represent P<0.05. Note that a P value of 0.000 does not mean that it is zero, only that it is less than 0.0005 
ACI = August Copenhagen Irish; BN = Brown Norway; LABORAS = Laboratory Animal Behaviour Registration and Analysis System 
 



 

 

Table 4. Eating (in s/h) over the entire period and per time block (mean±SD) using LABORAS in ACI and BN inbred rat strains 
(n=6M,6F) under three different experimental conditions (control, intravenous saline, intravenous buprenorphine) 
 

 

  ACI  BN  ANOVA§ 

Interval* Gender Control Saline† Buprenorphine‡  Control Saline Buprenorphine  S T G S x T S x G T x G S x T x G 
Total                 
 Males 167 ± 36a¶ 156 ± 38b 76 ± 28abc  177 ± 93 178 ± 47 171 ± 63c         
 Females 133 ± 29a 127 ± 39b 49 ± 15abc  141 ± 38 118 ± 42 169 ± 59c  0.007 0.008 0.036 0.000 0.927 0.458 0.513 
Block 1                            
 Males 128 ± 40 121 ± 46 62 ± 49a  222 ± 118 226 ± 85 279 ± 115a         
 Females 156 ± 50b 131 ± 57c 33 ± 21abc 147 ± 50 111 ± 76 225 ± 106a  0.000 0.719 0.050 0.000 0.036 0.773 0.449 
Block 2                            
 Males 199 ± 76b 186 ± 67c 83 ± 40abc  162 ± 85 158 ± 54 185 ± 64a         
 Females 123 ± 45 137 ± 25 73 ± 37a  144 ± 17 111 ± 74 191 ± 76a  0.124 0.322 0.053 0.000 0.435 0.264 0.659 
Block 3                             
 Males 267 ± 59a 239 ± 39b 115 ± 59ab  197 ± 118 214 ± 144 116 ± 62         
 Females 187 ± 45b 174 ± 53c 64 ± 33abc  162 ± 74 170 ± 75 178 ± 57a  0.949 0.000 0.130 0.017 0.197 0.153 0.409 
Block 4                             
 Males 62 ± 28 66 ± 62 41 ± 27  119 ± 76 103 ± 74 95 ± 84         
 Females 57 ± 16 58 ± 59 24 ± 30  107 ± 37 76 ± 44 68 ± 60  0.004 0.166 0.253 0.667 0.671 0.904 0.979 
                            

*Block 1 = 15:30-19:30 h; Block 2 = 19:30-23:30 h; Block 3 = 23:30-03:30 h; Block 4 = 03:30-07:00 h; 17:00 h = lights out; 05:00 h = lights on 
†0,2 ml/100 g BW 
‡0,2 ml/100 g BW; 0,05 mg/kg buprenorphine  
§Significance (p<0.05) based on repeated measures analysis of variance (ANOVA) with between-subject factors strain (S) and gender (G) and within-subject factor treatment (T). S x 
T,interaction; S x G, interaction; T x G, interaction; S x T x G, interaction 
¶Contrast significance (mean±SD). For treatment comparison the paired Student’s t-test, for strain and gender comparison the unpaired Students’s t-test were used. Within one row, 
values bearing the same superscript letter are significantly different. Underlined values represent significant differences between genders (P<0.0125; Bonferroni’s correction). Bold 
values represent P<0.05. Note that a P value of 0.000 does not mean that it is zero, only that it is less than 0.0005 
ACI = August Copenhagen Irish; BN = Brown Norway; LABORAS = Laboratory Animal Behaviour Registration and Analysis System 
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were also strain differences for unchallenged female rats. The increased duration of 

 

Figure 1. Patterns of grooming behaviour separated by gender and treatment. The behaviours are 
quantified in seconds for 15 min intervals during the period 15:30-07:00 h and represent the means 
for six rats per strain and gender. In the animal room, lights went out at 17:00 and on at 5:00 h as 
indicated in the graph. 
 
 
Grooming 
Rats of both strains and sexes responded to buprenorphine by grooming 
significantly longer over the total time period measured (15.5 h period, 15:30-
07:00 h) when compared with no treatment or saline administration. The grooming 
response of the male BN rats to buprenorphine, however, declined to unchallenged 
and saline levels in the second half of the dark period (third and fourth block; 
23:30-07:00 h; Figure 1). Except for female ACI rats during the third block (23:30-
03:30 h), no significant difference in duration of grooming was observed between 
the unchallenged rats and the saline-treated rats.  

Over the total time period (15.5 h period, 15:30-07:00 h), no strain differences 
in the relative duration of grooming were observed in unchallenged and saline-
treated rats. However, during the third block (23:30-03:30 h) for males, there were 
significant strain differences for all treatments. Furthermore, in this block, there 
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grooming was observed immediately after the administration of buprenorphine 
(first block, 15:30-19:30 h) in male rats of both strains, whereas in females this 
became apparent only after the start of the dark period (second block, 19:30-23:30
h; Figure 1).  
 
D
A clear tre
significantly shorter duration of drinking after buprenorphine administration when 
compared with unchallenged treatment (males and females:15.5 h period, 15:30-
07:00 h; females: first block, 15:30-19:30 h and third block, 23:30-03:30 h; males
second and third block, 19:30-03:30 h).  

A clear strain effect was also found w
ificantly longer duration of drinking after unchallenged and saline treatment 

when compared with BN rats (15.5 h period, 15:30-07:00 h). This effect remained
only significant for unchallenged treatments at the end of the dark period.  

Overall, drinking behaviour occurred more in the dark (first, second and
k, 15:30-03:30 h) than in the light period (block 4, 03:30-07:00 h). 

 
E
A treatm
both sexes displayed a significantly shorter duration of eating after buprenorphine
administration when compared with both unchallenged and saline treatment (males
and females:15.5 h period, 15:30-07:00 h; females: first block, 15:30-19:30 h and 
third block, 23:30-03:30 h; males: second and third block, 19:30-03:30 h). In 
contrast, the duration of eating behaviour was not disturbed in the BN rats des
the administration of buprenorphine. This resulted in a significant strain difference 
in the relative duration of eating throughout the measured time interval when 
buprenorphine was administered (15.5 h period, 15:30-07:00 h; first to third bl
15:30-03:30 h).  

As with drink
t to third block, 15:30-03:30 h). 

 
 
D
 
A
locomotor activity and for drinking and eating behaviours. Previous studies have 
reported an initial depression followed by an increase in locomotor activity after 
the administration of buprenorphine in rats (Cowan et al. 1977b, Liles & Fleckne
1992, Bartoletti et al. 1999, Roughan & Flecknell 2000). In the present study, we 
observed a significant decrease in relative duration of locomotion in the male ACI
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rats. Although only the male BN rats showed an initial depression, this was not 
followed by an increase in duration of locomotion (Table 1). This discrepancy 
found between previous studies and the present study can be attributed to strain
related differences. Roughan and Flecknell (2004) observed no difference in 
locomotor activity response after administration of buprenorphine between th
outbred Wistar and inbred F344 strains using behavioural data recorded on vide
thus suggesting that, in their study, strain does not influence the effect of 
buprenorphine on this parameter. However, the present findings indicate t
is indeed a strain effect. Liles and Flecknell (1992) observed a lower level of 
locomotor activity when compared with pretreatment levels immediately after
h postinjection), but also at the end of the measurement period (15-17 h 
postinjection). In the present study, a significant decrease was observed i
duration of locomotion measured over 15.5 h in male ACI rats. The duration of 
analgesic action of buprenorphine which is said to be 6-12 h (Roughan and 
Flecknell 2002), appears to be outlasted by its behavioural effects. It is 
hypothesized that buprenorphine causes a disruption of circadian (Liles 
Flecknell 1992) and ultradian (Roughan & Flecknell 2000) rhythmicity, the
altering the activity patterns of the animals over a prolonged period of time. The 
opioid analogues, such as morphine and fentanyl, have been shown to induce a 
phase shift in locomotor activity. Recent findings indicate that direct involvemen
of opioid receptors in altering the electrical activity of the circadian pacemaker and
regulation of clock genes. Future experiments will focus on elucidating the 
subtypes of opioid receptors involved in this regulation and as a consequenc
possible influence of buprenorphine (Vansteensel et al. 2005). 

