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Abstract

Most studies on the pharmacokinetics of drugs have included single time point samples of 

blood or cerebrospinal fluid, often obtained under stressful conditions from large numbers 

of animals. There are few studies where serial, simultaneous sampling of blood and CSF has 

been carried out in fully conscious, mobile animals. In humans, although practically easier, 

such studies cannot be carried out for ethical reasons.

This thesis has focused on the development of a model for serial simultaneous sampling of 

blood and CSF in conscious, mobile and stress-free rats, to be used for studying peripheral 

and central pharmacokinetics of phenytoin and sodium valproate.

This work has comprised:

(i) Establishing the model for serial, simultaneous blood and CSF sampling in conscious, 

fully mobile rats;

(ii) Comparing the survival, causes of death, cannula patency rate and practical factors 

associated with the experimental procedures in two rat strains;

(iii) Examining the metabolic effects of the surgical interventions and sampling procedures 

in the animals;

(iv) Applying the model for pharmacokinetic studies of phenytoin and sodium valproate by 

serial blood and CSF sampling following once only (acute) and during five days (chronic) 

of drug administration at three and two daily doses respectively, to give serum concentrations



relating to the therapeutic concentrations quoted in humans.

The study has demonstrated that:

(i) The model is associated with high survival and cannula patency rates, provided a rat strain 

with a low anaesthesia-mortality rate is used.

(ii) The metabolic consequences of the experimental procedures are minimal and not likely 

to significantly affect pharmacokinetics of the drugs to be investigated.

(iii) The pharmacokinetics of phenytoin confirmed dose and duration of dosage dependent 

phenytoin pharmacokinetics, but the results also showed that the transport into the CSF seems 

rate-limiting and non-linear, increasing disproportionately little with high doses and that 

except at steady state, the CSF levels do not reflect free or total serum phenytoin levels.

At lower doses CSF concentrations of phenytoin were higher than the free fraction in serum, 

suggesting larger amounts of protein-bound drug in the CSF at low serum phenytoin 

concentrations than was noted before.

(iv) The pharmacokinetics of sodium valproate confirmed dose dependency. The CSF levels 

included significantly more valproate than can be accounted for by the free fraction alone, 

particularly during non-steady state, and did not reflect total sodium valproate levels in serum 

except at steady-sate. The results suggested that significant amounts of CSF valproate may 

be derived from the serum protein-bound fraction but unlike with the phenytoin, there was 

no concentration-dependent barrier to the transport of valproate into the CSF.
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CHAPTER 1 INTRODUCTION

1.1 General introduction

Most of the accumulated data on the peripheral and central nervous system (CNS) 

pharmacokinetics of commonly used antiepileptic drugs is based on results obtained in 

animals or humans at single time points (e.g. Reynolds et al, 1972; Hariton et al, 1985; 

Brodie et al, 1985; Carl and Smith, 1989; Walton and Treiman 1990). This is the case with 

the investigation of most drugs, hormones and other substances of biological interest 

(Sokomba et al, 1988). This approach lead to two major assumptions: (i) that measurements 

obtained from blood, cerebrospinal fluid (CSF) or brain interstitial fluid, in different 

individuals, can be pooled and extrapolated to results that would be obtained from serial 

measurements in a single subject, and (ii) that such data can be compared with each other 

e.g. blood levels from one with CSF levels from another pooled set of results (Sokomba et 

al, 1988).

As there is a significant inter-individual variation in the metabolism of many substances in 

both humans and animals (Green, 1979a; Gartner et al, 1980; Sokomba et al, 1988; Schriefer 

et al, 1989; Frazer and Harris, 1989) such studies can provide meaningful results only if 

large numbers of samples are obtained or the inter-individual variation in the concentration, 

pharmacokinetics and pharmacodynamics of the analyte to be examined is known or expected 

to be small. The former is expensive, time consuming and in the case of animals leads to 

many needing to be sacrificed. While the use of inbred litters of animals should reduce inter

individual variability, considerable differences have been noted between animals even where 

the breed, age, sex, diet, environmental conditions and experimental procedures have been 

identical (Green, 1979a; Green, 1979b; Hutson et al, 1985; Sokomba et al, 1988). Moreover,

23



the physiological response of animals to different sampling techniques, with or without 

anaesthesia, physical injury and mental stress (which accompany most surgical and sampling 

procedures) varies and may also affect the concentration of the substance to be examined 

(Popper et al, 1977; Gartner et aL 1980; Svensson et al, 1986; Schriefer et al, 1989). This 

has resulted in a variety of ’normal’ reference ranges for physiological constituents in blood 

in the same animal species (Archer and Riley, 1981) as well as difficulty in interpreting 

physiological and pathological experimental data including comparison with results from 

other studies in the same animal species or other animal species and man (Dale, 1965; 

Steffens 1968; Steffens, 1969; Popper et al, 1977; Patsalos et al, 1992).

Although serial measurements of the concentration of drugs or other substances in biological 

fluids in the same subject is preferable, for ethical and practical reasons, this is rarely 

possible in man but may be argued more acceptable in animals. In the recent years there has 

been a significant increase in the number of published reports on new or modifications of 

older techniques for serial blood (e.g. Popper et al, 1977; McKenna and Bieri, 1984; 

Kamada and Collier, 1986), CSF (e.g. Sarna et al, 1983; Hutson et al, 1985; Chaouloff et 

al, 1986) or brain interstitial fluid (e.g. Hutson et al, 1985) sampling as well as of studies 

on pharmacokinetics and pharmacodynamics of anti-epileptic, other drugs, hormones and 

other substances in biological fluids, in animals, mainly rats, using such techniques. They 

all involve sampling through permanently inserted catheters, some of which, once implanted, 

do not appear to bother the animal unduly. Thus, with these techniques sampling in 

unrestrained, fully conscious and mobile rats, following acute and or chronic drug 

administration is possible (e.g. Steffens, 1969; Hutson et al, 1985; Chaouloff et al, 1986). 

However, although the reports uniformly praise the techniques, there is paucity of data on
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their validation from the point of view of the mortality and morbidity of rats, the sampling 

success rate and the physiological/pathological effects of surgery and sampling themselves. 

In addition, most studies describe the use of either blood, CSF or brain interstitial 

catheterisation alone, there being few published examples where serial, simultaneous 

sampling in fully conscious, freely mobile animals has been performed at two or more sites 

(Hutson et al, 1985; Nakamura and Cowley, 1989; Anderson et al, 1990; Van Bree et al, 

1990).

1.2 Antiepileptic drugs

For the therapeutic potential of a drug to be optimised, the dosing regime should be based 

on it’s pharmacokinetics. Pharmacokinetic considerations are pivotal in therapeutic drug 

monitoring. However, the adjustment of drug dosage based on the monitoring of serum or 

plasma concentration of antiepileptic drugs assumes that these concentrations reflect those at 

the CNS site of action. This assumption is not easy to investigate in man for practical reasons 

and the limited understanding of the interrelationship between systemic and CNS 

pharmacokinetics of antiepileptic drugs is based mainly on single time point determinations 

of brain tissue or CSF (e.g. Vajda et al, 1974; Houghton et al, 1975; Brodie et al, 1985; 

Friel et al, 1989). Therefore, in the thesis an animal model for serial, simultaneous blood and 

CSF sampling in individual rats was developed and used for the examination of the 

relationship between peripheral and central pharmacokinetics of two commonly prescribed 

antiepileptic drugs.

1.2.1 Phenytoin

Phenytoin (PHT) a major first-line antiepileptic drugs used in treating generalised and partial
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seizures (Wilder and Rangel, 1989; Leppik, 1992). It is also used in status epilepticus and 

prophytactically in neurosurgical patients (Leppik, 1992). It is reviewed in detail in Chapter 

5. Briefly, the clinical use of PHT is associated with problems because of, (i) a low 

therapeutic index, so that the toxic and therapeutic doses are close together, (ii) complicated 

and unpredictable pharmacokinetics due to saturable and inter-individually variable 

metabolism (Levy and Schmidt, 1985; Woodbury, 1989), and (iii) toxicity (Wilder and 

Rangier, 1989), therefore therapeutic drug monitoring is essential. Data on central 

pharmacokinetics, though, is limited and contradictory, particularly in the early period after 

drug administration (Wilder et al, 1977; Koren et al, 1983, Secchi et al, 1989; Walton and 

Treiman, 1990). There are only four reports on simultaneous blood and CSF sampling in 

animals, three of which are limited to simultaneous single time points or early post-injection 

period (Loscher and Frey, 1984; Ramzan and Levy, 1989; Secchi et al, 1989). The fourth 

resulted from this thesis (Lolin et al, 1994).

1.2.2 Sodium Valproate

Sodium Valproate (VPA) is also a major antiepileptic drug used singly and in poly therapy 

for simple absence seizure, generalised and partial seizures (Bourgeois, 1989). It is reviewed 

in more detail in Chapter 6. Briefly, compared to PHT, therapeutic drug monitoring is less 

useful because, (i) the beneficial effects usually lag about three hours behind peak levels, (ii) 

the beneficial effects persist for several hours as the blood levels are decreasing and (iii) the 

total VPA levels do not correlate with clinical effects (Bourgeois, 1989; Dean and Penny, 

1992). The drug does not appear to concentrate significantly in the brain and the CSF and 

brain levels do not seem to correlate with those in blood (Bourgeois, 1989). Although there 

are a few reports of limited simultaneous sampling in blood and CSF in humans and
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anaesthetized animals (Frey and Loscher, 1978; Loscher and Frey, 1984, Loscher et al, 

1988) there are no reports on simultaneous sampling of blood and CSF for VPA 

pharmacokinetics in conscious individual subjects over a prolonged period of time.

1.3 Aims of the thesis

The aims of the thesis were the following:

(i) To develop a freely behaving rat model for the simultaneous, serial sampling of 

blood and CSF over at least 5 post-recovery days.

(ii) To use the model for the study of the pharmacokinetics of PHT and VPA 

simultaneously in blood and CSF with different dosages and acute and chronic drug 

administration.
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CHAPTER 2

THE DEVELOPMENT OF A RAT MODEL FOR SERIAL SAMPLING OF BLOOD 

SAMPLING OF BLOOD AND CSF

2.1 Aims

In designing the model the following aspects were considered:

(i) Immediate and long-term animal mortality and morbidity.

(ii) Tolerance to the indwelling cannulae and repeated sampling.

(iii) Success rate of the cannulation techniques.

(iv) Suitability for repeated sampling over several days with minimal handling of the 

animal.

2.2 Selection of animal species for blood and/or CSF cannulation

Although one of the most commonly used laboratory animals is the rat, except for some 

specific studies e.g. hypertension, where particular, inbred rats are chosen (e.g. Chiueh and 

Kopin, 1975; Nakamura and Cowley, 1989), there is rarely any indication in the literature 

as to why a particular rat strain has been used. On perusal of the literature relevant to the 

present study, at least 20 different rat strains were identified (e.g. Chiueh and Kopin, 1975; 

Gartner et al, 1980; Kamada and Collier, 1986; Kornhuber et al, 1986; Sugimoto et al, 1987; 

Carl and Smith, 1989; Ramzan and Levy 1989; Stearns and Lee, 1984). In some studies the 

strain was not even mentioned (e.g. Hoeppner, 1990). The rat most commonly used 

generally appears to be the male Sprague-Dawley. It has been frequently used also in the 

Institute of Neurology, where this study has been carried out. The main reasons seem to be 

that the Sprague-Dawley rats are easy available, relatively cheap, there is a long tradition and
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familiarity with their use in the field of neurology, and that no particular problems have been 

noted with post-surgery recovery or CSF sampling (e.g. Sarna et al, 1983; Hutson et al, 

1985).

My initiation into the technique for blood sampling (Department of Endocrinology, 

University of Geneva, Switzerland) was carried out on Norwegian-Hooded rats. These rats 

were, at the time, used there routinely because they were well characterised from the 

endocrinology point of view and because they are particularly docile and easy to handle. The 

rats were usually only lightly anaesthetized for local studies and damage to the vein during 

surgery, because of limb movement, was frequent, with a post-surgery recovery of about 

80% but a cannulation success rate of about 30% (personal observation). When the same rats 

strain was tried in a preliminary study in London, the animals were fully anaesthetized in 

order to decrease the frequency of damage to the vein. The consequence was a significantly 

increased mortality rate.

Since the Sprague-Dawley rats appeared to recover well from full anaesthesia and surgery, 

it was decided to carry out a comparison in the survival associated with anaesthesia, surgery 

and sampling between the two strains. Post-mortem (PM) examination was performed in 

both rat strains that did not survive. Blood samples were obtained throughout the experiments 

in survivors and the analysis of the haematological and biochemical parameters (Chapter 3) 

provided information about complications associated with anaesthesia, surgery, recovery and 

sampling in the two rat strains.
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2.3 Review of blood and CSF cannulation techniques

2.3.1 Blood cannulation

Old-established methods for blood sampling in rats include single or serial puncture (usually 

under local anaesthesia) of the retro-orbital sinus (e.g. Loscher et al, 1989), nipping the tail 

vein in a conscious rat (e.g. Steffens, 1968; Archer and Ridley, 1981), cardiac puncture 

(with or without general anaesthesia) (e.g. Gartner et al, 1980; Hariton et al, 1985), 

exanguination after decapitation or neck dislocation (e.g. Gartner et al, 1980; Schriefer et 

al, 1989) and jugular vein sampling under anaesthesia (e.g. Sugimoto et al, 1987). Some 

procedures are thought particularly objectionable e.g. retro-orbital puncture without 

anaesthesia (Archer and Ridley, 1981; Stearns and Lee, 1984). Others lead to contamination 

of the blood samples with other biological fluids and/or haemolysis (Stearns and Lee, 1984; 

Schriefer et al, 1989).

The earliest method for serial blood sampling in a freely mobile, fully conscious, apparently 

healthy, pain-free and unstressed rat was described in 1968 and 1969 (Steffens, 1968; 

Steffens, 1969). Since it was found that some enzymatic reactions in the liver of 

anaesthetized rats are not representative of the same processes in the normal animal (Dale, 

1965; Steffens, 1968; Steffens, 1969) the above method was developed specifically for 

comparing blood glucose and free fatty acids in ’normal’ and stress-free and in injured 

animals. The blood was sampled from the heart through the external jugular vein. Although 

originally complicated and cumbersome the technique was later modified to increase animal 

mobility (personal communication, Francis Chaouloff, 1987, Department of Endocrinology, 

University of Geneva, Switzerland) and is still in use in a number of centres in Europe 

(personal communication). Other versions of the Steffens’ method have been described for
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small animals as well as other techniques for cannulating the external jugular vein (e.g. 

McKenna and Bieri, 1984; Brenner et al, 1985; Kamada and Collier, 1986). Using this vein 

for serial sampling in a fully conscious, freely mobile rat now appears to be a well 

established standard practice (e.g. Wiersma and Kastelijn, 1986; Yu et al, 1987; Nakamura 

and Cowley, 1989; Semmes and Shen, 1991).

In 1975 Chiueh and Kopin described chronic, indwelling rat tail artery catheterisation for 

collecting blood for catecholamines and comparing the blood pressure of normal and 

hypertensive rats. Although potentially less deleterious to the rat because it is surgically at 

a less dangerous site than the neck and chest, this technique has not been used widely. 

Because of the ease of access of the tail cannula to the rat, the animal needs to be partly 

immobilised so as not to chew the catheter (Stearns and Lee, 1984), or cumbersome 

protective devices have to be attached (Jones and Hynd, 1981), thus stressing the rat further. 

The same applies to the catheterisation of the tail veins (Jones and Hynd, 1981). Further, it 

has been stressed that these techniques, because of the use of relatively heavy protective 

devices are applicable only to large rats, weighing 5(X) gm or more (Jones and Hynd, 1981).

In 1977 Popper et al described simultaneous catheterisation of the rat abdominal aorta and 

tail artery, again for measuring blood pressure and catecholamines in serially obtained blood 

samples. Sampling from the aorta should be relatively easy because of the size of the vessel 

but, as in humans, cannulation of the abdominal artery involves a major surgical procedure. 

Also, catheterisation of arteries is not without danger, particularly if carried out by untrained 

personnel. The risks of bleeding, ischaemia and death during surgery and sampling have been 

stressed (Finkelmeir and Finkelmeir, 1991).
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In 1981 Jones and Hynd described a method for cannulating the femoral vein and through 

it the inferior vena cava. Potentially easy and simple, this procedure, as in human beings, 

is also not without danger. In order for the catheter to be inaccessible to the rat, it was 

inserted into the femoral vein through a subcutaneous passage in the tail, which was itself 

surrounded with a protective device. This resulted in both extra surgery and an incumbent 

to free movement of the tail.

Although most of the above publications described the cannulation and sampling procedures 

in detail, validation data are limited. Steffens (1969) mentioned that no special post-operative 

care was needed, the post-operative recovery depended on the skill of the surgeon and 

transfusing the recipient rat with freshly obtained blood by cardiac puncture of the donor rat 

reduced stress related to blood volume depletion. He also noted that eating and other modes 

of behaviour were similar to those in control rats. Jones and Hynd (1981) indicated that with 

their method continuous venous infusion was carried from two to seven days in more than 

300 rats with only two failures. However, Wiersma and Kastelijn (1986) reproduced the 

method of Steffens and defined the amount of blood loss and frequency of sampling a rat 

could tolerate without apparent change in blood composition and the effects of low and high 

frequency blood sampling and of blood transfusion on stress hormones (prolactin and 

cortisol). They stressed the importance of full acclimatization of the rat to the attendant, of 

handling and sampling procedures and described in detail their technique for sampling and 

transfusing without touching the rat. Serial sampling in freely mobile animals was further 

validated by Ladewig and Stribrny (1988) using a method applicable for cannulation and 

sampling from the external jugular vein of both large animals such as the cow and of small 

animals such as the rats. They noted that no stress related hormonal changes occurred
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provided the animal was minimally or not handled at all and if the blood loss was controlled.

Data on the prevalence and type of infection associated with indwelling cannulas and 

sampling are also limited, although the need for aseptic condition has been stressed (Popps 

and Breman, 1981). Despite extensive precautions against sepsis, the risk of infection with 

short and long-term indwelling catheters in humans is well known (Cobb et al, 1993). In rats, 

where, compared to humans, only minimum precautions are usually possible, the risk and 

incidence of infection should be greater. It has been reported that the presence of long-term 

catheters in rats increases the susceptibility to and severity of infection elsewhere (Martin et 

al, 1991). With most of the methods for cannulating rats, apart from the actual site where 

the cannula is implanted (e.g. the neck), there are other areas of injury and therefor potential 

infection such as the subcutaneous tissues and top of the head (for threading the cannula to 

a less easily accessible site) and the abdomen (in studies involving intra-peritoneal injection 

(IP) of anaesthetic agents and/or of substances whose metabolism is being investigated).

2.3.2 CSF cannulation

CSF sampling in man is a standard procedure for investigating neurological disease. It is 

usually carried out on a one to one basis because of it’s well established technical risks and 

rarely for research purposes except as an ’extra’ once the cannula is inserted and CSF taken 

for investigative medical purposes (e.g. Reynolds et al, 1972; Brodie et al, 1985; Loscher 

et al, 1988). Until the late ’70 and early ’80 most of the studies involving serial sampling 

were carried out in larger animals such as the cat, dogs or primates (Sarna et al, 1983; 

Sokomba et a, 1988; Patsalos et al, 1992). This was partly because of difficulties in 

implanting CSF catheters into small animals such as rats without causing unwanted injury and

33



partly because the methodology for analyzing small sample volumes and concentrations was 

not well developed (Sarna et al, 1983; Kornbuher et al, 1986). The rat produces only about 

2-3 CSF per minute, the total CSF volume being about 250 ^1 (Sarna et al, 1983; 

Chaouloff et al, 1986). Therefore, a sample volume of as little as 25 /xl represents 10% of 

the total volume. Increasing the sample volumes may not only result in e.g. coning but also 

subarachnoid bleeding but the CSF protein concentration also changes independent of blood 

contamination. This may be of relevance in the interpretation of data obtained from the CSF 

(Suckling and Reiber, 1984).