Buprenorphine has been described to produce cataleptic sta
inistered in rats (Cowan et al. 1977a). It is suggested that buprenorph

interacts with the central dopaminergic systems, thereby depressing the centra
nervous system (Cowan et al. 1977b, Bartoletti et al. 1999, Smith et al. 2003). R
strain differences in dopamine (DA) receptor levels and resulting differences in 
behaviour have been described (Zamudio et al. 2005). In addition Baumann et al
(2000) found that opiate modulation of the hypothalamic-pituitary adrenal axis 
(HPA) and mesolimbic DA function can be strain dependent as well. Thus, the 
observed strain differences in locomotor response to buprenorphine could be 
related to the differences in opiate induced HPA and DA reactivity. 

With respect to drinking behaviour, the ACI strain responded im
administration of buprenorphine by exhibiting less drinking behaviour up until

the end of the dark period. Liles and Flecknell (1992) found little or no effect on 
water intake after the administration of clinical doses (0.01 and 0.05 mg/kg) of 
buprenorphine to male outbred Wistar rats. Their conclusion was that water 
consumption is likely to be a more reliable parameter for assessing post-oper
pain and the efficacy of analgesics in rats than food intake or locomotor activity. In
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light of the results of the present study, this conclusion does not seem to be valid 
for all rat strains. Similar to the results for drinking, ACI rats also displayed 
significantly less eating behaviour during the entire period measured. This w
found by Liles and Flecknell (1992) in Wistar outbred rats. The BN strain however 
did not alter its eating behaviour after the administration of buprenorphine. As both 
drinking and eating were affected negatively in the ACI strain after buprenorphine, 
one might assume that this was because of the overall lowered level of activity in 
this strain.  

An evide
in difference was observed for this parameter. Rats of both strains and sexes 

exhibited an increase in grooming activity during the dark period. Although a 
number of stressors can elicit grooming behaviour in rats, it has been postulate
that grooming rather reflects the process of de-arousal due to the termination of o
habituation to a stressful situation (Spruijt et al. 1992). In the present study, only 
the administration of buprenorphine resulted in increased grooming activity 
whereas the i.v. administration of saline did not. In contrast, Roughan and 
Flecknell (2000) found a decrease of ventral grooming behaviour after 
administration of buprenorphine to outbred Wistar rats. 

 

During most of the dark period, ACI rats have a longer duration of locom
activity when compared with BN rats. In addition, the ACI strain displays a lon
duration of locomotion when compared with the BN strain during the dark period 
after tail vein injection. Overall, ACI rats of both sexes responded to the 
administration of saline with a decrease in the duration of locomotion imm
after the injection until the end of the dark period. This effect was far less visible in 
the BN strain. Van Herck et al. (2000) found that orbital puncture depressed the 
relative duration and the frequency of locomotion during the dark period. It has 
been suggested that rats respond to injury with a reduced level of activity or even
immobility. When judged on the basis of these behavioural changes, the degree of 
discomfort caused by orbital puncture was found to be similar to tail vein puncture 
(Van Herck et al. 2001). Tail vein puncture can thus be construed as causing 
discomfort to the animal in the strains tested. ACI rats may experience more 
discomfort from tail vein injection than the BN rats. It was shown in previous
studies that genotype can influence the HPA activity and reactivity to stress 
(Sarrieau et al. 1998). Strain comparison studies on stress induced HPA reac
using both the ACI and BN rats were not found in a literature search, although the 
BN strain appears to be an overall hyporeactive strain to stress-induced 
corticosterone response (Sarrieau et al. 1998, Marissal-Arvy et al. 1999)
studies it would be interesting to correlate the locomotor response to saline 
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During the total period, ACI rats have a longer duration of drinking beh
when compared with BN rats, but the time for food intake did not 

measure the amount of food and water intake, but Walsh (1980) has found that 
animals of the ACI strain had the highest relative food intake (g/100 g BW) and 
one of the highest relative water intakes (ml/100 g BW) out of the 16 rat strains 
tested. Overall, it can be concluded that the ACI strain displays a higher level of 
activity of locomotion and drinking (especially during the dark period) when 
compared with the BN strain. Several studies have demonstrated uninterrupted 
activity patterns with a high level of activity in the ACI rat strain when compa
with other inbred strains (Büttner & Wollnik 1984, Klante et al. 1999). The resu
from this study confirm these findings. 

Although an acclimatization period of 30 minutes in the test cage was 
incorporated prior to each behavioural m

he rats to the novel environment might have influenced the results. In ad
it has been shown that arousal can significantly influence the time needed for 
habituation (Leussis & Bolivar 2006). The tail vein injection from treatment (B) 
and (C) could therefore have prolonged the habituation period as well. In a 
previous study, significant strain and sex differences in habituation period were 
established between the SHR and WKY rat strain (Hendley et al. 1985). The
strain even failed to habituate to the test cage irrespective of age and sex, possibl
related to the characteristic hyperarousal behaviour of this strain. The obtained 
strain differences from the present study might thus have partly been due to 
habituation differences between the two strains. 

In summary, the ACI rats responded to buprenorphine by an overall lowe
level of locomotion, eating and drinking behavio