The earliest reported method for serial CSF sampling in fully conscious, freely mobile rats 

was described in 1979 by Bouman and Van Wimersma Greidamus and was soon followed 

by others in rats (Swartz and Stenberg, 1980; Danguir et al, 1982; Kiser, 1982; Lai et al, 

1983; Sarna et al, 1983; Gunther and Merger, 1984; Kornhuber et al, 1986).. The method 

of Sarna et al (1983) is now an established technique for serial sampling of CSF in my 

institution.

As with serial blood sampling, there are disadvantages with serial CSF sampling. The 

surgical procedures are delicate and injury to the brain and cerebral blood vessels is an 

obvious risk. This is harmful to the rat and, as in humans, the resulting contamination of 

CSF with blood, the increase in blood-brain barrier permeability (through inflammation and 

infection) and the change in CSF metabolism (e.g. through stress) can give misleading 

results. It may not always clinically obvious that damage has been inflicted. As the amount 

of CSF that can be collected at any one time from a rat or guinea pig should not exceed 40 

fi\ (Sarna et al, 1983; Suckling and Reiber, 1984), it is not usually possible to both check the
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purity and normality of the fluid by microscopical and biochemical means and to analyze 

the substances under investigation. Another complication is that different sites for cannulation 

have been proposed, including the cisterna magna (e.g. Bouman and Van Wimersma 

Greidanus, 1979; Sarna et al, 1983; Lai et al, 1983; Nakamura and Cowley, 1988), the 3rd 

ventricle (e.g. Danguir et al, 1982; Chaouloff et al, 1986) and the lateral ventricles (e.g. 

Gwosdow et al, 1985). The composition of CSF varies at these sites, particularly in the water 

and protein content (McMurray, 1988b). This can affect the concentration of the substance 

under investigation and give conflicting results if data from one cannulation site is compared 

with that of others. However, there is much more uniformity in the opinion about CSF 

cannulation, the majority of workers preferring the cisterna magna because of ease of access 

(Kornhuber et al, 1986).

As with blood cannulation, in depth validation of the techniques for serial CSF sampling in 

fully conscious, freely mobile rats is limited. The per/post operative mortality has not been 

established, nor has the incidence of infection, brain injury or subarachnoid haemorrhage. 

Sarna et al (1983) noted that 60% of the catheters were patent for use on the third post

operative day and verified the position of the catheters by radiography. Chaouloff et al (1986) 

devised a protocol by which they verified that the amount of manipulation and handling of 

the rat with their technique did not cause stress induced changes in CSF monoamine 

metabolism. A number of workers observed that sampling was possible for an average of two 

weeks, but on occasion the catheters were patent for up to four weeks (Schwartz and 

Steinberg, 1980; Lai et al, 1983; Sarna et al, 1983; Gunther and Merger, 1984; Kornhuber 

et al, 1986). Of the few reports where some validation aspects were done in some detail. 

Suckling and Reiber (1984) in guinea pigs, noted that the composition of CSF proteins in
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serially obtained samples changed only if the volume of the individual sample exceeded 40 

fi\. Kornhuber et al (1986) studied the post-operative weight recovery in detail with and 

without CSF sampling and the success rate for cannula patency over two weeks. They found 

that contamination with blood increased with successive sampling. Recently, Westergren and 

Johansson (1991) examined the extent of infection, meningeal irritation and blood 

contamination in serially obtained samples using plastic (cf. Sarna et al, 1983) and steel 

cannulas (cf. Schwartz and Steinberg, 1980; Kornhuber et al, 1986). They noted that 

infection and meningeal irritation could not be prevented even with aseptic cannulas with the 

former method while with the latter blood contamination was always present and increased 

significantly with successive samplings. Meningeal irritation and infection lead to increased 

permeability of the blood-brain and to increased transfer of substances from blood to CSF.

2.3.3 Combined blood and CSF cannulation

When work on thesis started there were no known reports on simultaneous serial sampling 

of blood and CSF in fully conscious, freely mobile rats. Some information has since been 

published from elsewhere (e.g. Nakamura and Cowley, 1989; Anderson et al, 1990; Van 

Bree et al, 1990; Matsushita et al, 1991) and as part of my own work (Patsalos et al, 1992; 

Lolin et al, in print).

2.4 Initial investigations

2.4.1 Criteria for blood cannulation

A good blood cannulation technique should fulfil the following criteria:

(i) Simple access and manageable size of the blood vessel to be cannulated.

(ii) Minimal amount of tissue injury during the surgical procedure.
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(iii) Prevention of access to the wound and to the cannula by the animal.

(iv) Simple procedure for serial blood sampling, with no or minimal stress to the animal.

(v) Allow total freedom of movement of the animal after implantation of the cannula and 

during sampling.

(vi) Acceptable success rate with regard to animal survival, recovery and cannula 

patency.

The same criteria apply for CSF cannulation. Since blood and CSF cannulation were intended 

to be performed in the same animal, the two techniques should fulfil the above criteria also 

when combined.

As there was no reported guidance as to which of the available techniques would be most 

suitable to satisfy these criteria, a selection of published procedures was first considered.

2.4.2 The tail artery

The tail artery (Chiueh and Kopin, 1975) and vein were tried first because the amount of 

tissue injury likely to be inflicted was deemed to be relatively small. There was frequent 

damage to the blood vessels because they are extremely narrow and tail ischaemia often 

resulted and the rat was clearly irritated by the injury to the tail and by the cannula. To 

prevent the rat from chewing the wound or the cannula it was necessary to wrap the tail in 

heavy bandages or restrain mobility as previously described (Jones and Hynd, 1981). 

Alternatively, the cannula had to be brought to the back of the neck or top of the head (which 

the rat has difficulty in reaching) subcutaneously (Stearns and Lee, 1984), causing significant 

tissue injury.
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2.4.3 The femoral vein

The femoral vein (Jones and Hynd, 1981) was easily cannulated but the surrounding injury 

in the groin was substantial, painful on movement and obviously distressing to the rat. The 

femoral nerve was occasionally damaged, resulting in temporary or even permanent paralysis 

of the corresponding limb. As with the tail vessels, the femoral vein cannula needed to be 

brought subcutaneously to the neck or head.

2.4.4 The abdominal artery

Cannulation of the abdominal aorta (Popper et al, 1977) was not attempted because of the 

required major abdominal incision. The operative procedure was also thought already too 

extensive to become compounded with CSF cannulation.

2.4.5 The external jugular vein

The external jugular vein cannulation to the right atrium (Steffens, 1968; Steffens, 1969) 

involved limited surgery, introduction of the cannula into a large vessel and relatively little 

additional tissue damage while passing the cannula subcutaneously through the back of the 

neck to the top of the head since the operation site was already near the head. It has been 

considered the least stressful method for sampling in conscious and unconscious rats (Archer 

and Riley, 1981; Wiersma and Kastelijn, 1986). My experience in catheterisation of the 

external jugular vein in humans supported this conclusion. The initial attempts using this 

technique proved successful. The rats who survived anaesthesia recovered well and there 

were few complications.
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2.4.6 CSF cannulation

For CSF cannulation only the method of Sarna et al (Sarna et al, 1983) was attempted. The 

surgical procedure was straight forward, the rats recovered well and serial sampling was 

carried out successfully.

2.4.7 Conclusions

Based on the preliminary results it was decided to use the cannulation methods of Steffens 

(Steffens, 1968; Steffens, 1969) for the external jugular vein and of Sarna et al (1983) for 

CSF, modifying them as necessary for combined cannulation and sampling and for obtaining 

an acceptable success rate with regard to rat mortality, morbidity and cannula patency. The 

choice of the two methods was supported by the fact that CSF surgery was similar to that for 

securing the blood cannula on top of the head. As stated above, it was also decided to carry 

out a comparative study in both Norwegian-Hooded and Sprague-Dawley rats to establish if 

more gently cannulation techniques would improve the mortality rate in the first species.
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2.5 Main study

2.5.1 Materials

2.5.1.1. Animals and husbandry conditions

Sprague-Dawley and Norwegian-Hooded male rats (Bantin and Kingman Ltd, Rivers, Hull,

UK) were obtained in batches of six to 12 per litter. They were four to eight weeks old and 

weighed 80 to 120 gm on delivery. At the time of surgery they were eight to 12 weeks old 

and weighed 250 to 350 gm. The rats were watered (tap water) and fed a normal laboratory 

diet (SDS R and M, number 1 expanded. Scientific Dietary Services, Witham, Essex, UK) 

ad lib. The microbiological state was conventional and the husbandry conditions during 

acclimatization/experimentation were open system.

The animals were kept in the Animal House until a week before surgery at a regulated 

temperature of about 25 °C, a 12 hour light/dark cycle and housed in the same litter batches 

as received, in plastic cages with metal mesh roof and wood chip bedding. They were 

acclimatized to the laboratory animal surgery/experimentation room for one week under 

similar conditions but housed individually in thin, plexiglass cages (constructed in-house and 

with a hole on the lid through which two cannulae and two syringes could easily pass).

The husbandry conditions (Ellery A.W. Working Committee for the Biological 

Characterisation of Laboratory Animals/GV-Solas, 1985) were kept as identical for all the 

experimental rats as was possible. All handling of the rats in the laboratory animal 

surgery/experimentation room were carried out by myself only.

The rats were operated on in batches of four, from the same litter when possible, on the
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same day, between 9 a.m. and 5 p.m. All were weighed before surgery and, those that 

survived, every day thereafter until the end of the experiments.

2.5.1.2 Animal Groups

The rats were grouped to test various aspects of the experimental procedure as follows: 

Group 1 - Blood cannulation surgery, post operative cannula maintenance and spot 

sampling only.

30 Sprague-Dawley and 30 Norwegian-Hooded rats.

Group 2 - CSF cannulation surgery, post operative cannula maintenance and spot 

sampling only.

18 Sprague-Dawley and 10 Norwegian-Hooded rats.

Group 3 - Blood and CSF cannulation surgery, post operative cannulae maintenance 

and spot sampling only.

21 Sprague-Dawley and six Norwegian-Hooded rats.

Group 4 - Blood cannulation surgery and serial blood sampling.

30 Sprague-Dawley and 15 Norwegian-Hooded rats.

Group 5 - CSF Cannulation surgery and serial CSF sampling.

15 Sprague-Dawley and 10 Norwegian-Hooded rats.

Group 6 - Blood and CSF cannulation surgery and simultaneous blood and CSF 

serial sampling.

20 Sprague-Dawley and 10 Norwegian-Hooded rats.

The experiments lasted up to 10 days post-surgery. In addition, six Sprague-Dawley rats 

from Groups 1, 2, 4 and 5, respectively, five from Group 3 and three from Group 6 were 

followed up long-term.
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2.5.1.3 Anaesthetic agent

Pentobarbitone NaB.P. (Veterinary), (RMB Animal Health Ltd, Dagenham, U.K), 60 mg/ml 

’yellow top’ Sabre sterile disposable hypodermic needles (Gillette Surgical, Isleworth, 

Middlesex, UK)

1 ml insulin syringes (Becton Dickinson, Dublin, Ireland)

2.5.1.4 Materials for blood cannulas

Sodium Heparin (5000 lU/ml ampules, for human injection obtained from Hospital 

Pharmacy), diluted to 500, 100 and 50 lU/ml lots with 9% sterile sodium chloride (human 

intravenous solution, obtained from the Hospital Pharmacy), was divided into 5 ml aliquots 

and left at 4°C until use. If an aliquot was not used up within one week it was discarded; 

21 G needles ( ’green top’, make as above for ’yellow top’);

Portex Non-Sterile Polythene Tubing, ID 0.58 mm, OD 0.96 mm (Portex Ltd, Hythe, Kent, 

UK, ref. no. 800/100/200/100);

Silastic Medical Grade Tubing, ID 0.025 in, OD 0.047 in, HH060645, ref. no. 602-155 

(Dow Corning Corp, Medical Products, Midland Michigan, USA, 48640);

1 ml Insulin Syringes (make as above).

2.5.1.5 Materials for CSF cannulas

4 G enamelled copper wire (Scientific Wire Co., P.O.Box 30, London)

PPIO polyethylene tubing (ID 0.28 mm, OD 0.61 mm, Portex Ltd, Hythe, Kent, UK) 

Soldering iron

20 G needles (’blue top’, suppliers as for ’yellow and green top’ needles above)
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2.5.1.6 Materials for surgery

Plastic, metal or wooden board

&iigtçal instruments: scissors, forceps, retractors etc,and also microsurgery scissors cat. no. 

B1053 and straight and curved microforceps no.6 (both from John Weiss & Son Ltd, 11 

Wigmore St., London, UK);

Ordinary white cotton thread (as used for needlework);

Sterile monofilament polyamide sutures, 19 mm reverse cutting, 1.5 metric, 45 cm, W 319, 

4/0 (Ethilon,Ethicon LTD, UK);

Sterile surgical blades;

Sterets Pre-injection swabs in 70% v/v Isopropyl Alcohol B.P. (Seton Prebbles LTD. Seton 

Healthcare, Tubiton House, Oldham, OL 1 3HS, UK);

Self-cure Acrylic repair material, powder (Pink Rosa) and solvent (both from De Trey 

Division, Dentaply LTD, Weybridge, Surrey, UK);

Polybactrin Powder spray (The Wellcome Foundation Ltd., London, UK);

Stereotactic frame with ear bars and mouthpiece (Strelting Co., Wood Dale, IL, USA);

31 mm paper clips;

Stainless keying screws (8BA);

Small screw driver;

Dental drill;

Nail file;

’Sticky’ tape.
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2.5.2 Methods

2.5.2.1 Assembly of the indweiling blood cannulas and "hats"

The cannulas were assembled before anaesthesia as shown in Figure 2.1. A 20 cm length of 

silastic tubing was cut with a sharp blade, one end straight (head-end) and the other (the 

heart-end) at an angle of 45°. A mark, 2.8 to 3 cm from the heart-end of the catheter, was 

made with a water-resistant colour. A 21 G needle (whose sharp end was sawn off with a 

nail file) was inserted into the head-end of the cannula and connected to an insulin syringe 

filled with 500 lU/ml heparin. The cannula was filled with heparin and submerged into a 

bottle containing heparin (500 lU/ml) until insertion into the vein. At the end of the surgical 

procedure the needle and syringe were removed and the head-end of the cannula was closed 

with a "hat". Three different types of "hat" were tried. They were prepared prior to surgery 

and are illustrated in Figure 2.2. in their final position on top of the head.

Hat 1 A 1.5 to 2 cm length wire was cut from a 21 G needle. The ends were bevelled and 

smoothed with the nail file and slightly widened with the tip of a thin pair of forceps. The 

needle wire was angulated to 90° at the middle. A 1 to 1.5 cm length wire was sawn off 

from a paper clip and the ends were rubbed smooth with the nail file. A 0.5 to 1 cm piece 

of silastic tubing was cut. For the hat assembly the above were connected in the following 

order: paper clip wire - 0.5 to 1 cm piece of silastic tubing - end of vertical limb of bent 21 

G needle wire - head-end of blood silastic catheter.

Hat 2 The same ’hat’ as above was constructed but without angulating the 21 G needle.

Hat 3 The ’hat’ was a 1.5 to 2 cm paper clip wire, fitted into the silastic catheter.
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head-end of cannula

bottle with heparin 
(500 lU/ml)

2.8 - 3 cm mark

insulin syringe with h^aarinirt-end of cannula
silastic cannula 20 cm 
(catheter) 21G needle with

sharp end sawn 
off

Figure 2.1 The assembled heart cannula (catheter), ready for insertion into the 

external jugular vein
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-21 G needle
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Hat 2 paper clip 

silastic tubing

cement

21 G needle
silastic catheter

Hat 3 .paper clipcement

ilastic catheter

Figure 2.2 The different ’hats’ used for closing off the blood cannulas
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2.5.2.2 Assembly of the blood sampling cannulas

A 30 cm long silastic tubing was connected to a 21 G needle (with the sharp tip sawn off) 

at one end, to a 1-1.5 cm piece of 21 G needle wire (made by sawing off both ends of the 

needle) at the other and filled with heparin (100 lU/ml).

2.5.2.3 Assembly of the CSF cannulas

A 15 cm length of copper wire was cut with scissors and inserted through a 10 cm piece of 

polyethylene tubing (the CSF cannula) so that it protruded about 2 to 3 cm from each end. 

The cannula was heated at 2 to 3 cm from one end with the soldering iron and the melted 

area was pushed together to form a button, the patency of the cannula being maintained by 

sliding the copper wire in and out until the tubing had cooled. The button-end of the cannula 

was cut with a sharp scalpel at an angle of about 45°, 6.5 mm away from the button and the 

copper wire was pushed down to protrude 1 to 2 mm out (the brain-end of the CSF cannula). 

A 20 G needle (with the tip sawn off and the end rubbed smooth with a nail file) was 

connected to an insulin syringe and to tubing as follows: needle - 1 cm portex polythene 

tubing (ID 0.58 mm) - 40 cm polyethylene pplO tubing (ID 0.28 mm) - 1 cm portex 

polythene tubing (ID 0.58 mm). The last was to be attached to the CSF catheter (ID 0.28 

mm) when positioned in the cisterna magna. The polyethylene tubing had been marked at 

a length of 36.4 cm from the portex polythene tubing connected to the CSF catheter (to 

correspond to a volume of 30 /xl). In Figure 2.3 is shown the whole assembly.

2.5.2.4 Anaesthesia

Pentobarbitone was injected IP initially at a dose of 63 mg/kg. This amount was found to be 

the minimum amount required for total anaesthesia during preliminary experiments, i.e. to
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polythene tubing 
1 cm (ID 0.58 mm)

insulin syringe
20G needle 
(with end sawn off

PPlO tubing 
40 cm (ID 0.28 mm

polythene tubing 
1 cm (0.58 mm)

- PPIO tubing (ID 0.28 mm
CSF cannula

button, ^
tip j
copper wire

Figure 2.3 The assembled CSF cannula (catheter) connected to the sampling cannula.

The position o f  the copper wire in the C SF  cannula when the cannula was initially inserted 

into the foramen m agnum  is also shown.
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completely abolish the withdrawal responses to pain elicited by squeezing paw pads or the 

skin over the neck with tweezers. Full anaesthesia usually occurred within 15 minutes. If 

total analgesia was not attained within an half hour or if the rat started waking up during 

surgery, another 5 to 10 mg/kg was injected.

2.5.2.S Blood cannulatioii surgery

The rat was weighed and injected with pentobarbitone. The weight was recorded. Once fully 

anaesthetized it was put on a dorsal position on the board with the head nearest to the 

surgeon and the limbs were extended and secured on to the board with sticky tape. The fur 

on the skin on the right side of the neck and upper chest was shaved off with a surgical blade 

and cleaned with Sterets pre-injection swabs. A longitudinal incision of about 1 cm was made 

with a scalpel in the skin over the junction of where the anterior jugular, acromeodeltoid and 

cephalic veins combine to form the external jugular vein (Figure 2.4). The subcutaneous 

tissues were carefully teased apart by blunt dissection with ordinary forceps (not cut with 

scissors) and the external jugular vein was identified. It was lifted together with the 

surrounding fat and membranes with ordinary forceps.

A hole was made through the tissues underneath the vein with the straight microforceps (the 

tips of which are sharp) and the tip of one arm of each of two ordinary forceps passed 

through, one from the right and the other from the left side, the other two arms being placed 

above the vein. By alternately holding one end of the vein with one pair of forceps and 

stripping the tissues from the vein in the opposite direction with the other pair of forceps, 

about 1 cm of the vein was freed of surrounding fat and membranes. Three pieces of cotton 

thread, previously cleaned with the Sterets, were passed underneath the vein (two rostrally

49



Ligature 2̂  
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cut in vein

for catheter insertion

sticky'tape

Figure 2.4 Blood cannula implantation - isolated vein and position of ligatures
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and slightly separated from each other, and one caudally). The caudal thread was firmly tied 

around the vein (ligature 1) (Figure 2.4). The other two were loosely tied around the heart- 

end of the stripped vein (ligatures 2 and 3) (Figure 2.4). The ends of the caudal thread were 

stuck on to the board with sticky tape so that the external jugular vein was straightened and 

made Just taunt (Figure 2.4). The exposed wall of the vein was nipped with the microscissors 

about 0.3 cm away from the tight ligature. The curved microforceps were carefully inserted 

to a length of about 4 mm into the vein and slightly opened up. The heart-end of the silastic 

catheter was inserted into the vein between the two arms of the microforceps and carefully 

threaded through into the heart until the mark (2.8 to 3 cm) was Just visible (Figure 2.5). 

The forceps were removed. The free-floating position of the tip of the catheter in the heart 

was confirmed if blood could be drawn easily in and out with the heparin-filled syringe 

attached to the other end of the cannula. If not the cannula was pushed slightly out.

After drawing 100 /xl blood into the syringe it was removed and replaced with an fresh one 

into which 100 to 200 fi\ blood was withdrawn for laboratory analysis. This syringe was then 

removed and the original one, still containing heparin and blood was reconnected. After 

withdrawing some blood into it (to remove any air in the cannula and needle), mixing gently 

with heparin by twirling the syringe, the blood together with 100 /xl clear heparin was pushed 

back into the heart. The blood in the second syringe was left at 4 °C until processing at the 

end of surgery.

The loosely tied ligatures 2 and 3 were now tightened round the vein and cannula, taking 

care not to obstruct blood flow. To make the position of the blood cannula in the vein more 

secure, a fourth piece of cotton thread was threaded through surrounding membranes and
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cannula in vein 
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cut hole in vein

— —  — vein behind forc^js

Figure 2.5 The position of the curved microforceps in the external jugular vein, with 

the heart-end of the cannula threaded through the stretched vein up to the 3.8 - 3 cm 

mark.
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muscle using the straight microforceps and tied together with the tissues around the cannula 

(ligature 4) (Figure 2.4). The loose ends of the ligatures were cut close to the knots.

The rat was turned on it’s left side. The top of the head was shaved and after cleaning the 

skin with a Steret, a longitudinal midline incision was made in the skin of the scalp, from 

the occipital ridge upwards. It’s length depended on which method, described below, was to 

be used for securing the cannula to the top of the head. With all methods the closed tip of 

a pair of ordinary forceps was pushed through the scalp incision downwards underneath the 

skin behind the right ear and along the neck until protruding through the chest wound. The 

syringe and needle were removed from the head-end of the blood catheter which was then 

quickly grasped and closed with the protruding tip of the forceps, carefully retracted up 

underneath the skin to the top of the head and pulled out until the heart-end of the cannula 

in the chest was just taunt. The syringe and needle were reconnected. The rat was returned 

on to its back, the wound cleaned with the Sterets, sprayed with Polybactrin and sutured 

(about three sutures were usually necessary) with polymide sutures. The operation site was 

cleaned and resprayed.

2.S.2.6 Securing blood cannula hats

For securing the cannula to the top of the head three methods were tried:

Method A: Hat 1 was used. The rat was positioned on the stereotactic board and the head,

inclined slightly forward, was immobilised. A 1 cm longitudinal incision was made from the 

occipital ridge upwards, the scalp skin edges were retracted with small retractors and the 

skull bones scraped free of muscles and membranes with a scalpel. As this site bleeds 

profusely, strips of tissue paper were put under the skin edges. A vertical burr hole was
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made in one parietal bone (the side was irrelevant) with the dental drill, taking care not to 

pierce the dura and the underlying sinuses, a screw was inserted and tightened with the screw 

driver until just immobilised (if too deep in, the screw could penetrate a venous sinus). The 

scull bones were cleaned with Sterets and air dried.

The blood catheter was next shortened to one cm above the head with a scalpel, having first 

closed it off with forceps just where it protruded from the head to prevent air entry into the 

cannula. The horizontal limb of Hat 1 was inserted half way into the catheter and the 

forceps removed. A small amount of dental cement was mixed with a few drops of solvent 

and poured onto the scull bones and the screw. The horizontal limb of hat 1 was pressed on 

to the surface of the bones and imbedded into the cement (Figure 2.2). The vertical limb, 

protruding from the cement, was held immobile with fingers or forceps until the cement had 

solidified. Any loose silastic catheter protruding behind the cement at the back of the head 

was pushed into the neck, the head wound was cleaned of blood with Sterets, and sprayed 

with Bacitracin. The skin edges were gently eased over the cement and sutured with 

polyamide sutures, leaving only the gap through which the hat protruded.

Method B: Hat 2 was used. The procedure was identical to that in method A and Hat 1

except that the wire, which was straight rather than angulated, was positioned so that the half 

connected to the catheter was imbedded in the cement at an angle of 45° to the scull bones 

and the other half was free of cement (Figure 2.2).

Method C: Hat 3 was used. The skull incision was only large enough for the tip of the

forceps to pass through and bring the cannula up. The burr hole and cement were not
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necessary. The silastic catheter was cut to 1 cm above the head and attached to Hat 3. The 

incision was closed with one or two stitches, leaving the gap through which the cannula 

protruded. To secure it’s position, the cannula was sutured to the skin with a stitch.

The cut-off remnant of the silastic catheter, still attached to the heparin-filled syringe, was 

connected to a 1.5 to 2 cm piece of wire, cut from a G 21 needle. With Hats 1 and 2, the 

silastic tubing, and with hat 3, the protruding catheter, were pinched closed with forceps. 

The paper clip wire on the hat was removed and the free end of the 0  21 needle wire 

inserted. The forceps were removed. 50 /xl blood was withdrawn into the syringe, mixed 

with heparin to remove air bubbles, and together with another 400 /xl clear heparin, slowly 

pushed back into the heart. Finally, the silastic tubing was again pinched closed with 

forceps, the cannula, needle and syringe were removed and the paper clip wire was 

reconnected.

Thus, the only blood that the rat lost was the 100 to 200 /xl taken for analysis and the 

inevitable but usually small loss from the operation sites.

Note - Occasionally the right external vein was totally severed during surgery and could not 

be cannulated. It was ligated with the two cotton threads, the neck wound cleaned, sprayed 

with the antibiotic and sutured. The external jugular vein on the left side was then cannulated 

using the same procedure as above, but because the anatomical course is not as straight as 

on the right side, the cannula needed to be eased in more gently. After cannulation, the 

catheter was brought out to the top of the head as described above but behind the left ear.
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2.5.2.7 CSF cannulation surgery

The rat was weighed, anaesthetized as above and mounted on a stereotaxis frame. With the 

help of ear bars and mouthpiece, the head was slightly inclined forwards and immobilised. 

The top of the head was shaved and a longitudinal, mid-line incision made from 0.5 cm 

below the occipital crest to 0.5 cm above the lambda. The subcutaneous tissue, muscles and 

membranes were scraped with a blunt scalpel to expose the bones over the occipital area. The 

bones were cleaned with Sterets and left to dry in air. The skin edges were retracted and 

small pieces of tissue paper wedged between the bones and skin. A vertical burr hole, 0.5 

cm from the mid-line, was made on the left parietal bone with the dental drill (taking care 

not to pierce the dura) and a screw inserted as described above for blood cannulation. A 

second burr hole was drilled just above the occipital crest, 3 mm lateral of the mid-line on 

the right side, at an angle of 60° to the occipital bone, again taking care not to pierce the 

dura. The brain-end of the CSF cannula, with the copper wire protruding 1 to 2 mm out, was 

pushed through the burr hole, the copper wire puncturing the dura, until the button rested 

on the scull (Figure 2.6). The wire was withdrawn and the top end of the cannula was 

connected to the polythene tubing and syringe, taking care not to displace the cannula already 

in the cisterna magna. CSF was slowly withdrawn.

Although usually clear, the CSF was occasionally initially slightly bloody, clearing after a 

few fi\ were withdrawn. Very rarely it was heavily blood stained because a venous sinus had 

been punctured. After withdrawing the cannula and re-positioning, clear CSF could still be 

obtained. Once the flow of CSF was induced the cannula button and the screw were covered 

with dental cement (as described above for blood cannulation), holding the protruding end 

of the cannula at an angle of 60° . When the cement had solidified, the polythene tubing
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(A)

occipital crest CSF cannula
cerebellum
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Figure 2.6 The position of the CSF cannula (A) and of the exposed bones on top of 

the head (inside the dotted-line circle) where the burr holes were made and where the 

stainless screw and CSF cannula were inserted (B).
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attached to the cannula was removed and, after cutting down to 5-7 cm above the scull, the 

catheter tip was sealed off by heating with the soldering iron and pinching the melted edges 

together. The wound was sprayed with Bacitracin, the skin edges were gently eased to above 

the cement and sutured, leaving a gap through which the cannula protruded out. Three or 

four stitches were usually required.

The rat was wrapped in tissue paper taking care to leave the mouth and nose exposed to air 

and replaced in it’s cage, on a bed of tissue paper, under a lit lamp.

During the surgical procedure not more than 20 to 30 /xl CSF was removed.

2.5.2.S Combined blood and CSF cannulation surgery

When the two surgical procedures were combined the procedures were identical to above but 

the blood cannulation was, for practical reasons, performed first. The cement could be 

poured on the head only when both cannulas were inserted, since if the CSF cannulation 

surgery had been done first, the cannula could become dislodged while the rat was on it’s 

back during blood cannulation surgery.

2.S.2.9 Post-operative care

The rat was wrapped in tissue paper, allowing free movement of air near the nose and 

replaced into it’s original cage, on a bed of tissue paper under a lit lamp. Any blood oozing 

from the head wound (which usually bled slightly) was wiped off with tissue paper. The 

chest wound did not need particular attention. Once the animal was conscious (usually within 

one to two hours), food and water were allowed ad lib. The lamp was left on overnight for
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warmth. The rat was weighed every day. Cannula maintenance was started on day 3 post

surgery and, once the rat had recovered apparently fully (day 3 to 5 post-surgery), depending 

on the group, spot or serial sampling were carried out on post-recovery days 1, 3 and 5.

2.5.2.10 Blood Cannula maintenance and spot sampling (Group 1)

The catheter was left undisturbed until day 3 post-surgery when it’s patency was checked and 

further heparinisation carried out. The same procedure was carried out also on post-recovery 

days 1, 3 and 5 (post-recovery day 1= post-surgery day 3 to 5). With minimal and gentle 

handling of the rat, maintenance was carried out as follows:

With Hats 1 and 2, the silastic tubing on the hat was clamped with forceps or closed with 

fingers and the paper clip wire was removed. The free end of the needle wire connected to 

the sampling cannula was inserted into the silastic tubing on the hat (Figure 2.2) and the 

clamp was removed. With Hat 3 a similar procedure was used but the needle wire was 

inserted directly into the silastic blood catheter protruding from the top of the head (Figure 

2 .2).

The catheter was slowly aspirated. If no blood emerged after several attempts, the rat was 

gently lifted and turned head down for 10 to 20 seconds and aspiration was tried again. Blood 

flow into the cannula could also be prompted by gently squeezing the chest wall, sternum to 

back, several times. When the blood flow was established the content of the cannula, 

consisting of heparinised saline, old blood and blood clots, was drawn into a syringe (syringe

1). The syringe was discarded and replaced with one containing heparin 50 lU/ml (syringe

2). 1(X) /a1 blood was aspirated, mixed with heparinised saline to remove air bubbles and re

injected together with 1(X) /xl clear heparin. The cannula and syringe were passed out
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through the hole in the lid, leaving enough of the cannula in the cage for the rat to be fully 

mobile, but without it being too lax for the animal to reach and chew through. The lid was 

closed and the rat left to recover from the physical handling. After one hour the heparin in 

the cannula and 50 /d blood was re-aspirated, the syringe removed and replaced with an 

empty one (syringe 3) into which 1(X) to 2(X) /xl blood was drawn for laboratory tests. This 

syringe was replaced with yet another one containing 100 lU/ml heparin (syringe 4) and after 

withdrawing some blood and mixing in the syringe, the blood and 400 /xl clear heparin was 

injected. The syringe and cannula were passed back into the cage, the lid was opened, the 

silastic tubing on the hat was clamped, the cannula and needle wire removed, the paper clip 

wire re-inserted and the clamp removed.

Thus, the only times the rat was physically handled were at the beginning and end of the 

procedure. The total loss of blood included the old blood in the cannula (usually 10 to 20 /xl), 

the 50 /xl removed before taking the aliquot for analysis (to ensure that the latter was not 

diluted) and the 100 to 200 /xl sample for haematological and biochemical analysis itself.

2.5.2.11 CSF cannula maintenance and spot sampling (Group 2)

The CSF catheter was checked on day 3 post-surgery and post-recovery days 1, 3 and 5. The 

closed tip of the catheter was cut off. The assembled tubing and syringe, as described for 

CSF surgery (Figure 2.3) was connected. Gentle negative pressure was applied by aspirating 

with the syringe. If no CSF flow was obtained after two or three attempts, the tubing was 

withdrawn and the cannula carefully unblocked with the copper wire taking care that the 

length inserted was only 0.5 to 1 mm longer that the implanted cannula. Thus, damage to 

brain tissue was unlikely. The copper wire was slid in and out several times, removed, the
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tubing reconnected and negative pressure applied again.

Occasionally, bloody CSF was aspirated. If it did not clear after the first few fi\, aspiration 

was repeated at half hourly intervals, two or three times more. This usually resulted in clear 

CSF. However, not more than a few fi\ CSF were removed each time. Once clear CSF was 

obtained, the tubing was disconnected and the tip of the cannula closed off by melting with 

the soldering iron.

2.5.2.12 Combined blood and CSF cannula maintenance and spot sampling

(Group 3)

The same procedures as above were carried out but CSF cannula maintenance and sampling 

was done first because preliminary investigations had indicated that heparinisation of blood 

could potentially precipitate bleeding in the CSF through injury during CSF withdrawal.

2.5.2.13 Serial blood sampling during the post-recovery period (Group 4)

The patency of the cannula was checked as above. However, after leaving the rat to recover 

from physical handling for one hour, instead of a spot sample only, serial samples (1(X) to 

2(X) /xl) were drawn at times 0, 3, 5, 10, 15, 30, 45 and 60 minutes (between 9 to 11 a.m.) 

and at half hourly intervals thereafter for a further five hours on post-recovery days 1, 3 and 

5. In between sampling the cannula was kept patent by flushing with heparin. In order to 

minimise blood wastage, prevent fluid overload and overcoagulation, to keep the cannula 

patent and to obtain blood undiluted with the heparin/saline solution, the following sampling 

procedure was adopted: 100 to 200 /xl blood (sample 0) was withdrawn into an empty syringe 

(syringe 1) for laboratory tests. A syringe containing 50 lU/1 heparin was connected (syringe
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2). 50 fx\ blood was drawn. If this was done slowly so that minimal turbidity occurred in 

the syringe and the latter was tapped very gently so that the air bubbles surfaced to the top, 

a line of demarkation between blood and heparin could be maintained. Blood was pushed 

back into the heart until the heparin/blood demarcation line was just visible in the cannula 

at the top of the head and 30 to 40 fi\ additional heparin was injected. The length of the 

silastic catheter from the top of the head to it’s end in the heart was about 10 cm, filling a 

volume of 30 to 40 fi\. Thus, the injected heparin just reached the end of the cannula in the 

heart and although some mixing did occur, at the next aspiration, the line of demarcation 

between blood and heparin still remained.

At the next sampling, heparin, followed by blood was withdrawn into the heparin filled 

syringe until obviously undiluted blood was being aspirated. The syringe was replaced with 

an empty one (syringe 3) and 1(X) to 200 fil blood was withdrawn. Syringe 2 was reattached 

and blood and heparin returned to the heart, maintaining the line of demarcation as described 

above. In between changing the syringes air entry into the aspiration cannula was minimised 

by clamping it. The process was repeated until the last sample was obtained, when 400 /xl 

of 100 lU/ml heparin was injected, tubing on the hat was clamped, the sampling cannula was 

removed, the hat closed with the paper clip wire and undamped.

Thus, the only times the rat was handled physically were when the cannula was first 

connected to the hat and at the end of sampling when it was disconnected and the hat closed 

off. The total blood loss included the removal of 10 to 20 /xl old blood at the very beginning 

and of up to 17 aliquots of 1(X) to 2(X) /xl each, over six hours.
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2.5.2.14 Serial CSF sampling during the post-recovery period (Group 5)

Cannula patency was checked as above but instead of closing the cannula off sampling were 

carried out at times 0, 15 and 30 minutes (between 9 to 11 a.m.) and at half hourly intervals 

thereafter for up to six hours on post-recovery days 1, 3 and 5.

When clear CSF was drawn, the cannula and syringe were passed out through the hole in the 

lid, leaving enough of the cannula in the cage for the rat to be fully mobile, but without it 

being too lax for the animal to reach easily. After allowing half an hour for the rat to recover 

from the physical handling by the operator, 30 1̂ CSF was aspirated (sample 0), the 

sampling cannula was brought inside the cage and disconnected. The CSF was expressed into 

a polypropylene microtube, the cannula reconnected and brought out of the cage until after 

the next sampling. After the last sample the CSF catheter was closed off by melting the tip.

Although the lid of the cage was opened and the cannula disconnected and re-connected with 

each sampling, the indwelling cannula was long enough for the rat not to be touched and it 

did not seem troubled by the proximity of the operator.

The total CSF volume loss included a few fi\ at the very beginning and up to 15 aliquits of 

30 fi\ each, taken over six hours.

2.5.2.15 Combined blood and CSF sampling during the post-recovery period

(Group 6)

For simultaneous blood and CSF sampling in the same animal, identical procedures as 

described above were used, but CSF sampling was usually carried out first (to reduced the
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risk of bleeding into the CSF because of blood heparinisation).

2.5.2.16 Terminal Blood Sampling

Rats with CSF catheters only were injected with a lethal dose of pentobarbitone IP (60 mg) 

between 4 and 6 p.m. on the last day of sampling and when totally unconscious (within 

minutes) 2 ml blood was withdrawn through a cardiac puncture.

2.5.2.17 Long-term cannula patency

After sampling on post-recovery day 5 rats which were to be followed long-term were 

observed daily and cannula maintenance carried on alternate days until patent no longer.

2.5.2.18 Post-mortem studies

PM studies were carried out on all rats which died during the procedures (except, for 

practical reasons, on those which were found several hours dead) and at the end of the 

experiments, following lethal injection with pentobarbitone, on survivors (except those in 

which cannula patency long-term was examined).
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2.6 Results

2.6.1 Outcome parameters examined

The following outcome parameters were examined:

(i) Survival and causes of death related to experimental procedures 

in the two rat strains.

(ii) Cannulae patency rates and causes for failure.

(iii) Practical factors associated with the experimental procedures.

(iv) PM findings at the end of the experimental procedures.

2.6.2 Survival rates and causes of death

A summary of the survival, irrespective of the stage of experimentation is shown in Table 

2.1. The overall mortality rate was about six times higher in Norwegian-Hooded (79.0%) 

than Sprague-Dawley (13.4%) rats (p < 0.0001). In Norwegian-Hooded rats death was due 

to respiratory distress in the majority of cases (67.9%). Half of the deceased Sprague-Dawley 

rats died due to respiratory distress related to anaesthesia (6.7% of all entered in the study) 

and the remaining animals due to other causes (6.7%).