renorphine on the BN rats were much less pronounced. Grooming activity 
however was increased in both strains and sexes under the influence of 
buprenorphine. Considerable strain differences have been found in unchallenge
behaviour between the ACI and the BN rats, whereas only the ACI strain
to respond to the effects of tail vein injections. Future genetic analysis to localize 
quantitative trait loci (QTLs) involved in the strain-specific analgesic and 
behavioural responses may lead to the detection of candidate genes and may thus 
contribute to detect which mechanism is responsible for the strain-specific 
response. Mouse chromosome 10 contains the Oprm1 gene encoding the mouse µ-
opioid receptor type (Belknap et al. 1995, Bergeson et al. 2001). Oprm1 is a
obvious candidate gene for analgesic sensitivity to µ-opioid agonists, as 
polymorphisms have shown to reduce morphine potency (Mogil 1999). A num
of other µ-opioid induced traits, e.g. alterations in locomotory behaviour,
QTLs that map to the same proximal region of chromosome 10 as does the µ-
opioid receptor locus (Bergeson et al. 2001). It stands to reason that genetic 
analysis of the analgesic and behavioural response to buprenorphine of F2-
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intercross (ACI x BN/F1 x F1) progeny could localize QTL’s mapping to the
region as the Oprm1 gene on rat chromosome 1 (Watanabe et al. 1999). The
interstrain variability in the response to buprenorphine may also be due to 
polymorphisms related to pharmacokinetics rather than pharmacodynamics. 
Specifically polymorphisms in genes encoding for cytochrome P450 enzym
involved in the biotransformation of buprenorphine could account for the 
phenotypical differences observed (Iribarne et al. 1997, Mogil 1999). 
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BOX 1: Separating LABORAS data in buprenorphine activity blocks 
As mentioned in the Discussion the duration of analgesic action of buprenorphine appears 
to be outlasted by its behavioural effects. To relate the obtained behavioural data from 
LABORAS to the decrease of buprenorphine activity over time an attempt was made to 
separate the data in buprenorphine activity blocks. Although previous studies on 
buprenorphine pharmacokinetics contain concentration-time profiles of buprenorphine in 
plasma and brain, the number of data points do not justify separation of the LABORAS 
data in activity blocks of e.g. 100-75%, 74-50%, 49-25% and 24-0% initial buprenorphine 
concentration (Pontani et al. 1985; Boas & Villiger 1985; Ohtani et al. 1995; Gopal et al. 
2002). To accurately predict the decline of buprenorphine activity over time, non-linear 
regression analysis was performed on the available data points. The decline of 
buprenorphine activity can be expressed in three different ways: i) as the decrease of 
measurable buprenorphine in plasma; ii) as the decrease of the area under the curve (AUC) 
derived from the previously plotted plasma curve; iii) as the dissociation of brain receptor 
bound buprenorphine. 
 
(i) If a three-compartment model is assumed (Gopal et al. 2002; Yassen et al. 2005), the 
following formula can be used to predict the theoretical plasma level decline of 
buprenorphine:  

Cp=(DoseBN/Vc) · (A · e-α·t + B · e-β·t + C · e-γ·t) 
Where DoseBN is the Dose of parent buprenorphine; Vc is the volume of distribution of 
buprenorphine; α, β, and γ are the disposition functions of parent buprenorphine. 
The compartmental pharmacokinetic parameters were chosen based on an iv injection of 1 
mg/kg buprenorphine in the rat (Gopal et al. 2002). In our LABORAS study a dose of 0.05 
mg/kg was used. According to non-linear regression analysis the theoretical decline of 
buprenorphine levels over time appeared to be as follows: 
t=0 hrs. 100% of parent buprenorphine plasma concentration; 
t=1 hrs. 14.3% of parent buprenorphine plasma concentration; 
t=2 hrs. 6.2% of parent buprenorphine plasma concentration 
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Since the total measurement time of LABORAS was 15.5 hrs, the decline of buprenorphine 
is too steep to separate the behavioural data in buprenorphine activity blocks. 
 
(ii) To perform a non-linear regression analysis on the AUC, the previously used formula 
was integrated. The theoretical decline of buprenorphine levels over time was thus as 
follows: 
t=0 hrs.  100% of total AUC present; 
t=1 hrs.  54.5% of total AUC present; 
t=2 hrs.  36.2% of total AUC present; 
t=3.688 hrs. 33.3% of total AUC present 
Therefore, on the basis of AUC decline, the behavioural data could also not be separated in 
buprenorphine activity blocks. 
 
iii) Every ligand-receptor complex describes the following exponential dissociation:  

Y=Span · e-K·X + Plateau 
Where X is time; Y is total bound buprenorphine fraction; K is dissociation constant; Span 
is difference between bound fraction at t=0 and at t when plateau is reached; Plateau is non 
specific binding. 
A non-linear regression analysis was performed using the dissociation formula. The 
theoretical decline of buprenorphine was then calculated at the following time points: 
t= 0 hrs. 100% of total bound buprenorphine fraction; 
t= 1 hrs 32.5% of total bound buprenorphine fraction; 
t= 2 hrs 21.9% of total bound buprenorphine fraction 
It seems that the decline of brain bound buprenorphine fraction can not be used to separate 
the behavioural data in activity blocks. 
All three theoretical models of buprenorphine activity decline show a very fast descent of 
buprenorphine activity over time. It is therefore not possible to divide the total LABORAS 
measurement time of 15.5 hrs of our study in four equal buprenorphine activity blocks.  
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Introduction  
 
This thesis has focused on the response of inbred rabbit and rat strains to a 
selection of anaesthetic and analgesic drugs that are used frequently in laboratory 
animal medicine and veterinary practice. Significant strain differences in their 
response were found for both animal species (Chapters 2 and 5). In the rabbit the 
strain-specific biotransformation of medetomidine and the possible role of hepatic 
cytochrome P450 isozymes was studied (Chapter 3). Subsequent analyses were 
performed to localize QTLs and identify candidate genes involved in the 
biotransformation of medetomidine (Chapter 4). The strain-specific effects of 
buprenorphine on behaviour was tested in rat inbred strains (Chapter 6). 
In the following paragraphs some of the results are further discussed and 
suggestions for future studies are presented. At the end of this chapter a reflection 
on how this thesis contributes to the principles of humane animal experimentation 
(Replacement, Reduction and Refinement) is presented (Russell & Burch 1959). 
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Responses to anaesthetic and analgesic drugs 
 
The response to intravenously administered propofol (GABA agonist), ketamine 
(NMDA receptor antagonist) or medetomidine (α2-adrenoceptor agonist) was 
assessed in inbred rabbit (Chapter 2) and inbred rat (Chapter 5) strains. In 
addition the response to the α1/α2 adrenoceptor agonist xylazine was determined in 
the females of the inbred rabbit strains (Chapter 2). In both species significant 
strain differences were observed in sleep time defined as the interval between loss 
and regain of righting reflex. The time between the bolus injection of the 
anaesthetic drug and loss of righting reflex (latency) was also measured. In all rat 
strains the righting reflex was lost immediately following propofol and ketamine 
administration whereas in both rabbit strains and sexes the latency did not equal 
zero. This may be due to a species-specific response. However, since dose-
response studies were not performed, it is also possible that the latency differences 
between the species are dose-dependent. Due to technical restrictions, the bolus 
injections in rats were administered manually whereas in rabbits an automated 
syringe pump was used. The (constant) speed with which the anaesthetic solution is 
administered could also have an effect on the observed latency time.  

For medetomidine six out of eight rat strains displayed comparable latencies. 
In contrast, the F344 strain developed a significantly prolonged latency compared 
to most other strains used and the BN strain did not lose the righting reflex at all 
during the testing period of 25 minutes (Fig. 1). The F344 strain in turn regained 
the righting reflex much faster than the other strains (Chapter 5, Table 1). The 
observed non-response of the male BN rats to medetomidine was similar to that 
observed in all male and most female individuals of the AX/JU rabbit strain.  

Studies in rabbits have shown that corticosterone plasma concentrations before 
medetomidine administration correlate negatively with plasma medetomidine 
levels detected after administration. It was hypothesized that stress might thus 
influence the distribution and metabolism of medetomidine and therefore the level 
of sedation achieved (Raekallio et al. 2002). This could, in part, explain the 
differences in response found between the high corticosterone plasma level AX/JU 
strain and the low corticosterone plasma level IIIVO/JU strain. It would be of 
interest to test whether the same applies to the differences observed in the rat 
strains, although this is not supported by the fact that the BN strain displays a 
hyporeactivity of the hypothalamic-pituitary-adrenal (HPA) axis when exposed to 
stress (Sarrieau & Mormède 1998).  