The survival rates related to the types of cannulation for the two rat strains are shown in 

Tables 2.2 and 2.3 and the causes of death in Tables 2.4 and 2.5. It is evident that in both 

strains death was related to respiratory distress during anaesthesia and surgery per see and 

not to the type of cannulation. Death through surgical manipulations during cannula insertion 

was rare, as were infection, bleeding, air embolism or subarachnoid haemorrhage during and 

after recovery.
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Table 2.1 A summary of the survival rate and causes of death in Sprague-Dawley

and Norwegian-Hooded rats irrespective of the stage of experimentation

Sprague-Dawley rats Norwegian-Hooded rats

No % of total No % of total

Animals entered 134 100 81 100

Survived 116 86.6 17 21.0***

Died 18 13.4 64 79.0***

(i) Respiratory distress 9 6.7 55 67.9***

(ii) Accidental rupture of the 
heart

0 0 3 3.7

(iii) Infection 0 0 1 1.2

(iv) Subarachnoid haemorrhage 3 2.2 3 3.7

(v) Haemorrhage via blood 
cannula

2 1.5 1 1.2

(vi) Air embolus via blood 
cannula

3 2.2 0 0

(vii) No cause 1 0.7 1 1.2

* * * p  <0.0001 for difference between rat strains using the Fishers exact test
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Table 2.2 Survival in Sprague-Dawley rats (Groups 1 to 6) related to types of cannulation and sampling

Stage Group 1
(Blood cannula 
spot sampling)

Group 2
(CSF cannula 
spot sampling)

Surviving rats in 
Group 3
(Blood and CSF 
cannulas, 

spot sampling)

Group 4
(Blood cannula 
serial sampling)

Group 5
(CSF cannula 
serial sampling)

Group 6
(Blood aid Œ F 
cannulas, serial 
sampling)

No % No % No % No % No % No %

Initially 30 100 18 100 21 100 30 100 15 100 20 100

After:

Anaesthesia alone 29 96.7 18 100 21 100 30 100 15 100 20 100

Anaesthesia/surgery 25 83.3 17 94.4 20 95.2 29 96.7 15 100 19 95

Within 24 hours post-surgery 25 83.3 16 88.8 20 95.2 29 96.7 15 100 19 95

On post-recovery day 1 24 80.0 16 88.8 19 90.5 29 96.7 15 100 18 90

On post-recovery day 2 23 76.7 16 88.8 19 90.5 29 96.7 15 100 18 90

On post-recovery day 3 23 76.7 16 88.8 19 90.5 28 93.3 15 100 18 90

On post-recovery day 4 23 76.7 16 88.8 19 90.5 28 93.3 15 100 18 90

On post-recovery day 5̂ 23 76.7 16 88.8 19 90.5 27 90.0 15 100 16 80

‘ no statistically significant differences (p>0.05) between groups using the Fishers exact test
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Table 2.3 Survival in Norwegian-Hooded rats (Groups 1 to 6) related to the type of cannulation and sampling

Stage Group 1
(Blood cannula 
spot sampling)

Group 2
(CSF cannula 
spot sampling)

Surviving rats in

Group 3
(Blood and CSF 
cannulas, 
spot sampling)

Group 4
(Blood cannula 
serial sampling)

Group 5
(CSF cannula 
serial sampling)

Group 6
(Blood and CSF 
cannulas, serial 
sampling)

No % No % No % No % No % No %

Initially 30 100 10 100 6 100 15 100 10 100 10 100

After:

Anaesthesia alone 26 86.7 10 100 6 100 13 86.7 8 80 9 90

Anaesthesia/surgery 14 46.7 8 80 3 50.0 7 46.7 4 40 6 60

Within 24 hours post-surgery 4 13.3 2 20 3 50.0 5 33.4 3 30 4 40

On post-recovery day 1 4 13.3 1 10 2 33.3 4 26.7 3 30 3 30

On post-recovery day 2 4 13.3 1 10 2 33.3 4 26.7 3 30 3 30

On post-recovery day 3 4 13.3 1 10 2 33.3 4 26.7 3 30 3 30

On post-recovery day 4 4 13.3 1 10 2 33.3 4 26.7 3 30 3 30

On post-recovery day 5̂ 4 13.3 1 10 2 33.3 4 26.7 3 30 3 30

1 no statistically significant differences (p>0.05) between groups using the Fishers exact test
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Table 2.4 Causes of death in Sprague-Dawley rats related to the types of cannulation and sampling

Condition Group 1
(Blood cannula 
spot sampling)

Group 2
(CSF cannula 
spot sampling)

Causes of death 
Group 3
(Blood and CSF 
cannulas, 
spot sampling)

Group 4
(Blood cannula 
serial sampling)

Group 5
(CSF cannula 
serial sampling)

Group 6
(Blood and CSl 
cannulas, serk 
sampling)

No No No No No No

Total 7 2 2 3 0 4

Respiratory distress during:

(i) Anaesthesia* 1 0 0 0 0 0

(ii) Surgery* 4 V 1 1 0 1

Other causes

(i) Subarachnoid haemorrhage 0 V 0 0 0 2

(ii) Bleeding via blood cannula 2 0 0 0 0 0

(iii) Air embolus via blood cannula 0 0 0 2 0 1

(iv) No obvious cause 0 0 1 0 0

* pulmonary oedema on PM,  ̂ also chest infection on PM,  ̂ also epileptic fit.
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Table 2.5 Causes of death in Norwegian-Hooded rats related to the types of cannulation and sampling

Condition Group 1
(Blood cannula 
spot sampling)

No

Group 2
(CSF cannula 
spot sampling)

No

Causes of death

Group 3
(Blood and CSF 
cannulas, spot 
sampling)

No

Group 4
(Blood cannula 
serial sampling)

No

Group 5
(CSF cannula 
serial sampling)

No

Group 6
(Blood and CSl 
cannulas, serii 
sampling

No

Total 26 9 4 11 7 7

Respiratory distress during:

(i) Anaesthesia* 4 0 0 2 2 1

(ii) Surgery* 10" 2 2 6 4 3

(iii) Recovery* 9 6 0 2 0 2

Other causes

(i) Rupture of the heart 2 0 1

(ii) Head and brain infection 0 1 0 0 0 0

(iii) Subarachnoid haemorrhage 0 0 1 0 1 V

(iv) Bleeding via blood cannula 0 0 0 1 0 0

(v) Air embolus via blood cannula 0 0 0 0 0 0

(vi) No obvious cause 1 0 0 0 0 0

‘ pulmonary oedema on PM,  ̂ in one rat also chest infection on PM,  ̂ also epileptic fit
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2.6.3 Cannula patencies

All blood cannulas from which blood could be drawn and CSF canulas from which clear CSF 

could be obtained were termed patent, excluding blocked and pulled off cannulas and those 

with persistently bloody CSF. Data for patency of cannulas in Sprague-Dawley rats only are 

presented in this section. The number of surviving rats in the Norwegian-Hooded groups 

were too small to allow meaningful analysis. Original data are given in Appendix 1.

2.6.3.1 Short-term cannula patencies

The patencies of blood cannulas and CSF cannulas in Sprague-Dawley rats surviving surgery 

are presented in Table 2.6. In general, higher patency rates were obtained with blood than 

CSF cannulas used both with spot sampling and serial sampling. The patency rates were also 

higher in cannulas used for serial sampling.

The patency of cannulas decreased with time. On post-recovery day 5 about half of the 

cannulas initially open were still patent. The average patency of blood cannulas used for spot 

sampling (Groups 1 and 3b) and for serial sampling (Groups 4 and 6b) on day 5 were 54% 

and 72%, respectively. The corresponding values for CSF cannulae were 38% (Groups 2 and 

3c) and 50% (Groups 5 and 6c). The percentage of animals with both cannulas patent over 

five days were 35% where spot samples were drawn (Group 3) and 47% where serial 

sampling had been carried out (Group 6), indicating that blood cannulas were easier to keep 

open than CSF cannulas, and that serial sampling facilitated patency of both types of 

cannulas. However, the differences in the patencies were not statistically significant, possibly 

because of small numbers except when the overall patency of blood cannulas (62.4%) was 

compared with that of the CSF cannulas (43.7%) (p<0.05).
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Table 2.6 Patency of blood and CSF cannulas in Sprague-Dawley rats surviving surgery

Time Blood cannulas CSF cannulas Blood and CSF cannulas

(Group 1) (Group 4) (Group 2) (Group 5) (Group 3) (Group 6)

spot sampling serial sampling spot sampling serial sampling spot sampling serial sampling

both blood C S F both blood C S F

(a) (b) (c) (a) (b) (c)
No % No % No % No % No % No % No % No % No % No %

After surgery 25 100 29 100 17 100 15 100 20 100 20 100 20 100 19 100 19 100 19 100

On post-recovery

Day 1 19 76 24 83 10 59 10 67 10 50 14 70 12 60 12 63 16 84 14 74

Day 5 13 52 20 69 6 35 8 53 7 35 11 55 8 40 9 47 14 74 9 47

p  >0.05 between and within individual groups; /?<0.05 for difference between overall patency rate between blood cannulas (62.4%) and CSF 

cannulas (43.7%) using the Fishers exact test
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2.6.3.2 Long-Term patency of cannulas

Twelve rats (six each from Groups 1 and 4) with patent blood cannulas, twelve (six each 

from Groups 2 and Group 5) with patent CSF cannulae and eight rats with patent both 

cannulae (five and three rat from Groups 3 and 6 respectively) were followed for longer than 

post-recovery day 5. No blood cannula was patent past post-recovery day 34, no CSF 

cannula past post-recovery day 24 and in no rat were both cannulas patent past post-recovery 

day 19.

2.6.3.S Patency of blood cannulas related to the type of Hat

The patencies of blood cannulas with different hats is shown in Table 2.7. In general higher 

patencies were obtained with Hats 1 and 2 than with Hat 3. Also, with Hats 1 and 2 the 

patencies were higher in rats with serial than spot sampling. With Hat 3 this difference was 

not observed.

With all hats the patency in surviving rats was 100% at the end of the surgical procedures. 

With spot sampling, patency on day 5 (Groups 1 and 3b) had decreased to an average of 

51%, 67% and 42% for Hats 1, 2 and 3, respectively. With serial sampling (Groups 4 and 

6b) the corresponding values were 85%, 82% and 44%, respectively. With combined blood 

and CSF cannulas patencies on day 5 were 29% with Hat 1, 43% with Hat 2 and 33% with 

Hat 3 with spot sampling. The corresponding figures for serial sampling were 57%, 67% 

and 17%. However, because of small numbers, the patencies were significantly different only 

between hats in Group 6(b) (p<0.05). The outcome indicated that for blood sampling a 

straight needle in cement (Hat 2) was the most effective.
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Table 2.7 Patency (%) of blood cannulas in Sprague-Dawley rats related to the type of hat

Group 1 Group 3 Group 4 Group 6
(spot sampling (spot sampling, (serial sampling (serial sampling
blood cannula) blood and CSF cannulas) blood cannula) blood and CSF cannulas)

both blood both blood
(a) (b) (a) (b)

Hat 1 (angulated needle in cement)
After surgery 100 100 100 100 100 100

(no=9) (no=7) (no=7) (no =10) (no=7) (no=7)
On post-recovery day 1 77.8 42.9 71.4 80.0 71.4 100
On post-recovery day 5 44.4 28.5 57.1 70.0 57.1 100

Hat 2 (straight needle in cement)
After surgery 100 100 100 100 100 100

(no=8) (no=7) (no=7) (no =10) (no=6) (no=6)
On post-recovery day 1 62.5 57.1 71.4 90.0 83.3 83.3
On post-recovery Day 5 62.5 42.8 71.4 80.0 66.7 83.3

Hat 3 (silastic cannula stitched to skin)
After surgery 100 100 100 100 100 100

(no=8) (no=6) (no=6) (no=9) (no=6) (no=6)
On post-recovery day 1 87.5 50.0 66.6 77.8 33.3 66.7
On post-recovery day 5 50.0 33.3 33.3 55.6 16.7 33.3*

p  <0.05 between hats in Group 6 (b) on post-recovery day 5 using the Fishers exact test
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2.6.4 Reasons for failure of cannula patency

2.6.4.1 Blood cannulas

The causes of failure of blood cannula patency with the different hats and groups in Sprague- 

Dawley rats are shown in Tables 2.8.1 and 2.8.2. The failed blood cannulas had either 

become blocked or had been pulled off (for Hats 1 and 2 together with the cement). Rarely, 

the rat had chewed through the cannula or had pulled the sampling cannula off, with resulting 

air embolism or fatal haemorrhage. Overall, with Hat 1 none of the above causes 

predominated (9.1% blocked and pulled off respectively). More Hats 2 were blocked 

(16.1%) than pulled off (3.2%), while more Hats 3 were pulled off (34.5%) than blocked 

(6.9%). These differences were statistically significant when the frequency of pulled off 

cannulas with different hats was compared (p<0.05). With serial sampling the frequency of 

pulled off cannulas with Hat 3 (40.0%) was substantially higher than with Hat 1 (5.9%) or 

Hat 2 (0%) (p < 0.005).

2.6.4.2 CSF cannulas

The overall causes for CSF catheter patency failure and in different groups are shown in 

Tables 2.9.1 and 2.9.2. The overall frequency of blocked cannulas (25.3%) or bloody CSFs 

(16.9%) was statistically significantly higher than that of pulled off cannulas (5.6%) or deaths 

(4.2%) due to subarachnoid haemorrhage (p<0.0(X)l). The type of hat used for simultaneous 

blood cannulation had no additional effect on patency failure of CSF cannulas since an equal 

number pulled the cement and therefore CSF cannula in the absence as in the presence of Hat 

1 or 2 (which could act as a lever). Frequent heparinisation with serial blood sampling 

(Group 6) did not increase the frequency of bloody CSF’s.
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Table 2.8.1 The overall causes for blood cannula patency failure in Sprague-Dawly rats

Hat 1 Hat 2 Hat 3
(angulated needle in cement) (straight needle in cement) (Silastic cannula stitched to skin)

No % No % No %

Inserted total 33 100 31 100 29 100

Failed total 11 33.3 8 25.8 13 44.8

(i) Blocked 3 9.1 5 16.1 2 6.9

(ii) Pulled off 3 9.1 1 3.2 10 34.5*

(iii) Pulled off, fatal haemorrhage 2 6.1 0 0 0 0

(iv) Pulled off, fatal air embolus 1 3.0 2 6.5 0 0

(v) Death unrelated to cannula 2 6.1 0 0 1 3.4

/7<0.05 for Hat 3 vs. Hats l o r  2 using the Fishers exact test
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Table 2.8.2 The causes for blood cannula patency failure with and without serial blood sampling in Sprague-Dawley rats

Group 1
(spot sampling, 
blood cannula)

and 3
(spot sampling, 

blood and CSF cannulas)

4
(serial sampling, 
blood cannula)

and 6
(serial sampling, 

blood and CSF cannulas)

Hat 1 2 3 1 2 3

No % No % No % No % No % No %

Inserted total 16 100 15 100 14 100 17 100 16 100 15 100

Failed total 8 50 5 33.3 6 42.9 3 17.6 3 18.8 7 46.7

(i) Blocked 3 18.8 4 26.7 2 14.3 0 0 1 6.3 0 0

(ii) Pulled off 2 12.5 1 6.6 4 28.6 1 5.9 0 0 6

(iii) Pulled off, fatal haemorrhage 2 12.5 0 0 0 0 0 0 0 0 0 0

(iv) Pulled off, fatal air embolus 0 0 0 0 0 0 1 5.9 2 12.5 0 0

(v) Death unrelated to cannula 1 6.3 0 0 0 0 1 5.9 0 0 1 6.7

** p  <0.005 for Groups 4 and 6 with Hat 3 vs. Hats 1 or 2 using the Fisher’s exact test
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Table 2.9.1 The overall causes for CSF cannula patency failure in Sprague-Dawley rats

No %

Inserted total 71 100

Failed total 40 56.3'

(i) Blocked 18 25.3'

(ii) Bloody 12 16.9

(iii) Pulled off (removing Hats 1 or 2) 2 2.8

(iv) Pulled off (CSF cannula only) 2 2.8

(v) Fatal subarachnoid bleed 3 4.2

(vi) Death unrelated to cannula 3 4.2

1 p <  0.0001 for (i) or (ii) vs. (iii) to (vi)
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Table 2.9.2 The causes for CSF cannula patency failure in different Sprague-Dawley groups

Group 2
(spot sampling, 

CSF cannula)

No %

3
(spot sampling 

blood and CSF cannulas)

No %

5
(serial sampling 

CSF cannula)

No %

6
(serial sampling 

blood and CSF cannulas)

No %

Inserted total 17 100 20 100 15 100 19 100

Failed total 11 64.7 12 60 7 45.7 10 52.6

i) Blocked 5 29.4 4 20.0 4 26.7 5 26.3

(ii) Bloody 3 17.6 4 20.0 3 20.0 2 10.5

(iii) Pulled off (removing Hats 1 or 2) 0 0 2 10.0 0 0 0 0

(iv) Pulled off (CSF cannula only) 1 5.9 1 5.0 0 0 0 0

(v) Fatal subarachnoid bleed 1 5.9 0 0 0 0 2 10.5

(vi) Death unrelated to cannula 1 5.9 1 5.0 0 0 1 5.3

p > 0 .0 5  between the groups using the Fishers exact test
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2.6.5 Practical factors associated with the experimental procedures

2.6.5.1 Anaesthesia

Five rats in each species needed 5 to 10 mg/kg pentobarbitone in addition to the standard 

dose of 63 mg/kg in order to achieve full anaesthesia. This lead to respiratory distress in 

four, of which two died.

2.6.5.2 Surgery

Once mastered, the surgical technique for blood cannulation was straightforward and lasted 

up to one hour. The thin and narrow vein was, however, cut through in six rats, necessitating 

cannulation of the vein on the left site of the neck. This resulted in longer overall surgery 

time (1.5 to 2 hours), more tissue damage and bilateral obliteration of the venous return from 

the head through the two external jugular veins, but had no obvious deleterious 

consequences. Another rare but fatal complication (in three rats) was rupture of the heart if 

the vein was pulled too tight while inserting the catheter.

The CSF cannulation technique was simpler and lasted for about half an hour. The most 

visually distressing complication was haemorrhage out of the burr hole if the screw was 

inserted too deeply and punctured a venous sinus (this also happened with blood cannulation 

when hat 1 or 2 was used). The bleeding was short lived and did not lead to obvious ill 

effects.

In three rats the cerebellum was damaged, as noted from the abnormal, involuntary 

movements once the rats recovered consciousness. These lasted a day or two and the affected 

animals then made a full recovery.
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With combined surgery no particular additional complications were noted except that the 

scalp wound bled more than with CSF surgery alone (due to heparinisation).

2.6.S.3 Recovery

Recovery was deemed to have occurred when the surviving rats had at the least regained 

their pre-operative weight and a similar eating, drinking, grooming and exercise pattern as 

before surgery. This occurred three to five days post-surgery (occasionally earlier). A major 

problem during the recovery period was the pulling off of the cannulas and cement (two with 

and two without the blood cannula on top of the head). Although this was visually disturbing 

because the rats appeared "scalped", the animals did not appear distressed and the wound 

healed within a few days.

1,6.5A Cannula patency checks and sampling

Unless the indwelling blood cannula was clamped at all times while connecting and 

disconnecting the sampling cannula, air embolism or fatal haemorrhage was a possibility 

because rats frequently played with the sampling cannula, chewed through it or pulled it off. 

A rat could reach a sampling cannula no matter how it was secured, thus the operator had 

to be on site at all times during sampling.

A blocked blood cannula did not always mean failure as it sometimes became unblocked, 

even two days later. Thus, all the failed cannulas continued being checked for several days.

Blocked CSF cannulas could be unblocked with the copper wire but this often lead to initially 

bloody CSF.
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2.6.6 Post mortem findings at the end of the observation period

Rats were anaesthetized with a fatal dose of pentobarbitone on post-recovery day 5 and a PM 

examination was performed. The catheters which had not been removed earlier by the rats 

themselves were all in-situ. Seventeen Sprague-Dawley and two Norwegian-Hooded rats had 

evidence of mild bleeding over the cerebellum and cerebrum as result of surgery and/or CSF 

sampling, representing 35% of all rats with CSF cannulas. One Norwegian-Hooded rat had 

a small abscess over the chest wound (0.9% of all rats with blood cannulas). No PM 

examination was carried out in rats where long-term patency of cannulas was carried out.
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2 .7  Discussion

2.7.1 Experimental techniques

2.7.1.1 Blood cannulation surgery and sampling

The modifications to the surgical procedure described by Steffens (Steffens 1968, 1969 

included: (i) reduction of screws used to secure the cannula and cement to the scull from 

three to one, (ii) elimination of a second long ’mock’ cannula, protruding from the head and 

connected to a weight on the lid of the cage (iii), exclusion of prophylactic penicillin, (iv) 

substituting blood losses with heparinised saline rather than with blood transfusion and (v) 

introduction of Hats 2 and 3. A direct comparison of the effects of these modifications on 

outcome with the original technique could not be made because of limited published 

information. However, the modified technique was simpler, only two rats pulled the cement 

off, the animal mobility on recovery was full, no infection was noted except for a small chest 

wall abscess in one rat (on PM examination) and there was no undue bleeding. Further, as 

shown in Chapter 3, the packed cell volume (PCV) post-recovery was similar to at surgery. 

Hat 1 was described by Steffens (Steffens, 1968; Steffens, 1969) while Hats 2 and 3 were 

tried in this study to improve patency and are discussed below.

The procedure to keep the cannula patent was also simplified. No air bubble was introduced 

(thus the risk of accidental air embolisation was reduced) and the blood sampling/cannula 

flushing technique was designed so that, with care, wastage of blood and excess 

heparinisation were prevented. This was considered important to reduce the substantial risk 

of overheparinisation, hypovolaemia or overloading of the rat’s circulation by the end of the 

sampling day. However, although blood transfusion, as suggested by Steffens (Steffens, 

1968; Steffens, 1969) would have been preferable, this was not carried out because there
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were no facilities in my institution for the procedure.

2.7.1.2 CSF surgery and sampling

The method for CSF cannulation and serial sampling was similar to that described (Sarna et 

al, 1983; Hutson et al, 1985) but two rather than four burr holes were made, one for the 

stainless screw and one for the cannula because preliminary studies had shown that one screw 

was enough to keep the cement secure (only two rats removed it). We have recently reported 

a modification (Patsalos et al, 1992) where the CSF cannula consisted of a wider, firmly 

imbedded piece of tubing and an inner sliding tube through which CSF was drawn, but it 

provided no advantages while the disadvantages included frequently blood stained CSF.

2.7.2 Mortality and causes

The mortality of Norwegian-Hooded rats was high and mainly due to respiratory distress 

associated with anaesthesia. The causes to be considered included, (i) Chronic Respiratory 

Disease (CRD) which is known to be related to a high mortality rate during anaesthesia or 

in the early post operative period (Green, 1979b), (ii) idiosyncratic reactions including 

respiratory distress and death of the animals which are linked to anaesthetic agents used for 

experimental studies on rats (Green, 1979b), and (iii) respiratory depression combined with 

cardiovascular collapse and hypothermia, common side effects of pentobarbitone, especially 

during the early stages of anaesthesia if given in amounts exceeding 50 mg/kg (Green, 1979). 

The use of specified-pathogen-free animals has been suggested to avoid CRD (Green, 1979). 

CRD is clinically obvious in severe cases but is often subacute, low-grade and difficult to 

detect without macroscopic and/or histological lung examination (Lamb, 1975). The 

macroscopic PM examination did not reveal CRD in rats which died from respiratory distress
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in this study despite the fact that the animals were not specified-pathogen-free. Thus, 

supported by clinical and PM findings respiratory depression due to pentobarbitone 

anaesthesia was the probable causes of death in most of the rats in the study, despite all 

recommended precautions taken (Green, 1979). Mortality due to other causes was rare.

The frequency of respiratory distress can be reduced by injecting less pentobarbitone (Green, 

1979). For light anaesthesia the recommended pentobarbitone IP dose in rats is 30 to 40 

mg/kg and for deep anaesthesia up to 50 mg/kg (Steffens, 1968; Steffens, 1969; Popper et 

al, 1977; Green, 1979). Others have used 60 mg/kg (Jones and Hynd, 1981; Sarna et al, 

1983; Hutson et al, 1985; Francis Chaouloff, University of Geneva, personal communication) 

with no reported high mortality in Wistar-Firth and Sprague-Dawley rats. However, 

pigmented strains, including the Norwegian Hooded variety, are well known for their 

particular sensitivity to pentobarbitone (Green, 1979b). Although Coupar (Coupar, 1985) 

was able to inject pentobarbitone 60 mg/kg IP into their pigmented rats with no reported 

undue anaesthetic associated mortality, Payne and Chamings (1964) found a unacceptably 

high mortality rate with pentobarbitone 20 mg/kg IP.

In this study a slightly larger pentobarbitone dose, 63 mg/kg IP, was eventually chosen 

because with a lower dose total analgesia could not be achieved. This was a prerequisite for 

the success of the surgical procedure of introducing a cannula into a very narrow vein. Other 

methods for anaesthesia such as inhalation of halothane or ether are thought safer (Green, 

1979b) but facilities for induction and maintenance of anaesthesia with such agents were not 

available in the institution at the time of the study. Both compounds may cause liver damage.
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2.7.3 Patency rates and reasons for failure

The immediate post-operative patency rates in survivors was 100% with both cannulas. This 

was higher than previously reported both by us for blood and CSF (80-90% for both with 

Hat 3 for the blood cannula, Patsalos et al, 1992) and others (60-70% for CSF, Sarna et al, 

1983; De La Riva and Yeo, 1985; Kornhuber et al, 1986). Thereafter the patency rate 

decreased for both catheters although for CSF catheters more than for blood catheters. With 

both catheters serial sampling was overall associated with better patency rates than spot 

sampling. With blood cannulas this was thought to be because of frequent heparinisation. 

With CSF cannulas the likely reason was unclear since, although the cannulas would have 

been expected to be less frequently blocked through "flushing” during sampling, the 

frequency of blocked cannulas with and without serial sampling was similar.

2.7.3.1 Blood cannulas

As the preliminary studies had showed that blood cannulas with Hat 1 failed because rats 

could reach the vertical end of the wire on Hat 1 and pull it off (together with the cement 

and the rest of the cannula) or the wire became blocked at the bend, a straight needle 

imbedded in the cement (Hat 2) and only bringing the cannula to the top of the head (Hat 3) 

were tried. The result, by day 5, was a similar success rate for serial sampling and Hats 1 

and 2 (about 85% and 82% respectively), with Hat 2 tending to be more often blocked than 

pulled off and unexpectedly poor patency with Hat 3 (about 42% and 44% with and without 

serial sampling, respectively ) because of the high frequency of pulled off cannulas, 

particularly with serial sampling. Hat 3 was only secured to the skin with one or two stitches 

and could, therefore, easily be removed, and may have been further loosened during serial 

sampling.
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2.7.3.2 CSF and combined cannulas

The patency of CSF cannulas was lower than of blood cannulas and not significantly affected 

by the presence of blood cannulas, type of hat used or heparinisation with serial blood 

sampling. The best results were obtained with serial sampling (53%). The cannulas were 

frequently blocked, probably because of proteinaceous deposition in the narrow lumen or 

coagulated blood.

With combined cannulation the best result by day 5, 66.7%, was obtained with Hat 2 and 

serial sampling. This was thought a reasonable outcome in the absence of facilities for 

microsurgery as available in humans and relatively crude techniques. Further, sampling in 

apparently well, stress free and fully mobile rats was achieved and even if only about half 

of the cannulas remained patent, the technique was thought superior to those where large 

numbers of animals are sacrificed for spot sampling.

2.7.4 Long-term cannula patency

Although the majority of the blood and CSF catheters became non-patent within two to three 

weeks post recovery, it was possible to maintained the patency in occasional rats for three 

to four weeks with CSF cannulas and four to five weeks with blood cannulas. This has been 

noted before (Francis Chaouloff, University of Geneva; Sarna, Institute of Neurology; 

personal communications). Thus, with further method development, it may be possible to 

develop techniques for long-term sampling, although the effects on the well-being of the rats 

would also need to be evaluated.
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2.7.5 Practical considerations

Both surgical and sampling procedures were relatively simple and straightforward once the 

techniques were mastered although because of the size and nature of the animals meticulous 

care was necessary to minimise complications. However, as with all surgical procedures, the 

practical details of the methodologies to ensure success, particularly for blood cannulation, 

were extensive and were more likely to be helpful if described in a manual or visually 

demonstrated than if summarised in a scientific publication. This may be a reason for the 

limited amount of publications using serial, simultaneous blood and CSF sampling for 

antiepileptic pharmacokinetic studies.

2.7.6 Post-mortem findings

Post-mortem examination of rats sacrificed at the end of the experimental procedures was 

unremarkable. Obvious infection was not expected to be found since despite the lack of 

aseptic precautions and no antibiotic administration the rats whilst alive appeared to be well. 

Further, although 35% of the rats with a CSF cannula had evidence of an extradural or 

subarachnoid bleed, this was noted predominantly in rats who had had bloody CSF’s while 

alive and consisted of few blood clots and/or small patches of xantochromia. The findings 

were not thought likely to seriously influence the outcome of CSF pharmacokinetic studies 

since rats with bloody CSF’ would have been excluded in any case.

2.7.7 Conclusion

The results in this chapter showed that:

(i) The high mortality of Norwegian Hooded rats due to anaesthesia associated

cardiopulmonary distress, irrespective of the type of surgery carried out, precluded
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their use for further studies;

(ii) In Sprague-Dawley rats the mortality was low and few deleterious effects due to the 

procedures were noted;

(iii) The rats recovered well, with a 1(X)% success rate for postoperative patency of both 

catheters. The patency rate thereafter depended on the type of hat used for the blood 

cannula and on whether or not serial sampling was carried out.

(iv) With the use of Hat 2, 67% of rats entered into the scheme could provide a full set 

of pharmacokinetic data over five post-recovery days.
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CHAPTER 3

THE METABOLIC EFFECTS OF THE SURGICAL AND SAMPLING PROCEDURES

3.1 Aims

In Chapter 2 it was found that rats which survived anaesthesia and cannulation surgery for 

blood and CSF sampling appeared to recover fully and tolerate sampling well. PM studies, 

apart from a high incidence of minor haemorrhage in the brain of rats with CSF cannulas, 

were unremarkable. In this study the metabolic consequences of surgery, presence of the in

dwelling cannulas and serial sampling of blood and CSF, singly and combined, were 

examined in surviving rats by comparing:

(i) The weight change from pre-operatively up to post-recovery day 5

(ii) Selected haematological and biochemical variables: the packed cell volume, stress 

serum glucose and proteins and tests of renal and liver function at surgery and up to 

post-recovery day 5.

These investigations are carried out routinely on human patients pre and post-surgery as part 

of the direct and indirect assessment of the general state of health and were thought 

applicable to rats also. Thus, serum glucose and sodium increase if stress hormones such as 

cortisol are raised, changes in potassium concentration may reflect acidosis or alkalosis, 

changes in renal function hypo or hypervolaemia, changes in serum proteins an acute 

response due to inflammation and/or infection and changes in liver function indirect evidence 

of impairment of cardiac function (e.g. congestion due to heart failure) or of toxaemia.
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3.2 Introduction

3.2.1 Historical perspectives

Most procedures for blood and or CSF sampling in small laboratory animals are associated 

with haematological and biochemical disturbances which may affect the results of the 

experiments for which the biological samples were intended. Some of these disturbances are 

method dependant, e.g. mechanical injury to erythrocytes during cardiac puncture after fatal 

anaesthesia or through exsanguination after decapitation of the rat (Schriefer et al, 1989), 

hypovolaemia and excessive blood loss with serial blood sampling (Wiersma and Kastelijn, 

1986), increasing blood contamination at repetitive puncture for CSF sampling (Kornhuber 

et al, 1986), bacterial colonisation and infection with in-dwelling cannulas (Cobb et al, 

1993). Others are the results of the physiological response of the animal to stress (Gartner 

et al, 1980). The latter complication is well recognised in humans even with the standardised 

and relatively minor procedures such as antecubital venepuncture (e.g. raised serum cortisol 

or prolactin). In animals the stress factor is often much more severe and is compounded with 

the need for physical handling and restraining and usually more traumatic methods for 

obtaining the biological samples with or without anaesthesia (Steffens, 1968; Gartner et al, 

1980; Wiersma and Kastelijn, 1986).

3.2.2 Physical handling

Minimal physical handling of a rat or even touching of the cage by an attendant familiar to 

the animal can cause a stress induced shock-like defence affecting blood circulation and 

catecholamine and other stress hormone release to the extent of increasing the serum protein 

and haematocrit by 20% and the blood glucose, pyruvate and lactate concentrations by 20 

to 100% (Popper et al, 1977; Steffens, 1968; Gartner et al, 1980). Thus, some methods for
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serial blood sampling have attempted to bypass the need for physically handling of the animal 

e.g. by sampling outside the cage through an in-dwelling catheter attached to a long external 

cannula. These methods have been considered especially important where stress induced 

metabolic consequences could be expected to influence the results (e.g. Chieuh and Kopin, 

1975; Popper et al, 1977; Steffens, 1968; Steffens, 1969; Wiersma and Kastelijn, 1985; 

Wiersma and Kastelijn, 1986).

3.2.3 Anaesthesia

Many methods for blood and all for CSF sampling involve anaesthesia which itself can be 

associated with a shock-like response and induce haematological and biochemical 

abnormalities. The severity of these changes depends on the physical health of the animal, 

the type of anaesthetic used, the level of anaesthesia obtained and the amount of stress caused 

by physical handling and environmental changes prior to administration of the anaesthetic 

(Green, 1979a; Green, 1979b; Gartner et al, 1980; Archer and Riley, 1981). This is of 

consequence in experiments where blood is obtained during anaesthesia itself (e.g. for 

haematological parameters: Archer and Riley, 1981; for hormones: Gartner et al, 1980; for 

glucose and fatty acids: Steffens, 1968) and where the sampling is done after apparent 

physical recovery of the animal, since residual endocrine and metabolic effects of anaesthesia 

may not be clinically apparent (Green, 1979a; Green, 1979b).

3.2.4 Recovery from surgery

The surgical procedures for blood or CSF cannulation all cause trauma and some blood loss. 

The severity and duration of the consequent metabolic response, from the ebb phase (shock), 

through the catabolic to the anabolic phase, depends on the state of health of the individual
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prior to the surgical procedure, the amount of inflicted tissue injury and per-operative 

complications (Ames, 1983).

The short ebb phase is associated with a slowing down of metabolism although the stress 

hormones levels are all raised (Ames, 1983).

The catabolic phase has lately been subdivided into an early, stress and inflammation related 

phenomenon and a late response similar to that which occurs in infection, even if this is not 

clinically apparent (Cooper and Rothwell, 1991). It is associated with an increase in the 

metabolic rate, pyrexia, increased lipolysis and glyconeogenesis, a negative nitrogen balance, 

weight loss and reduced tissue healing (Ames, 1983; Little, 1988). In minor illness the 

metabolic rate increases up to 10% and in severe trauma above 25% of the baseline (Ames, 

1983). The significance of this response is unclear since it potentially causes even more 

injury and stress (Cooper and Rothwell, 1991).

In the anabolic or recovery phase, fat and protein stores are replenished, the basal metabolic 

rate returns to normal and wound healing is accelerated (Ames, 1983). Thus, full recovery 

can be expected to have occurred when the pre-operative weight is regained and metabolism 

has returned to normal.

In rats, it is not easy to evaluate recovery as fully as in humans, particularly the circulatory, 

immunological, hormonal and metabolic state, for practical reasons. Rats appear to start 

recovering relatively quickly and it is not unusual to note that they start eating, drinking and 

grooming themselves even minutes after waking up from the anaesthesia (personal
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observations). Many workers deem full recovery to have occurred when the behaviour has 

returned to normal, and/or the pre-operative weight has been re-gained, and/or the rats 

appear well. For surgical procedures, using similar methods to those in this study, this is 

quoted as occurring two to five days post-operatively (Steffens, 1968; Steffens, 1969; Sarna 

et al, 1983; Hutson et al, 1985; Kornhuber et al, 1986). There are indications that this time 

interval may, in some cases, be too short and that conventional indices used to confirm 

recovery (e.g. weight and behaviour) may be inadequate. In rats deemed already recovered 

the day following CSF surgery because of an apparent return to normal behaviour, the weight 

gain, even without further experimentation, still remained significantly lower than that in 

controls two weeks after surgery (Kornhuber et al, 1986). Popper et al, (1977) noted that 

the plasma catecholamines were still falling four days after surgery, although their rats 

appeared recovered two days after blood cannula implantation.. Wiersma and Kastelijn 

(1986), studying the haematological and biochemical effects of serial blood sampling in rats, 

waited at least one week post-operatively before starting sampling.

3.2.5 Infection and in dwelling cannulas

Although maintenance of aseptic conditions around in-dwelling catheters in humans is a 

routine procedure, infections are still not uncommon (Cobb et al, 1993). In conscious, fully 

mobile rats aseptic conditions cannot be maintained. Further, animal studies have shown that 

the presence of in-dwelling cannulas exacerbates infections at other sites of injury and 

potentiates the metabolic effects of injury and infection (Martin et al, 1991). This may not 

be clinically obvious since the affected rats continued gaining weight, the white blood cell 

count did not change and the temperature curves did not differ from those of non-infected 

animals even when they became severely ill and died. However, the rats had raised blood
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levels of the tumour necrosis factor and cardiac disfunction (Martin et al, 1991).

3.2.6 Sampling

Sampling relatively small volumes of blood or CSF in humans is extremely infrequently 

associated with complications, if carried out with care. A blood sample of 10 to 20 ml 

represents only about 2 to 4% of the total blood volume (about 5 L) and 2 ml of CSF only 

1.5% of the CSF volume (130 ml) in a 70 kg man. The daily secretion of CSF is about 750 

ml (McMurray, 1988b).

The blood volume of rats is about 50 ml/kg i.e. about 12.5 to 17.5 ml in animals weighing 

250 to 350 gm (Green, 1979b). The usual volume of blood collected per sample during 

serial sampling is 100 to 200 / l̂, i.e. about 1% of the total blood volume (Steffens, 1968; 

Steffens, 1969; Wiersma and Kastelijn, 1986; Patsalos et al, 1992). However, the total 

volume of blood removed in a day could be significantly larger (e.g. 2 ml or 10%: Patsalos 

et al. 1992) and becomes substantial when serial sampling is continued. Wiersma and 

Kastelijn (1986) observed that with serial sampling the maximum blood volume which could 

be removed without altering the haematological and stress-related biochemical parameters 

was 4 ml in the first week or 4 ml over two weeks in prolonged studies.

The total rat CSF volume is about 250 /il and the daily production rate about 2.9 to 4.3 ml 

(Sarna et al, 1983; Patsalos et al, 1992). Twenty to 30 /il is usually removed during serial 

sampling (Sarna et al, 1983; Hutson et al, 1985). Although this represents only about 10% 

of the total volume and is less than the production rate, in relative terms it is significantly 

more than the CSF volume usually taken in humans (up to 1.5%). The effects of CSF
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sampling on haematological and biochemical variables in CSF, particularly after serial 

sampling, have been partially investigated in rats. Chaouloff et al, (1986) did not detect 

disturbances of stress-related CSF amines whilst Suckling and Reiber (1984) noted that the 

CSF protein composition changed (in guinea pigs) only if CSF volumes of above 40 ^1 at a 

time were removed. Westergren and Johansson (1991) observed that CSF infections (even 

if clinically not apparent) were common.
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3.3 Materials

3.3.1 Animais, weight and blood samples

The study was carried out in Sprague-Dawley rats described in Chapter 2 who recovered 

from surgery and in those with patent cannulas during the post-recovery period.

Group 1 - Blood cannulation surgery, post operative cannula maintenance and spot 

sampling only.

19 rats during surgery and on post-recovery day 1 and 13 on post-recovery 

day 5.