Cholesterol esters are substrates for adrenal steroidogenesis (Takemori & 
Kominami 1984). Both the BN rat and the AX/JU rabbit have an abnormal 
cholesterol metabolism and are more susceptible to dietary cholesterol than other 
strains tested (Beynen et al. 1987, De Wolf et al. 2003a, De Wolf et al. 2003b).  
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Fig. 1. Kaplan–Meier plots for the parameter latency until loss of righting reflex after administration 
of medetomidine to male rats (n=6/strain) from the strains ACI/SegHsd (ACI), BN/RijHsd (BN), 
COP/OlaHsd (COP), F344/NHsd (F344), LEW/HanHsd (LEWIS), SHR/NHsd (SHR), WAG/RijHsd 
(WAG) and WKY/NHsd (WKY). For rats from the BN strain the latency time is said to be censored, 
indicating that the testing period (25 min.) was cut off before the event (=loss of righting reflex) 
occurred. 
 
One might speculate that the limited response to medetomidine observed in these 
two strains is associated with their characteristic cholesterol metabolism.  
The sleep time parameter, defined as the interval between loss and regain of 
righting reflex, has been used in several studies in which strain differences for 
anaesthetic response were determined (Simpson et al. 1993, Crabbe et al. 1998, 
Crabbe et al. 2002). Measurement of sleep time does not require any 
instrumentation or handling of the animal in contrast to other assessment methods 
of anaesthetic depth and duration such as toe pinch, ear pinch and palpebral reflex. 
In a pilot it was shown that tactile impulses caused by periodic assessment of these 
alternative parameters can shorten the sleep time of the anaesthetics used. Regain 
of righting reflex is defined as movement of the animal to an upright posture on  
 



Table 1. Multiple comparisons for the latency (time between injection and loss of righting reflex) for medetomidine in eight rat inbred 
strains 

 

 
Inbred strains 

       

 
ACI BN* COP F344 LEW SHR WAG WKY Log-Rank 

test† 

Latency  1.67 ± 0.52ab§ censoredacdefgh 3.17 ± 1.33c 11.17 ± 6.82bdijk 1.67 ± 0.52ei 2.67 ± 1.75f 2.00 ± 0.63gj 3.00 ± 0.63hk 1.62 x 10-8 

Each value represents mean ± SD (6 rats/strain) in minutes 
*The BN strain did not lose its righting reflex at the cut off time of 25 minutes  
†Log-Rank test of all strains simultaneously (P < 0.05) 
§Multiple comparisons (Log-Rank test; α = 0.001830226, Dunn-Šidák correction). Within a row, values bearing the same superscript letter are significantly different 
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four legs. Sometimes this is preceded by a phase where the animal appears to have 
regained consciousness, demonstrated by lifting of the head, but has not yet 
regained its righting reflex. By using a tilted table the loss of righting reflex was 
facilitated and interindividual variation minimized. A similar strategy to facilitate 
the regain of righting reflex could equally decrease the spread in results, thus 
improving the subsequent genetic analysis.  

Analgesiometry is often used in experimental animal studies to determine the 
potency of analgesics (Belknap et al. 1989, Belknap et al. 1990, Cook et al. 2000). 
Roughly, two types of analgesiometric stimuli can be discerned. The type that 
stimulates A-delta mechanothermal receptor mediated phasic nociception (thermal 
and electric impulses) and the type that stimulates C-polymodal fiber mediated 
tonic nociception (mechanic and chemical impulses) (Roughan & Flecknell 2002). 
Because of the large number of animals that are usually required for genetic 
analyses, the vast majority of such research has been performed by using easily 
employed thermal impulses such as the hot-plate or tail withdrawal tests. Although 
these acute, thermal assays are poorly reflective of clinically relevant pain states, 
they do predict analgesic effectiveness fairly well (Mogil et al. 1996). However, 
one should bear in mind that genetic sensitivity to opiate analgesia can be highly 
specific to the nociceptive assay employed.  
 
 
QTLs for anaesthetic response 
 
In this thesis QTLs involved in the biotransformation of medetomidine on OCU1 
and OCU18 are described in Chapter 4. The F2-progeny that was used to 
determine the medetomidine metabolite formation rates had previously been 
phenotyped for medetomidine sleep time. Correlations between the formation rates 
of the metabolites and the sleep time were highly significant in the parental inbred 
strains (Chapter 3). However, the same correlations proved not to be significant in 
the F2-offspring. The correlation coefficient between medetomidine sleep time and 
formation rate of hydroxymedetomidine was 0.0617 (p=0.614, n=69). Between 
medetomidine sleep time and formation rate of medetomidine carboxylic acid the 
correlation coefficient was – 0.0688 (p=0.574, n=69). In addition, QTL analysis 
performed on the sleep time parameter did not result in LOD scores that achieved 
the genome-wide significance levels of 5% (unpublished observations). This could 
be due to the small number of F2 animals phenotyped which did not reach 
sufficient statistical power. On the other hand, despite the small number of F2 
animals used, highly significant QTL’s with peak LOD scores up to 22.86 were 
found for the formation rate of medetomidine metabolites (Chapter 4). Since the 
formation rate of these metabolites determines the clinical effect of medetomidine, 
the presence of these QTLs on chromosomes 1 and 18 indicates that genes 
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involved in the anaesthetic response to medetomidine are present on these 
chromosomes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                           
Figure 2. Lod score plots using MQM mapping of an unknown rabbit linkage group exhibiting 
significant or suggestive linkage of a quantitative trait to AFLP markers. TLORIM20 = QTL for sleep 
time with medetomidine. The distances are indicated in cM. The positions of selected marker loci 
genotyped in the F2 progeny are indicated on the x-axis. The most likely position for the QTL is 
shown as the interval over which the LOD score is within one or two LOD units of its maximum 
value. The thick bar indicates the one-LOD support interval and the whisker (thin line extending 
beyond the bar) indicates the two-LOD support interval. Thin and thick dotted lines represent 
threshold value of the LOD score considered as suggestive and significant for linkage, respectively, in 
the model of inheritance chosen according to the Student’s t-test analysis (dominant/recessive model). 
 
 

MQM (multiple-QTL model or marker-QTL-marker) mapping is more 
powerful than the traditional interval mapping approach (Jansen 1994). This 
method is essentially a combination of interval mapping and multiple regression: 
the model involves regression both on QTL within an interval and on marker loci 
outside that interval. Markers take over the role of the nearby QTLs and are fitted 
as cofactors while testing for a single QTL elsewhere in the genome. This way, the 
cofactors function as a genetic background control and absorb most of the genetic 
effects of their nearby QTLs from the residual variance. As a result, the power of 
the QTL analysis is enhanced. For MQM mapping, simulation studies have 
demonstrated that the thresholds derived for conventional interval mapping are still 
valid in many situations. The MQM analysis was also performed on the sleep time 
data of the F2 animals. Co-factors for the MQM analysis were identified by 
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applying the ‘automatic selection of co-factors’ option of MapQTL. Via this 
procedure, we identified a marker (E38/T33-146; D1Vhl26) on OCU1 that was 
added as a co-factor to the QTL-analysis. Subsequently a LOD score (4.19) was 
found for marker E38/T42-155 at a linkage group that has not yet been assigned to 
a specific chromosome. This LOD score did reach the genome-wide significance 
levels of 5% (Fig. 2). Since the LOD peak was found at the beginning of the 
linkage group, it is possible that the actual QTL is located on an adjoining part of 
the rabbit chromosome with an even higher LOD score. If interacting loci are taken 
into consideration, this could explain why significant correlations were found 
between medetomidine metabolite formation rate and sleep time in the parental 
strains but not in the F2-offspring despite the higher n.  

A number of studies have focused on QTLs involved in the response to 
anaesthetics (Simpson et al. 1998, Cascio et al. 2007). To our knowledge, no other 
studies have focused on the discovery of QTLs involved in the response to 
medetomidine. Based on the principle of conserved chromosomal synteny it is 
possible to assign candidate genes by comparing the chromosomal position of the 
rabbit QTL with known positional candidate genes in other species. The QTLs 
found on OCU1 and OCU18 can thus be compared with syntenous regions on 
human, mouse and rat chromosomes (Fig. 3). The gene encoding for the α2A 
adrenoceptor protein, which is the primary agonistic target for medetomidine, is 
located on HSA10q24-26 (ADRA2A; 112826911 – 112830560), MMU19 
(Adra2a; 54119723 – 54123472 and RNO1 (Adra2a; 248775528 – 248777079)
4. HSA10 is homologous to rabbit chromosome 18 for which QTLs were found 
involved in the biotransformation of medetomidine. It is possible that the unknown 
linkage group on which the QTL for medetomidine sleep time was located is in fact 
a segment of OCU18. Therefore we speculate that the gene encoding for the α2A 
adrenoceptor protein is located on OCU18.  

The gene which encodes for CYP2E1 is also located on OCU18. This gene 
seems well conserved as the human equivalent is located on HSA10q24.3-qter 
(CYP2E1; 135190857 – 135202610), the mouse on MMU7 (Cyp2e1; 147949731 – 
147960880) and the rat on RNO1q41-q42 (Cyp2e1; 200918521 – 200928919) (See 
Fig.3).  

The Tyr-locus was found to be located within the 1-LOD support interval for 
the formation rate of medetomidine carboxylic acid (Chapter 4). Surprisingly, for 
propofol, medetomidine and ketamine sleep times differed significantly between 
the pigmented and albino inbred rat strains used in this thesis (Chapter 5). This 
could indicate that in this species candidate genes involved in the anaesthetic 
response are closely linked to the Tyr-locus on RNO1. In the mouse QTLs for the 
response to propofol, ethanol and etomidate were found on MMU7, in close 

 
4 http://rgd.mcw.edu/genes 
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proximity to the Tyr-locus. In Chapter 4 we have indicated that a pleiotropic effect 
of the Tyr-gene on medetomidine metabolite formation cannot be ruled out. In the 
mouse the involvement of the Tyr-locus itself was excluded since mutations of this 
locus did not alter sleep time responses (Simpson et al. 1998).  
 

OCU HSA MMU RNO

9

Figure 3. Candidate genes for the response to medetomidine on rabbit (OCU) chromosomes 1 and 18 
with corresponding conserved segments of human (HSA), mouse (MMU) and rat (RNO) 
chromosomes. 
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10q

TYR

17CLNS1A Clns1a 
Clns1a TYR Tyr 
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17ADRA2A Cyp2e1 
Adra2aa CYP2E1 CYP2E1 
Cyp2e1 
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Since the anaesthetics tested in the above mentioned studies act via different 
efferent pathways it would be interesting to identify candidate genes linked to the 
Tyr-locus and thereby possibly determine a common factor that regulates these 
pathways.  
 
 
Suggestions for future studies 
 
Although it may be true that the results of the studies presented in this thesis have 
improved our insight into the causes of the differential response to some 
anaesthetics and analgesics in rat and rabbit, there are still many questions left and 
several aspects need to be explored further. Here three of these are mentioned: 
 
a. Besides pharmacokinetic variation, differences in α2A receptor expression could 
also account for the observed response differences to medetomidine in the rabbit 
and rat. It would be of interest to determine the expression levels of these receptors 
and to correlate these to the observed sleep times. Since the locus coeruleus is 
thought to be the principal area within the central nervous system where 
medetomidine acts on the α2A receptors (Mizobe et al. 1996), analysis of gene 
expression in this brain stem nucleus might provide further insight into the role of 
the α2A receptor. 
 
b. The BN rat strain, like the AX rabbit strain, did not lose its righting reflex in 
response to medetomidine. It would be of interest to assess the sleep time and 
metabolite formation rates of the [ BNXLEW] F2-intercross progeny (LEW is the 
highest responder of all rat strains tested in this thesis). QTL analysis could either 
substantiate the present rabbits’ results or lead to new QTLs and candidate genes 
involved in the response to medetomidine. 
 
c. The ACI and BN rat strains were the most contrasting strains in the analgesic 
response to buprenorphine (Chapter 5). In addition, behavioural differences were 
observed between the two strains in response to buprenorphine (Chapter 6). Using 
these two parameters a sufficient amount of F2-intercross progeny of both strains 
can now be phenotyped. A subsequent QTL analysis on these data could reveal 
candidate genes involved in the response to buprenorphine. 
 
 
The Three R’s 
 
The studies described in this thesis have, in part, been performed as to fulfil the 
requirements for ECLAM (European College of Laboratory Animal Medicine) 
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diplomat. Studies in the field of laboratory animal medicine/ laboratory animal 
science should, preferably, contribute to the Three Rs (Replacement, Reduction 
and Refinement) of Russell and Burch (1959)  

Improvement of anaesthesia and analgesia can greatly reduce discomfort to 
animals undergoing experimental procedures. Recovery times can be shortened, 
side effects minimized and the animal can regain normal behavioural activity faster 
when the appropriate anaesthetic and analgesic is administered. In addition, 
experimental results will become more reproducible and procedures better 
standardized possibly reducing the number of animals needed for a study. Once 
positional candidate genes are identified that are responsible for the variation in 
response, it could ultimately be possible to select the most appropriate anaesthesia 
for the strains used in a particular study 

This thesis has shown that response to anaesthetics and analgesics can be strain 
dependent and that this should be taken into consideration when choosing an 
appropriate peri-operative anaesthetic regimen. For medetomidine, rabbit strain 
differences in biotransformation were found which were narrowed down to a 
specific cytochrome P450 isoenzyme. With such an approach the prospect of 
calculating anaesthetic and analgesic drug dosages, based on the metabolic 
background of a specific strain, is coming within reach. 
This information not only contributes to the refinement of animal experiments but 
also to an improvement of the clinical use of these drugs. 
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The response of (laboratory) animals to anaesthetics and analgesics is known to 
show intraspecies variability which can lead to peri-operative complications. Apart 
from environmental influences, these differences in response may also be caused 
by genetic factors. Once the genetic components underlying the variability in 
response have been identified, this knowledge can be used to specify anaesthetic 
and analgesic protocols according to the strain’s genetic background. In addition, 
fast and slow metabolizers of anaesthetics and analgesics can be identified and 
doses adjusted accordingly.  
In this thesis rabbit and rat inbred strains were used to identify differences in 
response to anaesthetics and analgesics. The results from the rabbit strains were 
subsequently used in a genetic analysis to identify candidate genes involved in the 
variability in response to medetomidine, whereas the results from the rat strains 
were used for establishing differential behavioural response to buprenorphine . 