Group 2 - CSF cannulation surgery, post operative cannula maintenance and spot 

sampling only.

Ten rats during surgery and on post-recovery day 1 and six on post-recovery 

day 5.

Group 3 - Blood and CSF cannulation surgery, post operative cannulae maintenance 

and spot sampling only.

Ten rats during surgery and on post-recovery day 1 and seven on post

recovery day 5.

Group 4 - Blood cannulation surgery and serial blood sampling.

24 rats at surgery and on post-recovery day 1 and 20 on post-recovery day 5.

Group 5 - CSF Cannulation surgery and serial CSF sampling.

Ten at surgery and on post-recovery day 1 and eight on post-recovery day 5.

Group 6 - Blood and CSF cannulation surgery and simultaneous blood and CSF 

serial sampling.

12 rats at surgery and on post-recovery day 1 and nine on post-recovery day5.

97



The weight change during the post-recovery period was compared in all the groups. In 

Groups 1 , 3 , 4  and 6 analysis of serum samples was carried out at surgery and on post

recovery days 1, 1 and 3 and 1, 3 and 5 (depending on cannula patency). In Groups 2 and 

5 terminal samples were obtained in rats with patent CSF cannulas throughout the study, on 

post-recovery day 5.

Note- the weight change and haematological and biochemical parameters were also analysed 

in Norwegian-Hooded rats who survived and had patent cannulas but the numbers of animals 

were too small and the results are only included in Appendices 2 to 7.

3.3.2 Analytical methods

Packed cell volume was calculated by subtracting the volume of serum recovered (after 

spinning down at 3000 R for 15 minutes) from the whole blood volume for practical reasons. 

Thus, the values obtained are approximate. The globulin concentration was calculated by 

subtracting the albumin from the total protein concentration.

Serum concentrations of urea, creatinine, glucose, total protein, albumin, bilirubin, calcium 

and phosphate and activities of alanine aminotransferase and total phosphatase were measured 

with routine laboratory methods and a Technicon RA-XT Analyser (Basingstoke, Hampshire, 

UK). Serum sodium and potassium were analysed by flame photometry (IL 943; 

Instrumentation Laboratory, Warrington, Lancashire, UK). All the analysis were carried out 

on the day of blood collection (except for week-end samples). An example of the between 

batch analytical CV for the methods in plasma or serum is shown in Table 3.1.
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Table 3.1 Between-batch imprecision of serum or plasma analytes on the Technicon

RA-XT analyzer

Analyte CV %

Sodium mmol/L 0.4

Potassium, mmol/L 0.8

Urea, mmol/L 3.2

Glucose, mmol/L 3.5

Creatinine, /zmol/L 2.3

Total protein, g/L 1.0

Albumin, g/L 1.2

Bilirubin, /xmol/L 4.9

Alanine aminotransferase, UI/L 6.7

Total alkaline phosphatase, lU/L 1.9

Calcium, mmol/L 1.9

Phosphate, mmol/L 2.1
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3.3.3 Analysis of results

The following calculations were carried out on Sprague-Dawley rats:

(i) Absolute mean values (SD) for each variable in Groups 1 , 3 , 4  and 6 on the pre-operative 

(weight)/per-operative day (day 0) and post-recovery days 1, 3 and 5.

(ii) Fractional mean values in the same groups based on dividing the value for individual rats 

on post-recovery day 1 by the value on day 0 and the value on day 5 by that on day 1.

The intention was to compare the difference in the variables between (i) surgery and post

recovery day 1, thus, to examine the effects of surgery and the fullness of recovery, and (ii) 

between post-recovery days 1 and 5, thus, to examine the effects of the presence of the 

cannulas and various sampling procedures.

In Groups 2 and 5 the above was limited to the weight changes during the whole of the 

experimental procedures and since blood samples were available only on post-recovery day 

5, to laboratory variables on that day. They were compared with those in Group 1 (which 

had the least experimental procedures and where the laboratory variables changed the least).

Differences between these mean values for groups and with time were analysed by Student’s 

unpaired and paired f-test and ANOVA. The Abstat programme for Sigma Designs 286 desk 

computer was used for this part of the work.
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3.4 Results

3.4.1 Outcome parameters examined

The following outcome parameters were examined:

(i) The effects of the experimental procedures on the weight

(ii) The effects of the surgical procedures on the PCV and serum biochemical variables

(iii) The effects of the presence of cannulas and sampling on the PCV and serum 

biochemical variables

Note 1 - serum bilirubin was > 15 /xmol/1 in all the samples and is not referred to further. 

Note 2 - The fractional changes between days 1 and 0 and 5 and 1 in Groups 1 , 3 , 4  and 6 

are shown in this section. The mean (SD) actual data on days 0, 1, 3,  and 5 are shown in 

Appendices 2 to 7.

3.4.2 The effects of the experimental procedures on the weight

All Sprague-Dawley rats which survived surgery had at the least regained their post-operative 

weight three to five days after the procedure. In Table 3.2 is shown the fractional mean 

weight increase per day (Day 5/Day 1):4 during the post-recovery period in Groups 1 to 6. 

The weight increased between 1.8 to 4.7 gm per day over 4 days for an average rat weight 

of about 3(X) gm. The weight increased least in Group 4 (blood cannula and serial sampling) 

and significantly less than in Group 2 (CSF cannulas and spot sampling) (p<  0.001) or in 

Groups 1 (blood cannulas, spot sampling), 5 (CSF cannulas, serial sampling) and 6 (blood 

and CSF cannulas, serial sampling) (p<0.01).
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Table 3.2 The mean weight change in Sprague-Dawley rats (Groups 1 to 6) during 

the post-recovery period

No

Fractional Mean weight increase/day

(Day 5/Day 1):4 

g

Group 1 (blood cannula, 
spot sampling)

13 0.263**

Group 2 (CSF cannula 
spot sampling)

10 0.266*

Group 3 (blood and CSF cannulas 
spot sampling)

7 0.258

Group 4 (blood cannula 
serial sampling)

20 0.256

Group 5 (CSF cannula 
serial sampling)

10 0.263**

Group 6 (blood and CSF cannula 
serial sampling)

9 0.262**

Mean (SD) 0.261(0.004)

/?<0.001 for Group 4 vs. 2, **/?<0.01 for Group 4 vs. 6, 4 vs. 5, 4 vs. 1
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3.4.3 The effects of surgery on the PCV and laboratory variables

Fractional changes in the laboratory variables (day 1/day 0) in Groups 1 , 3 , 4  and 6 are 

shown in Table 3.3. In all groups the stress variable serum glucose, and serum potassium 

and phosphate concentrations were increased at surgery compared to day 1, without 

significant differences between the groups except for serum potassium which was higher in 

Group 1 than 6 (p<0.01) and 1 than 4 (p<0.01). Another stress variable, sodium, was 

increased in Group 1 compared to Group 4 (p<0.05). Other laboratory variables did not 

change and there were no significant differences between the groups.

Blood samples could not be obtained in Groups 2 and 5 (CSF cannulas only) on post

recovery day 1. In Table 3.4 a comparison has been made between the variables on day 5 

after terminal bleeding with those in Group I at surgery. Serum glucose, potassium and 

phosphate were similarly high in Groups 2 and 4 as in Group I .

3.4.4 The effects of post-recovery experimental procedures on the

laboratory variables

Fractional changes in laboratory variables during the post-recovery period in Groups 1, 3,  

4 and 6 are shown in Table 3.5. The stress variables (glucose and sodium) remained 

unchanged during this period. The most consistent changes were in the concentrations of 

acute phase proteins, serum calcium and in the PCV. The PCV decreased in groups with 

serial blood sampling by about 15% and remained unchanged in the others (p < 0.0001). 

Serum albumin concentration decreased in all groups except Group I (10%, /?<0.0001). 

Serum calcium decreased in the same groups but less severely (3%, /?<0.05 to /?< 0.001
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Table 3.3 The effect of surgery on laboratory variables in Sprague-Dawley

rats (Groups 1, 3, 4 and 6)

Laboratory variable Group 1 Group 3 Group 4 Group 6

Mean fractional change (spot sampling (spot sampling (serial sampling (serial sanplipg

(day 1/day 0) Blood cannula blood and CSF blood cannula) blood and CSF

cannula) cannula)

No=19 No=10 No=24 No=12

Stress variables

Sodium, mmol/L 0.996* 1.001 1.006 1.001

Glucose, mmol/L 0.820 0.792 0.772 0.797

Acute phase variables

TP, g/L 0.992 1.011 1.006 1.002

Albumin, g/L 0.999 0.996 0.994 0.997

Globulins, g/L 1.001 1.002 1.013 1.011

Others

PCV, % 0.989 1.005 0.991 1.002

Potassium, mmol/L 0.864 0.836 0.818* 0.751**

Phosphate, mmol/L 0.671 0.720 0.681 0.687

Urea, mmol/L 1.007 0.998 0.998 1.001

Creatinine, /umol/L 0.972 0.991 1.002 0.996

ALT, lU/L 1.012 1.009 1.007 0.994

ALP, lU/L 1.005 0.944 1.019 1.015

Calcium, mmol/L 1.001 0.991 0.998 0.996

TP = total protein, PCV = packed cell volume, ALT = alanine aminotransferase, ALP 

total alkaline phosphatase

* p < 0 .0 5  between Groups 1 and 4, **0.01 > p  >0.(X)1 between Groups 6 and 1
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Table 3.4 Comparison of laboratory variables between Sprague-Dawley rats in Groups 

1, 2 and 5 on post-recovery day 5 and between rats in Group 1 during surgery (day 0) and 

rats in Groups 2 and 5 on post-recovery day 5.

Laboratory variable Group 1 Group 1
(spot sampling, blood cannula)

Group 2
(spot sampling 

CSF cannula)

Group 5
(serial sampling 

CSF cannula)

Day 0

No=25

Day 1 

No=13

Day 5 

No= 6

Day 5 

No=8

Stress variables

Sodium, mmol/L 141.0 (3.1) 141.0 (2.5) 142.5 (1.9) 141.7 (3.8)

Glucose, mmol/L 11.3 (1.0) 9.3 (0.7) 11.0 (0.8)* 10.5 (0.7)**

Acute phase variables

TP, g/L 54.4 (2.5) 54.2 (2.4) 56.2 (4.4)*** 57.0 (2.6)***

Albumin, g/L*** 40.2 (3.3) 39.6 (2.8) 36.0 (2.3)*** 36.5 (1.9)**4

Globulins, g/L 14.2 (4.2) 14.2 (4.1) 20.2 (3.5)* 20.5 (3.4)**

Others

PCV,% 0.42 (0.03) 0.42 (0.02) 0.43 (0.14) 0.42 (0.09)

Potassium, mmol/L 5.2 (0.3) 4.4 (0.3) 5.3 (0.3)* 5.8 (0.3)*

Phosphate, nunol/L 2.06 (0.31) 1.41 (0.12) 2.15 (0.21)* 2.11 (0.11)*

Urea, mmol/L 5.1 (0.4) 5.1 (0.4) 5.1 (0.5) 5.2 (0.3)

Creatinine, /xmol/1 55.2 (6.9) 53.7 (7.4) 61.5 (7.7)**** 51.8 (5.9)

ALT, UI/1 57.7 (7.6) 59.2 (7.6) 59.2 (5.0) 60.2 (5.0)

ALP, lU/L 300.8 (28.9) 300.2 (32.5) 293.5 (12.3) 288.3 (21.8)

Calcium, mmol/L 2.44 (0.06) 2.34 (0.07) 2.23 (0.03)* 2.38(0.10)

TP = total protein, PCV = packed cell volume, ALT = alanine aminotransferase, ALP = total alkaline 

phosphatase

♦p<0.001, **p<0.005, ***p<0,01, ****/)<0.05
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Table 3.5 The effects of post-recovery experiments on laboratory variables in

Sprague-Dawley rats Groups 1 , 3 , 4  and 6

Laboratory variable Group 1 Group 3 G roup 4 Group

Mean fractional change (spot sampling (spot sampling (serial sampling (serial sam;

(day 5/day 1) blood cannula blood and CSF blood cannula) blood and i

cannula) cannula)

No=13 No=7 No=20 No=9

Stress variables

Sodium, mmol/L 1.000 0.998 1.004 0.997

Glucose, mmol/L 1.041 1.021 0.977 1.001

Acute phase variables

TP, g/V 1.006 1.001 0.917 0.941

Albumin, g/U 1.002 0.909 0.915 0.894

Globulins, g/V 1.028 1.251 0.923 1.042

Others

PCV, 1.013 1.004 0.861 0.884

Potassium, mmol/L 0.999 0.984 0.964 1.008

Phosphate, mmol/L 1.016 0.988 0.962 1.000

Urea, mmol/L 1.001 1.055 1.015 1.003

Creatinine, pmol/V 1.009 1.093 1.034 0.999

ALT, lU/L 0.995 1.003 0.988 1.005

ALP, lU/L 1.003 1.003 0.978 1.018

Calcium, mmol/L^ 0.996 0.968 0.978 0.975

TP = total protein, PCV = packed cell volume, ALT = alanine aminotransferase, ALP = total alkaline phosphatase 

' /7<0.0001 for Group 1 vs. 4, Group 3 vs. 4; p<0.001 for Group 1 vs. 6; 0.01 >p>0.005 for Group 3 vs. 6;

<0.0001 for Group 1 vs. 3, Group 1 vs. 4, Group 1 vs. 6;

<0.005 for Group 1 vs. 3, p <0.001 for Group 3 vs. 4;

* p <0.0001 for Group 1 vs. 4, Group 1 vs. 6, Group 3 vs. 4, Group 3 vs. 6;

 ̂p <0.005 for Group 3 vs. 1, Group 3 vs. 6;

®/7<0.001 for Group 1 vs. 3; /?<0.01 for Group 1 vs. 4; p<0.05 for Group 1 vs. 6
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between the groups). The total protein levels remained constant in Groups 1 and 3 but 

decreased with serial blood sampling although less in Group 6 (5%, /7<0.001) than 4 (10%, 

p <0.0001). The globulins increased in Group 3 compared to Group 1 (25%, /?<0.001), 

decreased in Group 4 compared to Group 3 (8%, p<0.(X)l) and increased slightly in Group 

6 (4.2%) despite haemodilution through serial blood sampling. Thus, an acute phase reaction 

was associated with all experimental procedures except in rats with blood cannulas alone and 

spot sampling.

In Table 3.4 a comparison has also been made between the PCV and laboratory variables in 

Groups 2 and 5 with those in Group 1 on day 5. Mean serum glucose (p<  0.001 and 

/7<0.(X)5), potassium (p < 0.001) and phosphate (p<0.001) were significantly higher in 

Groups 2 and 5. Further, mean serum albumin was significantly lower (p<0.01 and 

p<0.05)  and total protein (p<0.01 and p<0.05)  and globulins higher (p < 0.001 and 

p <0.005) in the presence of CSF cannulas, suggesting an acute phase response. Serum 

calcium was lower in Group 2 than 1 (p < 0.001). Mean serum creatinine was slightly but 

statistically significantly higher in Group 2 than 1 (p<0.05).

On comparing groups 2 and 5 the only differences were a higher serum mean creatinine 

(p<0.01) and lower mean potassium (p<0.001) and calcium (p < 0.005) in Group 2.
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3.5 Discussion

3.5.1 Metabolic effects of the experimental procedure

In this study rats underwent several experimental procedures, some of which could lead to 

deleterious health consequences. They all underwent anaesthesia which is a stressful situation, 

associated with endocrine, metabolic and cardiovascular disturbances, with hypothermia and 

which may lead to a shock-like response (Green, 1979a; Green, 1979b; Steffens, 1968; 

Gartner et al, 1980; Archer and Ridley 1981). The trauma caused during surgery may lead 

to a number of metabolic consequences with increased catabolism, weight loss, endocrine 

disturbances and later, during recovery, increased anabolism, a return to a normal basal 

metabolic rate and weight increase (Ames, 1983; Little, 1988). Implanted indwelling 

cannulas could lead to inflammation and infection at the site of implantation and at sites 

distant to the cannula if traumatised (Martin et al, 1991; Cobb et al, 1993). Frequent blood 

and CSF sampling could lead to blood loss and CNS disturbances and bleeding into the CSF, 

respectively.

3.5.2 The effects of the experimental procedures on the weight

Full recovery from the surgical procedures was deemed to have occurred when the pre

operative weight was regained and "normal” behaviour had returned, three to five days post

surgery (post-recovery day 1) as implied in the literature (Steffens, 1969; Sarna et at, 1983). 

A "normal" behaviour pattern may, though, not represent full recovery since most rats 

started drinking, eating and grooming themselves soon after waking up from anaesthesia.

Rats of pre-operative weight of about 300 g should continue to gain weight after recovery 

if the cannulas and sampling were not disturbing their well being. This is not usually
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recorded (Steffens, 1968; Steffens, 1969; Sarna et at, 1983; Hutson et al, 1985; Chaouloff 

et al, 1986; Wiersma and Kastelijn, 1986). However, Kornhuber et al. (1986) found that in 

their rats with CSF cannulas with and without serial sampling, the weight increase over a 

post-operative period of two weeks was three to four times less than in control animals. This 

suggested that although apparently well, the rats were subclinically unwell. In the present 

study, once the pre-operative weight was regained three to five days post-surgery, the weight 

increase during the post-recovery period was 1.8 to 4.7 gm per day for an average weight 

of about 300 gm. This weight increase is above the average for Sprague-Dawley rats at this 

age (1.6 to 2 gm/day, personal communication. Animal House curator) and indicates that the 

rats were recovered and healthy and that the experimental procedure had not unduly 

interfered with general metabolism.

3.5.3 The effects of surgery and terminal blood sampling on the

laboratory variables

There are many causes for the observed increased in serum concentrations of potassium, 

phosphate and glucose concentrations such as hypotensive, haemorrhagic, traumatic or septic 

shock, leading to acute renal failure (potassium and phosphate), Na+-K+ATPase 

inactivation (potassium), acidosis (potassium), severe tissue destruction (potassium and 

phosphate), in vivo (due to shock) or in vitro haemolysis (potassium and phosphate) and the 

physiological response to stress (glucose) (Steffens, 1969; Eastham, 1985; Schriefer et al, 

1989; Zilva et al, 1992). However, changes in blood due to renal failure is unlikely as the 

rats were appeared well perfused and warm during surgery or just before terminal bleeding, 

and the serum concentrations of urea and creatinine were not elevated, except slightly in 

Group 2. Tissue damage inflicted does not seem severe enough to cause such elevation of the
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potassium and phosphate levels, particularly in Groups 2 and 5 (CSF cannulas and terminal 

blood sampling on day 5), where the samples were taken after the wounds had healed.

Therefore, the most likely cause for the raised serum potassium and phosphate concentrations 

is haemolysis. This is supported by a previous report where free haemoglobin and raised 

potassium was found in blood after decapitation and from the femoral vein in anaesthetized 

but not in conscious rats (Schriefer et al, 1989) As in this study, the cause for haemolysis 

was not understood but, in the absence of obvious in vivo factors, they thought it more 

likely to be an in vitro than in vivo phenomenon. In vitro factors such as turbulence whilst 

collecting the blood samples, delay in sample processing and excessive centrifugation cannot 

be excluded in this study either, but the samples were not any treated differently from those 

obtained from recovered rats.

The rise in serum glucose during anaesthesia/surgery was thought to be related to stress and 

hypersecretion of cortisol and catecholamines. This has been well documented in blood 

collection methods other than those involving alive, fully conscious, unstressed rats (Steffens, 

1969; Popper et al, 1977) and was expected.

3.5.4 The effects of post-recovery experimental procedures on the

laboratory variables

In Group 1 (blood cannula but no serial sampling) no significant changes were noted during 

the five day observation period. However, in both groups with serial blood sampling the 

PCV, as expected, decreased, and in all groups except in Group 1, some changes in serum 

proteins were observed.
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The fall in the PCV was not unexpected. About 10 to 19% of the total volume (1.7 to 2.4 

ml from a total blood volume of about 12.5 to 17.5 ml in rats weighing of 250 to 350) 

(Green, 1979b) was taken each sampling day. However, the fall in PCV by day 5 (about 

15 %) was half of that noted previously from this laboratory (30%) (Patsalos et al, 1992). The 

increasing anaemia did not appear to affect the rats physically, which apart from with paler 

ears appeared well.