In Chapters 2,3 and 4 of this thesis the two rabbit inbred strains AX/JU and 
IIIVO/JU have been used. In Chapter 2 the response to iv bolus injections of 
propofol (15 mg/kg, GABA-agonist), ketamine (20 mg/kg, NMDA receptor 
antagonist), medetomidine (0.15 mg/kg, α2 adrenoceptor agonist) and xylazine (5 
mg/kg, α1/α2 adrenoceptor agonist) was assessed in both strains using the time 
between injection and loss of righting reflex (latency) and the sleep time parameter. 
The sleep time parameter is defined as the interval between the loss and regain of 
righting reflex. Both sexes of the IIIVO strain had a significantly longer sleep time 
than the AX/JU strain when propofol and ketamine were administered. Xylazine 
induced severe excitation in individuals of the AX/JU strain. Medetomidine did not 
induce loss of righting in all male and in six out of eight female rabbits of the 
AX/JU strain. 

Since the strain differences in response to medetomidine were the most 
contrasting of the four anaesthetics tested, in Chapter 3 the biotransformation rate 
of this drug was determined in the two strains in order to correlate this to the 
obtained sleep time results. In addition the activities of the major drug 
metabolizing hepatic cytochrome P450 (CYP) isoenzymes were determined in both 
strains. The formation rate of hydroxymedetomidine and medetomidine carboxylic 
acid was significantly higher in the AX/JU strain. Significant correlations were 
found between the formation rates of both metabolites and CYP2D and CYP2E 
like activity, as well as between these activities and the sleep time response to 
medetomidine.  

In Chapter 4 an attempt is made as to determine the most likely position (i.e. 
locus) on the rabbit genome that could account for the observed differences in 
biotransformation rate of medetomidine. Using amplified fragment length 
polymorphism (AFLP) markers a linkage map was constructed that was used for 
testing co-segregation of markers with the metabolite formation rates in F2 
intercross progeny (n=71). Significant quantitative trait loci (QTLs) were thus 
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located on rabbit chromosomes 1 and 18. On chromosome 1 two QTLs were found 
in the vicinity of the albino (Tyr) locus and the chloride channel (CLNSA1) locus. 
On chromosome 18 CYP2E1 could be postulated as candidate gene for the 
observed biotransformation differences of medetomidine. When MQM (multiple-
QTL model or marker-QTL-marker) mapping was used, an additional QTL (for 
medetomidine sleep time) was found on an unknown linkage group of the rabbit 
genome (Chapter 7).  

In Chapter 5 the response of eight rat inbred strains ACI, BN, COP, F344, 
LEW, SHR, WAG and WKY (n=6 ♂♂/strain) to two analgesics (buprenorphine 
0.05 mg/kg, nalbuphine 1 mg/kg) and three anaesthetics (propofol 25 mg/kg, 
medetomidine 50 µg/kg and ketamine 10 mg/kg) was determined. The analgesic 
response was measured using a warm water tail withdrawal procedure while the 
anaesthetic response was assessed in the same way as with the rabbits. Tail 
withdrawal after buprenorphine administration was significantly delayed in ACI; 
BN; COP; LEW; SHR and WAG whereas no effect was seen in F344 and WKY 
strains. ACI was found to be the most hyperresponding strain. None of the strains 
showed an analgesic response to nalbuphine as measured in the tail withdrawal 
procedure.  
For each of the anaesthetics propofol, ketamine and medetomidine significant 
differences in sleep time response were found between the strains tested. The F344 
and BN strains appeared relatively resistant to medetomidine while the ACI and 
BN appeared hypersensitive to the effects of ketamine administration. With all 
three drugs the sleep time of albino rats was significantly longer compared with 
that of the pigmented ones. 

In order to provide an additional parameter for future genetic analysis the 
behavioural response to buprenorphine was assessed in the two most contrasting 
strains: the ACI and BN (Chapter 6). The automatic registration system, 
Laboratory Animal Behaviour Registration and Analysis System (LABORAS) was 
used to measure the relative duration (s/h) of locomotion, grooming, drinking and 
eating behaviour. Apart from significant strain differences in unchallenged 
behaviour, the ACI rats responded to buprenorphine with a decrease in locomotion, 
drinking and eating. In contrast, both strains showed increases in grooming after 
buprenorphine administration.  

In conclusion this thesis describes significant rabbit and rat strain 
differences in response to anaesthetics and analgesics. The differences in response 
to medetomidine have been genetically analyzed in the rabbit and candidate genes 
have been identified.  
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Het is bekend dat binnen (proef)diersoorten grote variatie bestaat in de respons op 
anesthetica en analgetica. Deze kunnen tot ernstige complicaties leiden tijdens 
chirurgisch-experimentele ingrepen. Naast omgevingsinvloeden kunnen deze 
verschillen ook worden veroorzaakt door genetische factoren. Als de genetische 
achtergrond van deze variatie in respons bekend is, kan deze kennis worden 
gebruikt om anesthesie/analgesie protocollen daarop af te stemmen. In dit 
proefschrift zijn inteeltstammen van konijn en rat gebruikt om de gevoeligheid 
voor anesthetica en analgetica in kaart te brengen. De resultaten van de 
konijnenstammen zijn vervolgens gebruikt om kandidaatgenen die betrokken zijn 
bij de variatie in gevoeligheid voor medetomidine te lokaliseren. 

Voor Hoofdstuk 2, 3 en 4 van dit proefschrift zijn de twee 
inteeltkonijnenstammen AX/JU en IIIVO/JU gebruikt. In Hoofdstuk 2 werd bij 
beide stammen de respons op iv bolus injecties propofol (15 mg/kg, GABA-
agonist), ketamine (20 mg/kg, NMDA receptor antagonist), medetomidine (0.15 
mg/kg, α2-adrenoceptor agonist) en xylazine (5 mg/kg, α1/α2-adrenoceptor agonist) 
gemeten door weergave van de tijd tussen injectie en verlies van de oprichtreflex 
(latentietijd) en de slaaptijd. De slaaptijd is gedefinieerd als het interval tussen 
verlies en herstel van de oprichtreflex. Beide geslachten van de IIIVO/JU stam 
hadden een significant langere slaaptijd bij gebruik van propofol en ketamine dan 
de AX/JU stam. Xylazine gaf ernstige excitatieverschijnselen bij AX/JU 
individuen. Medetomidine gaf geen anesthesie (geen verlies van oprichtreflex) bij 
alle mannelijke en bij zes van de acht vrouwelijke dieren van de AX/JU stam.  

Omdat van de vier onderzochte anesthetica het stamverschil in de 
gevoeligheid voor medetomidine het meest uitgesproken is, werd in Hoofdstuk 3 
de omzettingssnelheid van dit middel bepaald in de twee stammen teneinde deze te 
correleren met de verkregen slaaptijdresultaten. Ook werden de activiteiten van de 
belangrijkste hepatische cytochroom P450 (CYP) isoenzymen bepaald in beide 
stammen. De vormingssnelheid van hydroxymedetomidine en 
carboxylzuurmedetomidine was significant hoger in de AX/JU stam. Tussen de 
vormingssnelheid van beide metabolieten en de activiteit van CYP2D en CYP2E 
isoenzymen werden significante correlaties gevonden, evenals tussen de activiteit 
van deze isoenzymen en de slaaptijd na toediening van medetomidine. 