Important metabolic consequences of anaemia include stress, impairment of the 

cardiovascular system and of renal function (particularly with hypovolaemia), hypoxia and 

metabolic acidosis. With blood loss there is also hypoproteinaemia because the blood water 

is replaced quicker than the proteins (McMurray, 1988). The hypoalbuminaemia in itself 

leads to further circulation impairment because of reduced colloid osmotic pressure 

(McMurray, 1988). The relevant biochemical changes, if serious, can be deduced from the 

routine laboratory investigation. However, in Groups 4 and 6 (serial blood sampling), apart 

from protein changes, they were absent. The paucity of observed biochemical changes did 

not, though, exclude totally deleterious consequences since the number and kind of tests 

performed was limited. Thus, serum prolactin, a particularly sensitive index of stress, was 

reported to increase significantly with blood loss of more than 4 ml in a week (Wiersma and 

Kastelijn, 1986). The total blood loss after serial blood sampling in this study was about 5.1 

to 7.2 ml and, thus, may have induced hormonal changes of unknown significance for the 

outcome of the pharmacokinetic study.

The combination of hypoalbuminaemia and hyperglobulinaemia strongly suggests an acute 

phase response which could be considered a "normal" metabolic reaction to the procedures
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used and to minor infection around the in-dwelling cannulas (Whicher, 1983; McMurray, 

1988). There were no obvious signs of liver or kidney dysfunction, again indicating that the 

impact of the procedures were well tolerated by the rats.

Terao and Shen (1983) noted that the presence of an indwelling blood cannula caused an 

acute phase response and affected the pharmacokinetics of propranolol. However, serum 

albumin was only slightly reduced and the change in protein binding of the drug was due to 

the increase in alpha-1 -glucoprotein to which propranolol binds. In an recent report on blood 

and CSF pharmacokinetics of carbamazepine using the techniques developed in this study 

(Patsalos et al, 1992) the fall in serum albumin, to which the drug mainly binds, was about 

20%. The pharmacokinetics of carbamazepine were not obviously affected. In the present 

study serum protein changes were less severe and statistically rather than clinically significant 

and were thought unlikely to seriously alter the pharmacokinetics of the antiepileptics to be 

studied.

3.5.5 Conclusion

The results in this chapter indicate that:

(i) Sprague-Dawley rats seem to recover fully three to five days post-surgery;

(ii) Sprague-Dawley rats respond to the surgical intervention and the presence of

indwelling cannulas with a modest acute phase reaction but without signs of impaired 

liver or kidney function;

(iii) Serial blood sampling results in moderate haemodilution;

(iv) The animals should be suitable for pharmacokinetic studies.
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CHAPTER 4 EFHÆFSY

4.1 Definition

Epilepsy is the term applied to a group of disorders characterised by recurrent, spontaneous, 

transient attacks of excessive brain activity resulting in epileptic seizures (convulsions or

Tits’) (Pedley, 1992). The seizures include impairment of consciousness, altered sensory

experiences, autonomic disturbances and involuntary movements. The least severe are 

temporary ’absent-mindedness’ (petit mal absences) and the most severe generalised tonic- 

clonic convulsions (Pedley, 1992).

4.2 Classification

The hallmark of all epilepsies is the abnormal neuronal discharge which can be focal, 

multifocal or generalised, resulting in overt focal, partial and generalised seizures (Pedley, 

1992). Different seizures respond to different antiepileptics. A simplified version of the 

classifications for epilepsy (febrile convulsions of childhood are usually excluded) introduced 

in 1989 by the International League Against Epilepsy (ILAE) (Shorvan, 1990) is shown in 

Table 4.1.

4.3 Epidemiology

The world-wide incidence of epilepsy suggests that it may be the most frequent serious 

neurological disorder with a prevalence of 1.5 to 30 per 1000 general population and an 

annual incidence of 11 to 52 per 100,0(X) in the general population (Forsgren, 1990; 

Shorvan, 1990; Giuliani et al, 1992). According to the World Health Organisation, about 5 % 

of the world population has had epilepsy. It is estimated that one in 20 are expected to have
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epileptic seizures at some point in their life and one in 200 to develop chronic epilepsy 

(Shorvan, 1990).

The distribution of seizures varies according to type, with generalised seizures, 62 % to 89% 

being the commonest, followed by complex partial seizures, 8% to 21%, simple partial 

seizures, 4%, absences, 1 to 13%, and the other rarer types, about 1% (Shorvan, 1990; 

Forsgren, 1990, Giuliani et al, 1992).

4.4 Natural history and response to treatment

The natural history of epilepsy is unknown. The course varies with the aetiology, severity 

and frequency of seizures and the age of the patient. The mean duration is about 10 years 

(Shorvan, 1990). The recurrence after the first seizure, for all epilepsies is about 75% 

(Shorvan 1990). Although early treatment provides immediate control in about 60% of 

patients, this may include the majority of the patients with mild and self-limiting seizures 

(Shorvan, 1990). Once epilepsy becomes chronic, remissions are less frequent and long term 

and even life long antiepileptic (anticonvulsant) therapy for chronic epilepsy is common 

(Shorvan 1990).
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Table 4.1 A simplified version of the ILEA classification of epilepsy according

to seizure type (modified from Shorvan, 1990)

Partial seizures 

Simple partial

With motor signs

With somatosensory or sensory hallucinations 

With autonomic signs and symptoms 

With psychic symptoms 

Complex partial

Partial progressing to secondary generalised

Simple partial evolving to generalised

Complex partial evolving to generalised

Simple partial, evolving to complex partial and generalised

Generalised seizures 

Absence 

Myoclonic 

Clonic or tonic 

Tonic-clonic 

Atonic

Unclassifiable epileptic seizures

115



CHAPTER 5 PHENYTOIN

5.1 The aims of the study

The aims of the study were to establish the pharmacokinetics of PHT in blood and CSF in 

Sprague-Dawley rats using the model developed in Chapter 2 at total serum levels below, 

within and above the therapeutic range as defined for humans after acute (post-recovery day 

1) and chronic (post-recovery days 1 to 5) drug administration.

5.2 Introduction

5.2.1 Historical aspects

Most of the PHT pharmacokinetics in humans have been obtained from serial or single blood 

samples after oral or intravenous PHT administration in patients or volunteers. The relatively 

small amount of data in CSF and brain has been accumulated mainly from opportunistic 

sample acquisition (e.g. Reynolds et al, 1972; Houghton et al, 1975; Wilder et al, 1977; 

Goldberg and Crandall, 1978; Koren et al, 1983; Brodie et al, 1985; Friel et al, 1989; 

Rambeck et al, 1990). There are only four reports on simultaneous, serial blood and CSF 

sampling for PHT determinants in animals (see Chapter 1, p 26).

5.2.2 Clinical use

In use for about 70 years, PHT still remains one of the most effective antiepileptic drugs and 

is still a first line drug in the treatment of idiopathic generalise tonic-clonic seizures, partial 

simple and complex seizures and partial seizures evolving to generalised (Wilder and Rangel, 

1989; Leppik, 1992). These account for the majority of epilepsies (Shorvan, 1990). It is also 

used in status epilepticus and prophylactically in head injured and neurosurgical patients
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(Wilder and Rangel, 1989; Leppik, 1992).

5.2.3 Chemical characteristics

PHT is a weak organic acid with a pKa of 8.1. It is poorly soluble in water. In plasma it’s 

relatively high solubility of 75 /xg/ml is mainly because of significant protein binding 

(Leppik, 1992). It is available as free acid (molecular weight of 252.3) and as the sodium 

salt (molecular weight 274.3). The free acid and sodium salt (in a variety of formulations) 

(Leppik, 1992) are used for most oral and the sodium salt (dissolved in pure propylene 

glycol, propylene glycol and ethanol or a mixture of propylene glycol, ethanol and sodium 

hydroxide) for parenteral preparations (Tozer and Winter, 1980). The drug content is 

expressed as the free acid or the salt in mg units. The plasma phenytoin concentrations are 

reported as the free acid equivalents, in /xmol/1 or /xg/ml (conversion factor from /xg/ml to 

/xmol/1 is 3.96) (Leppik, 1992).

5.2.4 Dosage and blood levels

In adults, PHT is given usually as a once daily dose of 100 to 300 mg or 4-6 mg/kg body 

weight the dose being less in slow and larger in fast metabolisers (Wilder and Rangier, 1989; 

Leppik, 1992; also see below).

The time to reach the steady state with the usual dose is about 7-10 days and the therapeutic 

range is between 40 to 80 /xmol/L (Leppik, 1992). There is usually insufficient control of 

seizures at levels below 40 /xmol/L and the development of side effects at levels above 

80/xmol/L, but there is significant inter-individual variability in the PHT levels which control 

seizures and which cause toxicity (Wilder and Rangier, 1989; Leppik, 1992).
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5.2.5 Mode of action

PHT limits the development of maximal seizure activity and reduces the spread of discharge 

from a seizure focus (the hallmarks of epilepsy) by regulation of the sodium/potassium 

ATPse (Na,K-ATPase), the conduction of sodium across the synaptic membrane during 

abnormal discharges and the potassium transport across the cell membranes (De Lorenzo, 

1989, Leppik, 1992). It also influences calcium uptake (in normal and abnormal tissues) and 

through complex direct and indirect, calcium dependent and independent mechanisms, affects 

release and re-uptake of neurotransmitters acetylcholine, noradrenaline, glutamic acid, 

glutamate and G ABA and of the second messengers calcium-calmodulin complex and the 

cyclic nucleotides 3’,5’-cyclic adenosine monophosphate (c-AMP) and 3’,5’- cyclic guanine 

monophosphate (c-GMP) (De Lorenzo, 1989). These affect not only the brain function but, 

particularly through the second messengers, probably most if not all the biochemical 

processes in the body (De Lorenzo, 1989).

5.2.6 Side effects

Although the clinical efficacy correlates well with serum PHT levels, the side effects have 

restricted the therapeutic range to narrow limits (Wilder and Rangier, 1989; Levine and 

Chang, 1990, Leppik, 1992). They are usually noted at high drug levels but with prolonged 

use also within the therapeutic range (Reynolds, 1989; Leppik, 1992). They are many and 

include: nystagmus, dizziness, tremor, headaches, vomiting and mild sedation at high levels 

(Reynolds, 1989), worsening of seizures (Stilman and Masdeu, 1985; Osorio et al, 1989), 

peripheral neuropathy (Leppik, 1992), gum hypertrophy, leonine facies, hirsutism and acne 

with prolonged use (Reynolds, 1989; Leppik, 1992), hypersensitivity reactions, 

lymphadenopathy, hepatitis, metabolic bone disease, megaloblastic anaemia and mild
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endocrine disturbances (Reynolds, 1989; Wilder and Rangier, 1989). Phenytoin is a liver 

enzyme inducer, stimulating its own metabolism as well as than of endogenous compounds 

(e.g. vitamin D and thyroxine) and that of many drugs (Woodbury, 1989; Reynolds 1989; 

Kutt, 1989; Leppik, 1992). It also affects the protein binding of many endogenous and 

exogenous substances (Reynolds, 1989; Woodbury, 1989; Kutt, 1989; Leppik, 1992). These 

two properties lead to many drug interactions (Kutt, 1989; Leppik, 1992).

5.2.7 Pharmacokinetics

5.2.7.1 Absorption

In humans PHT is usually given orally, the intravenous route being reserved mainly for 

status epilepticus. Most of it is absorbed from the duodenum because although only 3% is 

ionised, the solubility in the duodenal juices at pH 7 to 7.5 is much greater (100 /xg/ml) than 

in the stomach at pH 1 to 2 (14 /xg/ml) (Woodbury, 1989). The total absorption of the usual 

dose, using good drug formulations, is about 85 to 95% (Leppik, 1992).

The solubility of PHT in plasma water is 75 /xg/ml and in the intestinal fluids 100 /xg/ml. 

Thus, with the usual drug dose some remains undissolved until, following the absorption of 

the dissolved PHT the solution concentration falls and more can be dissolved. The rate of 

absorption is also limited by the rate of clearance from plasma water into intravascular 

components and tissues and by biotransformation and excretion (Tozer and Winter, 1980; 

Woodbury, 1989). Except at relatively low doses, it is non-linear (Woodbury, 1989).

The intramuscular route is rarely used. The absorption is slower than with an equivalent oral 

dose, leads to crystallisation of the drug in the aqueous medium, muscle tissue necrosis, thus,
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a lowering of the pH and further crystallisation. The absorption is thus erratic and the 

injection site usually painful (Tozer and Winter, 1980; Woodbury, 1989).

In the rat oral preparations are rarely given for pharmacokinetic studies (unless via the 

nasogastric tube) because of the unreliable amount and timing of drug ingested. The preferred 

method for drug administration is the intravenous, or more commonly, IP injection. The 

absorption from the peritoneal fluid, at a pH of about 7.4 and through the large surface area, 

is quick provided the solution is not inadvertedly injected intramuscularly (personal 

observation).

The peak plasma concentration after oral PHT preparations in humans is usually reached after 

four to eight hours and varies from three to 12 hours (Woodbury, 1989). In rats the peak 

levels after IP injection vary from half an hour to one and a half (Ramzan and Levy, 1989; 

Tekle and Al-Khamis, 1990; Walton and Treiman, 1990; DeVane et al, 1991).

5.2.T.2 Plasma binding

Once entering the blood circulation, PHT is rapidly and reversibly bound to mainly albumin 

but also to globulins (Levy and Schmidt, 1985; Woodbury, 1989). The binding varies little 

between species and is between 69% to 95% in humans and 80% in rats (Brodie et al, 1985; 

Levy and Schmidt, 1985; Woodbury, 1989). The percentage protein binding in plasma varies 

little with total drug levels, except at very high concentrations (Theodore et al, 1985; 

Woodbury, 1989). The ’free’ or ’active’ drug easily diffuses into tissues (Woodbury, 1989). 

There is, however, evidence that some the protein-bound drug may also pass through the 

blood/brain barrier (Secchi et al, 1989).
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Protein binding is affected by age both in humans and animals and the presence of some 

drugs, fatty acids and bilirubin which displace it from the protein binding sites (Woodbury, 

1989, Leppik, 1992). This results in increased concentration of the free PHT fraction, more 

of the free drug reaching the liver per unit time and faster metabolism (Levy and Schmidt, 

1985; Swensson et al, 1986; Woodbury, 1989). The amount of the free drug is also increased 

in hypoalbuminaemic states (Perucca, 1980; Levy and Schmidt, 1985).

5.2.T.3 Metabolism and excretion

PHT is mostly metabolised in the liver by parahydroxylation to 5-(p-hydroxyphenyl)-5- 

phenylhydantoin (p-HPPH) and some further to dihydrodiol. There are also minor metabolites 

(Browne and Chang, 1989). The PHT metabolites are thought to have little or no 

antiepileptic activity (Tozer and Winter, 1980). They are conjugated in the liver with 

glucuronide and following enterohepatic circulation eventually excreted through the kidneys. 

Less than 5 % of the PHT dose is excreted unchanged (Tozer and Winter, 1980; Browne and 

Chang, 1989). The metabolism of PHT varies between species mainly in relation to 

metabolite conjugation and amount of the lesser metabolites (Browne and Chang, 1989). The 

non-linear relationship between dose and plasma concentration is related mainly to substrate 

saturation during formation of p-HPPH, but in animals competitive inhibition of 

hydroxylation by p-HPPH is also thought to contribute (Browne and Chang, 1989).

The PHT parahydroxylating enzymes are already saturated at therapeutic blood levels of 

PHT (Tozer and Winter, 1980; Browne and Chang, 1989), resulting in disproportionately 

higher blood PHT levels at small increases in dose. The presence of slow and fast 

hydroxylators and enzyme induction by other drugs further complicates the metabolism of
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PHT (Kutt, 1989; Woodbury, 1989, Leppik, 1992).

5.2.7 A Half-life

The plasma/serum half life of PHT (tl/2) varies between species and with age, dosage and 

the rate of administration. In human adults, with oral PHT administration and therapeutic 

blood drug levels, it varies between 7 to 42 hours, with an average of 22 hours (Woodbury, 

1989). In rats the quoted values are 3 to 7 hours after IP injections aimed at generating 

human therapeutic levels (Woodbury, 1989; Tekle and Al-Khamis, 1990).

5.2.7.5 Volume of distribution

The term volume of distribution (Vd) is used to describe the apparent volume of body fluids 

in which the drug would be distributed to have a concentration equal to that in blood and is 

defined as the ratio of the concentration of the drug in the body and in blood at any one time. 

In humans the average volume of distribution of total serum PHT is about 0.78 1/kg and that 

of free drug at about 1.78 1/kg because the latter is present at much higher concentrations in 

tissues than blood (Tozer and Winter, 1980; Woodbury, 1989). In rats it is quoted at about

1.3 1/kg (Woodbury, 1989; Shrewsbury et al, 1987; Schrewsbury et al, 1989). Following 

absorption, free PHT is distributed quickly into tissues (Woodbury, 1989; DeVane, 1991). 

The distribution appears to be similar in a variety of animal species (Woodbury, 1989).

5.2.7.6 The distribution of PHT in brain and CSF

After intravenous injection in humans or IP administration in rats PHT concentration vs. time 

in brain, CSF and serum demonstrate a rapid peak with brain levels several times higher than 

those in serum and levels of CSF and free serum PHT of the same order, followed by a

122



sharp decrease during the first few hours and then a much slower decline (Woodbury, 1989). 

This time course has been explained by distribution phenomena. In steady state, the CSF 

concentration is similar to the free drug level in serum. The brain level is four to ten times 

higher than in the CSF and similar to that of the total drug in serum (Goldberg and Crandall, 

1972; Hougton et al., 1975; Tozer and Winter, 1980; Woodbury, 1989).

Other studies have suggested that the time course of the concentration curves in the three 

compartments may differ, particularly before equilibration with acute and the steady state 

with chronic drug administration is reached (Wilder et al, 1977; Koren et al, 1983; Loscher 

and Frey, 1984; Brodie et al, 1985; Secchi et al, 1989; Walton and Treiman, 1990; DeVane 

et al, 1991). This indicated that additional investigations are required in order to clarify the 

situation.
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5.3 Materials and methods

5.3.1 Animals

Sprague-Dawley rats, weighing between 250 and 350 gm and handled as described in Chapter 

2, were used.

5.3.2 Anaesthesia, surgery and sampling techniques

Anaesthesia with pentobarbitone and cannulas implantation into the left external jugular vein 

and cisterna magna were carried out as described in Chapter 2. Blood cannula Hats 1 and 

2 were used since they had been shown to be associated with a better patency success rate 

than Hat 3.

When the pre-operative weight was regained, 3 to 5 days after surgery, blood and CSF 

cannulas were checked for patency as described in Chapter 2. CSF (10 to 20 ^1) was drawn 

at half hourly intervals for 1.5 hours to ensure that it was and remained clear. Only rats with 

visually totally clear CSF samples were used for the experiments.

5.3.3 Pharmacokinetic experiments

5.3.3.1 Phenytoin formulation, dosage and administration

IV Ready Mixed Parenteral Phenytoin Sodium Injection, BP (Epanutin) (250 mg/5 ml 

propylene glycol) (Parke, Davis and Company, Ponypool, Gwent, UK), was obtained from 

the Hospital Pharmacy. This formulation rather than a laboratory prepared one was chosen 

because it was sterile.

After preliminary experiments, 30, 50 and 100 mg/kg body weight of PHT (sodium salt,
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mol. wt. 274.3) were administered to provide serum PHT concentrations below, within and 

above the ’therapeutic plasma range’ as quoted for patients. The drug was administered IP, 

between 9 and 11 a.m. on post-recovery days 1 (for acute studies) to 5 (for chronic studies).