In Hoofdstuk 4 werd de meest waarschijnlijke positie (=locus) op het 
konijnengenoom bepaald voor genen die betrokken zijn bij de waargenomen 
verschillen in biotransformatiesnelheid van medetomidine. Met behulp van 
amplified fragment length polymorphism (AFLP) merkers werd een genetische 
kaart geconstrueerd voor het testen van co-segregatie van deze merkers met de 
metabolietvormingssnelheden bij de F2 intercross nakomelingen (n=71). 
Significante quantitative trait loci (QTLs) werden gelokaliseerd op 
konijnchromosomen 1 en 18. Op chromosoom 1 liggen de twee QTLs (een voor de 
carboxylzuur metaboliet en een voor de hydroxy metaboliet) in de buurt van het 
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albino (Tyr) locus en het chloride kanaal (CLNSA1) locus. Op chromosoom 18 is 
eveneens een QTL gevonden voor elk van de twee metabolieten. Op basis van deze 
bevinding en eerdere resultaten kan CYP2E1 worden gepostuleerd als een van de 
kandidaatgenen voor de biotransformatie van medetomidine bij het konijn.  
Met behulp van MQM (multiple-QTL-model of marker-QTL-marker) mapping 
werd naast bovengenoemde QTLs nog een QTL voor slaaptijd onder invloed van 
medetomidine gevonden op een nog niet aan een chromosoom toegewezen 
koppelingsgroep (Hoofdstuk 7). 

In Hoofdstuk 5 werd de respons van acht inteeltrattenstammen ACI, BN, 
COP, F344, LEW, SHR, WAG en WKY (n=6 ♂♂/stam) bepaald voor twee 
analgetica (buprenorfine 0.05 mg/kg, nalbufine 1 mg/kg) en drie anesthetica 
(propofol 25 mg/kg, medetomidine 50 µg/kg en ketamine 10 mg/kg). De 
gevoeligheid voor de analgetica werd bepaald door middel van een warm water 
staartterugtrekprocedure. De gevoeligheid voor de anesthetica werd op identieke 
wijze bepaald als bij de konijnen. De reactietijd na buprenorfine toediening was 
significant vertraagd bij ACI; BN; COP; LEW; SHR and WAG terwijl geen 
significant effect werd gemeten bij F344 en WKY. De ACI stam is het meest 
gevoelig voor buprenorfine. Geen van de stammen reageerde na toediening van 
nalbufine anders op de staartterugtrekprocedure dan ervoor.  
Voor elk van de drie anesthetica propofol, ketamine en medetomidine werden 
significante verschillen gevonden in slaaptijd tussen de geteste stammen. F344 en 
BN bleken daarbij relatief ongevoelig voor medetomidine terwijl de ACI en BN 
stam juist overgevoelig reageerden op de ketaminetoediening. Bij alle drie de 
middelen was de slaaptijd van de albinostammen significant langer dan die van de 
gepigmenteerde stammen. 

Teneinde een aanvullende parameter te verkrijgen voor een toekomstige 
genetische analyse werd het verschil in gedrag onderzocht na toediening van 
buprenorfine bij de twee meest contrasterende stammen (ACI en BN) (Hoofdstuk 
6). Het automatische registratiesysteem, Laboratory Animal Behaviour 
Registration and Analysis System (LABORAS) werd hierbij gebruikt om de 
relatieve duur (s/h) van locomotie, poetsgedrag, drink en eetgedrag vast te leggen. 
Naast significante stamverschillen in basaal gedrag (dwz het gedrag voor 
toediening van het analgeticum), reageerden de ACI ratten op buprenorfine met een 
afname in locomotie en drink-en eetgedrag. Beide stammen reageerden wel met 
een toename in poetsgedrag. 

Concluderend, in dit proefschrift worden significante stamverschillen 
beschreven voor de gevoeligheid op anesthetica en analgetica bij konijn en rat. De 
verschillen in respons op medetomidine zijn bij het konijn genetisch geanalyseerd 
en kandidaatgenen zijn geïdentificeerd. 
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Als het verloop van mijn promotie-onderzoek zou moeten worden getypeerd met 
één woord, zou het ongetwijfeld “volharding” zijn. Volharding gedurende de vele 
tegenslagen van het project en volharding in de afronding van het proefschrift. 
Velen in mijn omgeving zijn in min of meerdere mate het “slachtoffer” geworden 
van mijn volharding en deze personen wil ik dan ook in dit dankwoord eren. 
 In de eerste plaats natuurlijk Prof. dr. Bert van Zutphen. Beste Bert, het 
vervult mij met bijzonder veel trots dat ik de rij mag sluiten van promovendi die 
onder jouw bezielende leiding wetenschap hebben mogen bedrijven. Je hebt nooit 
het geloof in het project en in mij verloren en dat rotsvaste vertrouwen van je heeft 
me door heel zware tijden heen geholpen. Vol bewondering heb ik gekeken naar de 
wijze waarop je leiding hebt gegeven aan je geliefde en de jou liefhebbende 
hoofdafdeling Proefdierkunde. Zelfs na je emeritaat ben je mij op alle mogelijke 
wijzen blijven ondersteunen, ondertussen genietend van je welverdiende vrije tijd 
met Annemarie en je (klein)kinderen. Je hebt me niet alleen als wetenschapper 
maar ook als mens gevormd en misschien is dat laatste wel het belangrijkste dat ik 
van je heb mogen meekrijgen.  
 Prof. dr. Ludo Hellebrekers wil ik zeer bedanken voor de vakkundige wijze 
waarop hij mij heeft begeleid. De prikkelende discussies die ik met jou, Ludo, over 
het promotie-onderzoek heb mogen voeren, hebben mij zeer gemotiveerd en zijn 
een voedingsbodem geweest voor mijn volharding. Bedankt dat je ondanks je 
drukke werkschema, waaronder het voorzitterschap van de Koninklijke 
Nederlandse Maatschappij voor Diergeneeskunde, altijd tijd hebt kunnen maken 
om je rol als mijn promotor te vervullen. 
 Mijn co-promotor, Dr. Hein van Lith, is toch wel het grootste “slachtoffer” 
van mijn volharding geworden. Ontelbaar zijn de keren geweest dat ik bij je 
aanklopte, Hein, om even te overleggen over het promotie-onderzoek. Ik kan me 
van die ontelbare overleggen niet één uitkomst herinneren waarbij ik naderhand het 
gevoel had met een kluitje in het riet te zijn gestuurd. Het is veelzeggend voor de 
voortreffelijke wijze waarop je me vanaf het allereerste begin hebt begeleid. Het 
onderzoek heeft behoorlijk wat hobbels gekend maar jij had het vermogen om me 
te laten zien hoe ik die hobbels, hoe onbegaanbaar het ook leek, toch glad kon 
strijken.  

Bij mijn vorige werkgever, hoofdafdeling Proefdierkunde, hebben vele 
(oud)collega’s op verschillende wijzen bijgedragen aan het onderzoek. Ria den 
Bieman wil ik zeer bedanken voor haar hulp en het meedenken bij de diverse 
studies. Ik heb grote bewondering voor de nauwkeurigheid waarmee je in het 
genetisch lab hebt gewerkt. Inez Lemmens, Giet Lankhorst en Annemarie Baars 
waren een grote hulp bij het verzamelen en verwerken van organen. René Sommer 
heeft mij bijzonder goed bijgestaan bij de LABORAS experimenten en was een 
prettig (gestoorde) kamergenoot. Ik ga er van uit dat je me ook als paranimf 
fantastisch zult ondersteunen. Voor de broodnodige morele ondersteuning waren 
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bij de hoofdafdeling een overvloed aan collega’s bereid hun medewerking te 
verlenen: Anneke Bosma, Harry Blom, Pascalle van Loo, Miriam van der Meer, 
Margot Meijer, Pim Rooymans (ik mis het darten in de lunchpauze nog steeds wel 
een beetje), Tonneke Smit, Marlies van Maren, Lidewij Jansen van Galen, Stephan 
van Meulebrouck, Ton Terpstra (die visolie wordt nog eens wat), Theo Bakker, 
Klaas Kramer, Xandra Fielmich en nog heel veel anderen. Vera Baumans wil ik 
ook zeer bedanken. Weliswaar had je weinig te doen met mijn promotie-onderzoek 
maar via jou heb ik wel de kans gekregen om in het GDL als plaatsvervangend 
dierenarts te mogen werken. Ik ben je hier zeer dankbaar voor omdat het 
uiteindelijk heeft geresulteerd in de functie die ik nu bekleed en de opleiding tot 
ECLAM diplomat waarvoor ik volgend jaar examen zal doen. Tenslotte wil ik de 
huidige voorzitter van de hoofdafdeling Proefdierkunde, Prof. dr. Frauke Ohl, 
hartelijk danken voor de mogelijkheid mijn promotie-onderzoek na het vertrek van 
Bert van Zutphen toch af te kunnen ronden. 

Bij mijn huidige werkgever, het Gemeenschappelijk Dierenlaboratorium 
(GDL), hebben eveneens vele (oud)collega’s mij geweldig en vakkundig bijgestaan 
bij de diverse experimenten die we met de konijnen en ratten hebben uitgevoerd. In 
de eerste plaats Adrie Versluis die ons helaas veel te vroeg ontvallen is. Adrie was 
voor mij de ultieme konijnenfluisteraar. Ik ben ervan overtuigd dat het niemand 
anders was gelukt om de twee konijneninteeltstammen voor zo’n lange tijd binnen 
het GDL in stand te houden. Een zeer betrokken en warme persoonlijkheid wiens 
aanwezigheid binnen het GDL nog altijd wordt gemist. Daarnaast hebben nog vele 
andere dierverzorgers en biotechnici meegeholpen bij mijn experimenten aan wie 
ik dus veel dank ben verschuldigd: Jeroen van Ark, Hans Vosmeer, Nico Attevelt, 
Anja van der Sar, Toon Hesp en Kees Brandt. Ron Timmermans en Janine de 
Grouw wil ik bedanken voor hun hulp bij de diverse secties op de konijnen. 
Tenslotte wil ik Harry van Herck bedanken voor de morele ondersteuning en het 
vertrouwen dat hij in mij als plaatsvervangend dierenarts van het GDL heeft gehad.  

De afdeling Veterinaire Farmacie, Farmacologie en Toxicologie heeft mij zeer 
goed geholpen bij de metabolisme-experimenten. In de eerste plaats dank ik 
natuurlijk Prof. dr. Johanna Fink-Gremmels, die ik zeer respecteer voor haar kennis 
en kunde op het gebied van de farmacologie, voor de voortreffelijke wijze waarop 
ze mij daarin heeft onderwezen en ondersteund. I would like to thank Dr. Sarah 
Bull for the many assays she performed for my research and for helping me 
interpret the results. Ing. Roel Maas-Bakker en Lilian de Nijs-Tjon hebben 
uitstekend werk geleverd bij de talrijke incubaties van de konijnenmicrosomen, 
waarvoor mijn dank. 

Twee medewerkers van het Institute for Risk Assessment Sciences (IRAS) 
hebben mij buitengewoon ondersteund bij de LC-MS/MS bepalingen. In de eerste 
plaats dank ik Prof. dr. Aldert Bergwerff voor het meedenken en helpen opzetten 
van de experimenten. Ing. Peter Scherpenisse heeft mij deelgenoot gemaakt in de 
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wondere wereld van de chromatografie en heeft op zeer bekwame wijze de vele 
bepalingen uitgevoerd.  

Bij het Van Haeringen Laboratorium heeft Wim van Haeringen, ondanks zijn 
drukke schema als kersverse directeur, tijd kunnen vinden om de genetische 
bepalingen ten uitvoer te brengen.  

Dan ben ik nu toegekomen aan het danken van de personen binnen mijn 
persoonlijke kring. In de eerste plaats wil ik mijn ouders, Agop en Arsaluis 
Avsaroglu, bedanken. Dankzij jullie liefde, steun en vertrouwen heb ik het zo ver 
kunnen schoppen. Ik weet dat het bereiken van deze nieuwe mijlpaal jullie, voor 
zover mogelijk, nog trotser zal maken en die wetenschap heeft mij het meest van 
alles gesterkt in mijn volharding. Dit proefschrift draag ik aan jullie op. Ook mijn 
grote broer, Mıgır, die als een tweede vader over mij heeft gewaakt, verdient in dit 
dankwoord een speciaal plekje. Je hebt er een hekel aan als ik je bedank omdat het 
voor jou vanzelfsprekend is, maar ik ga het toch zeggen: Thnx Bro’. Ook mijn 
neefje Arman, op wie ik heel trots ben, wil ik bedanken voor zijn rol als paranimf. 
Ik ben ervan overtuigd dat hij deze rol ook glansrijk zal vervullen.  

Tenslotte kom ik bij mijn kleine gezinnetje. Mijn lieve vrouw Olesya en mijn 
mooie kleine dochtertje Sophie. Heel wat heeft moeten wijken voor mijn promotie-
onderzoek en mijn opleidingen maar die schade ga ik nu inhalen. Jullie zijn mijn 
inspiratiebron, mijn rustpunt en mijn trots. Bedankt voor jullie geduld en steun 
gedurende de zwaarste periode uit mijn leven. En nu stop ik ermee want Sophie wil 
weer voetballen met papa.  
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	D18Vhl1-D18Vhl2 (11.0 cM)
	39
	Medetomidine carboxylic acid formation rate (normalized)
	1
	3.83
	D1Vhl20-D1Vhl21 (51.6 cM)
	25
	18
	22.86
	D18Vhl1-D18Vhl2 (10.0 cM)
	86
	§ Percentage of the genetic variance explained by the QTL
	Genotype†
	One-way ANOVA 
	(P value)§
	Marker
	Phenotypic trait
	A/A
	A/I
	I/I
	LOD score‡
	Genotype
	D1Vhl19
	Hydroxymedetomidine formation rate, normalized
	0.37 ± 0.86a¶ (12)
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	0.0007
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	Medetomidine carboxylic acid formation rate, normalized
	1.11 ± 0.59ab (18)
	0.11 ± 0.58ac (32)
	-1.12 ± 0.27bc (21)
	20.27
	0.0000
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