S.3.3.2 Animal grouping and sampling procedures

Only rats with both cannulas patent over five post-recovery days were used to establish data 

for PHT pharmacokinetics. They included:

Group 1 PHT sodium salt, 30 mg/kg - six rats

Group 2 PHT sodium salt, 50 mg/kg - six rats

Group 3 PHT sodium salt, 100 mg/kg - seven rats

The rats were injected with the appropriate PHT dose and replaced in their individual cages. 

Blood (100 to 200 jicml) and CSF (30 to 50 //I) was drawn at 5, 30, 60, 90, 120, 150, 180, 

210, 240, 270, 3(X), 330 and 360 minutes after PHT administration. In some instances blood 

samples were also drawn at 10, 15 and 45 minutes and CSF samples also at 10 or 15 minutes 

when CSF was free flowing through the cannula. For chronic studies the sampling procedures 

were repeated on post-recovery days 3 and 5.

Blood samples were collected in 1.5 ml polypropylene tubes (Bio-Medical Laboratories 

Supples, Birginham, UK) and CSF in 0.5 polypropylene tubes (Treff Lab, Dagersheim, 

Switzerland). Sera, after centrifugation of blood, and CSF were stored at -80 °C until 

analysis within six months.
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5.5.3.3 Samples for free serum PHT levels and serum albumin 

concentrations

At least 1.5 ml was needed to measure the free PHT level. This constitutes about 10% of the 

total blood volume in rats and was considered too large to be collected during serial sampling 

without harming the rat. Instead, samples from rats with non-patent canulas following 

recovery (trunk blood following decapitation, n=10), rats not subjected to surgery (trunk 

blood after decapitation, n=56), rats where the blood, but not the CSF cannulas were patent 

or serial sampling was difficult (n = 15) and rats at the end of serial sampling on post

recovery day 5 (n=8) were collected (total n=89).

Note - The 56 rats who were decapitated were intended to be used for obtaining simultaneous 

blood and brain PHT levels with various doses and at different times post-drug injection. 

However, the stored brain samples were by mistake thrown away at a later stage. Similarly, 

47 rats had been also decapitated following VPA therapy for the measurement of 

simultaneous VPA levels in the blood and brain, but both were also inadvertedly thrown 

away.

5.3.3.4 Measurement of total and free serum and CSF PHT concentrations

Routine methods, based on the micromethods for estimation of total and free serum PHT 

were used (Ratnaraj et al, 1989). Briefly, total and CSF PHT were obtained by extraction 

with acetonitrile and measured in the extract by HPLC. Free PHT was first obtained by 

ultrafiltration.

For total and free serum PHT standards were made in drug-free human plasma and for CSF
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measurement in saline. The standard curves were plotted as the ratios of the peak area of the 

drug over that of the internal standard (5-(4-methylphenyl)-5-phenylhydantoin) versus 

concentration of the drug. The PHT concentrations in the rat samples and controls were 

determined from the graph.

S.3.3.5 Method validation

The analysis of samples, standards and controls was carried out in duplicate. The controls 

consisted of commercial plasma internal controls with known assigned values (C l, Ciba- 

Corning Quality Control Serum I, range 22-32 /^mol/L, C2, Ciba-Corning Quality Control 

Serum, II range 59 to 89 /xmol/L).

In Figure 5.1 are shown typical standard curves using plasma and saline standards. They 

were linear and superimposable.

In Figure 5.2 is shown a typical chromatograph of PHT in rat serum. There was an early 

high acetonitrile peak, followed closely by several small unidentified peaks, and then at about 

7 minutes the PHT peak and at about 11 minutes the internal standard peak. The smallest 

PHT concentration that could be detected with a CV of duplicates of less than 15% was 0.1 

/xmol/L. This was similar to the limit of detection already reported (Ratnaraj et al, 1989)

In Tables 5.1 and 5.2 are shown the within-batch and between-batch imprecision for PHT 

determinations in plasma and saline standards. The results for the two types of standard were 

similar, with within-batch imprecision being slightly smaller than between-batch imprecision. 

Overall, CVs were <  10% (3 to 8%). The same tables demonstrate that accuracy was
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Example standard curve with PHT in plasma (o— o) and saline (•—•)
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HPLC chromatograph of a rat serum sample with the PHT 
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1 = acetonitrile peak

2 = PHT peak, retention time 7.17 minutes
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Table 5.1 Within-batch and between-batch imprecision for the measurement of
PHT in plasma by HPLC (standards prepared by adding known amounts of PHT to
plasma)

Plasma*
standard
pmol/L

Within batch
(No =10)

mean ±SD 
/xmol/L

CV
%

Between batch
(No=20)

mean ±SD 
/xmol/L

CV
%

200.0 202.3 7.6 8 205.2 8.2 4
100.0 101.4 4.1 4 105.2 4.3 4
75.0 75.5 2.3 3 75.6 2.9 4
50.0 50.7 2.8 6 50.5 2.6 5
25.0 25.3 1.4 6 25.1 1.4 6
15.0 16.7 0.6 4 15.4 0.3 4
10.0 10.0 0.5 5 10.4 0.7 8
5.0 4.9 0.3 6 4.9 0.3 7
2.5 2.4 0.1 5 2.3 0.1 5
1.3 1.1 0.1 7 1.1 0.1 8

 ̂ calculated value from amount of PHT added to plasma
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Table 5.2 Within-batch and between-batch imprecision for the measurement
of PHT in saline by HPLC (standards prepared by adding known amounts of PHT to 
saline)

Saline*
standard
pmol/L

Within batch
(No =10)

mean ±SD 
ftmol/L

CV
%

Between
(No=20)

mean
ftmol/L

batch

±SD CV
%

100.0 102.1 4.1 4 103.2 4.2 4
75.0 76.1 2.8 4 74.2 3.1 4
50.0 50.8 1.7 3 51.0 1.9 4
25.0 25.2 1.3 5 25.1 1.4 6
10.0 9.9 0.4 4 10.0 0.5 5
5.0 5.1 0.3 6 5.1 0.3 6
2.5 2.4 0.1 5 2.5 0.2 6
1.3 1.2 0.1 6 1.2 0.1 7

‘ calculated value from amount of PHT added to plasma
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acceptable as ratios between calculated and assayed values were close to one (mean=0.999 

for plasma and l.(X)l for saline, using data for between-batch imprecision). The between- 

batch imprecision (CV, n=20) for control plasmas was 3% (Cl, mean 26.2 /xmol/L, SD 0.9) 

and 5% (C2, mean 71.5 /xmol/L^ SD 3.7). The recovery of PHT added to plasma with 

calculate values between 7.5 to 150.00 /xmol/L was 96 to 104%.

5.3.3.6 Measurement of serum albumin concentrations

Serum albumin was measured as described in Chapter 3.

5.3.4 Pharmacokinetic parameters

Pharmacokinetic data may be evaluated using a one compartment model, if the distribution 

into tissues is rapid compared to the elimination from the body. For PHT the distribution is 

thought to be rapid enough for a one compartment model to be applicable (Tozer and Winter, 

1980).

The following parameters were selected to characterise the pharmacokinetics of PHT :

(i) Total serum or CSF PHT concentration vs. time plots;

(ii) Tmax, time to maximum serum or CSF PHT concentration;

(iii) Observed maximum (peak) serum or CSF PHT concentration;

(iii) Cmax, theoretical (maximum) serum or CSF PHT concentration at time 0 if all of the 

administered drug were to be absorbed into blood instantaneously;

(iv) AUC, area under the serum or CSF PHT concentration vs time curve;

AUC is an indicator of the amount of a drug in the body and the ability of the body to 

eliminate it. AUC divided by the dose should be equal for all doses if linear
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pharmacokinetics are operational. If it increases with the dose, pharmacokinetics are non

linear (Park, 1990). It was computed according to the following formula:

AUC = Cmax/Kel =  dose/Vd x Kel (Vd = dose/Cmax =  dose/AUC x Kel)

Kel = elimination rate constant = 2.303 x slope

Vd and Kel were not reported since they are inter-related to AUC, because of difficulties in 

comparing Vd in the CSF and because the main purpose of the thesis was the development 

of the model and it’s use in the comparison of PHT (and VPA) CSF and serum 

concentrations and their ratios vs time with different drug doses, rather than detailed analysis 

of pharmacokinetic constants.

(v) tl/2 , apparent elimination rate or half-life of serum or CSF PHT (computed)

The î /i of a drug is defined as the time required for the blood concentration of the drug to 

decrease by half. It is used mainly in first order or non-saturable kinetics where the average 

of a drug is not dependent on the drug dose. Although the usefulness of an average î h 

for phenytoin is limited because of non-linear kinetics and individual variation in metabolism 

(Woodbury, 1989; Tozer and Winter, 1980), it is still usually reported in pharmacokinetic 

studies, provided the data is reported from single subjects or is grouped for each drug dose 

used (e.g. Gugler etal, 1976; Vicuna et al, 1980; Shrewsbury et al, 1987; Woodbury, 1989; 

Shrewsbury et al, 1989; Tekle and al-Khamis, 1990). The formula used was tl/2  = 

0.693/Kel

(vi) The ratio between CSF and serum PHT concentrations;

(vii) Binding of PHT to serum albumin at varying plasma concentrations of the drug.
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The logarithmic concentration of mean serum PHT vs time demonstrated a short absorption 

phase, a peak and a mainly linear decline thereafter with all three doses (Figures 5.3 to 5.5). 

Occasionally a short, steep, distributive phase was also noted, independent of the dose. 

Therefore, the derived pharmacokinetic parameters (Woodbury, 1989) were calculated using 

the terminal section of the log linear concentration versus time plots, assuming a one 

compartmental model and the PCNONLIN 3.0 program (Software for the Statistical Analysis 

of Non-linear Models on Micros, Statistical Consultants Inc, Quality Plan, 300 East Main 

Street, Suite 400, Lexington, Kentucky, 40507-1539) implemented on an Amstrad 2286/40 

computer. The following equation was fitted to the concentration curves with time:

C(T) = D*K01/V/(K01-K10)EXP(-K10*T) - EXP(-KOPT)

C (T) = drug concentration, V = Vd, KOI =  absorption rate, KIO = elimination rate, 

D = dose

Differences between group means for the pharmacokinetic parameters were compared by the 

paired and unpaired f-test.
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5.4 Results

5.4.1 Acute studies (on post-recovery day 1)

5.4.1.1 Serum pharmacokinetics

In Figures 5.3 to 5.5 are shown the mean serum concentration of PHT vs. time, on a log- 

linear scale, after administration of 30, 50 and 1(X) mg/kg of PHT respectively. The PHT 

concentrations in individual rats (as well as those on day 3 and 5, the CSF concentrations, 

the CSF/serum PHT concentration ratios and the mean values) are shown in Appendices 8 

to 13. The PHT concentration rose rapidly to peak levels within 5 to 15 minutes after 

administration of all three doses with a linear decrease in concentration with time. The mean 

peak concentrations were 9.6 ±0.8 /xmol/L, 34.5 ±13.4 /xmol/L and 79.5 ±53.2 /xmol/L 

with the three respective doses. At 6 hours post-dose the PHT concentrations with the 30 and 

50 mg dose were at or below the limit of detection for the assay but moderate amounts were 

still measurable with the 100 mg dose.

Pharmacokinetic parameters for the three doses in individual rats are shown in Tables 5.3a 

to 5.3c. Values for individual parameters varied considerably (CVs between 25 to 105%). 

The variability was higher with the ICX) mg dose (average CV 37%, 31% and 77% with 

increasing doses). The mean Cmax and AUC increased disproportionately (four fold) from 

the 30 to the 50 mg/kg (p<0.(X)l) dose but tl/2  remained unchanged. Cmax doubled 

between the 50 and 100 mg doses but AUC increased about 10 fold and tl/2  about three fold

(p<0.001).

5.4.1.2 CSF pharmacokinetics

In Figures 5.3 to 5.5 are also shown the CSF concentration of PHT vs. time, on a log-

135



1 0 0 . 0 0 0 -r

I
3

I
u

G

i
CD

1 0 . 0 0 0 -Ii

.000

•i

k ,

0.1 on
( , )

1 0 0 . 0 0 0  -r

I
GOu

U

10 . 0 0 0 "

0 0 0 "

0 . 1 0 0 -

0

0.0

6 0

L I

2 0 0 0

Tim e (min)

1 i

2 0 1 8 0

Tim e (min)

•1 a

!  I

.1

----

240 kOO

240 600

A -- A DAY 1
• —  • DAY 3
■  m DAY 5

660

A DAY 1 
• DAY 3 
■ DAY 5

 H

660

Figure 5.3

PHT concentration in simultaneously taken serum and CSF samples (mean±SD, n=6)

vs. time (log-linear scale) on post-recovery days 1, 3 and 5 in rats given PHT 30 mg/kg

daily for five days
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PHT concentration in simultaneously taken serum and CSF samples (mean±SD, n=6)
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daily for five days
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PHT concentration in simultaneously taken serum and CSF samples (mean±SD, n=7)

vs. time (log-linear scale) on post-recovery days 1, 3 and 5 in rats given PHT 100 mg/kg

daily for five days
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Table 5.3a

Pharmacokinetic data for sérum PHT with daily IP administration of PHT 30 mg/kg
body weight

Rat
No

Tmax
(hr)

Cmax
(/tmol/L)

AUC
(/imol/L/hr)

tl/2
(hr)

1
Day
3 5 1

Day
3 5 1

Day
3 5 1

Day
3 5

1 0.08 0.25 0.25 8.8 25.3 69.8 7.5 44.9 146.7 0.6 1.2 1.5

2 0.25 0.17 0.08 5.4 24.4 50.0 5.9 34.1 98.4 0.6 1.0 1.4

3 0.08 0.08 0.25 7.1 27.1 42.0 5.8 46.1 92.0 0.6 1.2 1.5

4 0.25 0.25 0.25 15.4 36.2 88.2 18.4 54.0 226.5 0.8 1.0 1.8

5 0.08 0.17 0.08 14.8 53.3 108.9 15.1 57.9 167.8 0.7 0.8 1.1

6 0.25 0.25 0.25 6.0 26.1 81.2 9.9 60.7 189.9 1.2 1.6 1.6

Mean
SD

0.17
0.09

0.19
0.07

0.19
0.09

9.6
4.4

32.1'
11.2

73.4'
24.9

10.4
5.2

49.5'
9.9

153.6'
52.4

0.8
0.2

IJ^
0.3

1.5'
0.2

CV,% 53 37 47 46 35 34 50 20 34 25 27 13

<0.001, ‘*p<0.05, compared to Day 1

Î ' t  Ï: N  /■■■. t i / \ L  r

QU5! .̂N SQUA:' 
LONDO:A 

WCiN 3DG
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Table 5.3b

Pharmacokinetic data for serum PHT with daily IP administration of PHT 50 mg/kg
body weight

Rat
No

Tmax
(hr)

Cmax
(/imol/L)

AUC
(/tmol/L/hr)

tl/2
(hr)

1
Day
3 5 1

Day
3 5 1

Day
3 5 1

Day
3 5

1 0.25 0.08 0.08 21.5 37.8 74.7 29.6 67.9 188.9 1.0 1.3 1.8

2 0.17 0.25 0.25 31.1 49.0 79.2 31.4 232.9 441.1 0.7 3.3 3.9

3 0.08 0.08 0.17 41.2 63.0 82.7 58.6 129.9 207.7 1.0 1.4 1.7

4 0.17 0.25 0.25 55.6 63.8 94.5 45.0 119.5 285.6 0.6 1.3 2.1

5 0.25 0.25 0.08 48.2 103.7 143.2 59.3 385.4 503.4 1.0 3.3 3.7

6 0.08 0.08 0.25 46.6 48.7 111.3 57.2 280.5 618.0 0.9 4.0 3.9

Mean
SD

0.17
0.07

0.19
0.09

0.18
0.08

41.7
12.5

61.2'
23.1

97.6*
25.9

46.8
13.7

202.7"
119.0

374.1
173.5

0.8
0.2

2.4'
1.2

2.8'
1.1

CV,% 41 47 44 30 38 27 29 59 46 25 50 39

'/7<0.001, *’/7<0.01, " p <0.05 compared to Day 1
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Table 5.3c

Pharmacokinetic data for sérum PHT with daily IP administration of PHT 100 mg/kg
body weight

Rat
No

Tmax
(hr)

Cmax
(/tmol/L)

AUC
(/imol/L/hr)

tl/2
(hr)

1
Day
3 5 1

Day
3 5 1

Day
3 5

Day 
1 3 5

1 0.08 0.08 0.50 56.4 126.6 148.2 78.4 1241.0 1704.2 1.0 6.8 8.0

2 0.25 0.50 0.50 128.4 180.7 235.4 862.0 1250.0 1928.6 4.7 4.8 5.3

3 0.08 0.08 0.25 70.0 96.3 132.4 171.2 631.9 2909.1 1.7 4.6 15.2

4 0.25 0.08 0.08 150.2 223.5 243.2 1332.1 2042.2 3789.5 6.2 6.3 10.8

5 0.08 0.08 0.50 66.4 79.2 164.7 127.4 473.0 795.2 1.4 4.1 5.3

6 0.25 0.25 0.08 70.0 127.6 113.7 255.3 527.1 962.8 2.5 2.9 5.9

7 0.25 0.08 0.08 28.6 50.6 77.2 33.5 248.8 365.2 0.8 3.4 3.3

Mean
SD

0.18
0.10

0.16
0.16

0.28
0.21

81.3
42.5

126.3"
59.5

159.2*
61.3

411.7
433.4

916.3"
727.0

1772.3"
1223.4

2.6 4.7' 
2.1 1.4

7.7"
4.1

CV,% 57 100 55 52 47 39 105 79 69 81 30 53

‘ p<0.001, *’p< 0 .0 1 , ‘"/7<0.05 compared to Day 1
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linear scale, after administration of 30, 50 and 100 mg/kg of PHT respectively. The 

concentration peaked later and more variably than in serum or 30 to 120 minutes after 

administration of all three doses with a flatter and more non-linear decrease thereafter. The 

mean peak concentrations were 2.1 ±0.3  /xmol/L, 8.9 ±3.4 and 10.5 ± 6 .6  /xmol/L with the 

three respective doses. At 6 hours post-dose no PHT was detected with the 30 mg/kg dose 

but small amounts were still measurable with the 50 and 100 mg doses.

Pharmacokinetic parameters for the three doses in individual rats are shown in Tables 5.4a 

to 5.4c. The between-subject variability of individual parameters was similar to that in 

serum. As in serum, mean Cmax and AUC increased disproportionately (about three and six 

fold, respectively) (p<0.01) between the 30 and 50 mg/kg doses but tl/2  also increased 

nearly two fold. Cmax did not change on increasing the dose from 50 to 100 mg/kg but AUC 

and tl/2  doubled.

5.4.2 Chronic studies (on post-recovery days 1 to 5)

5.4.2.1 Serum pharmacokinetics

In Figures 5.3 to 5.5 are also shown the serum concentration of PHT vs. time on days 3 and 

5 after administration of 30, 50 and 100 mg of the drug on days 1 to 5. The mean PHT 

concentrations rose rapidly to peak at similar times as on day 1. The elimination curves 

followed generally a similar pattern on days 3 and 5 but were less steep with the 100 mg 

dose. The mean peak concentration increased about seven fold with the 30 mg/kg dose and 

doubled with the 50 mg/kg and 100 mg/kg doses between days 1 and 5. Whilst on day 1 

PHT was at 6 hours post-dose detected only with the 100 mg dose, on days 3 and 5 it was 

detected with all although at very low concentrations with the 30 mg/kg dose. With the 50
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Table 5.4a

Pharmacokinetic data for CSF PHT with daily IP administration of PHT 30 mg/kg body
weight

Rat Tmax Cmax AUC tl/2
No (hr) (;imol/L) (/tmoI/L/hr) (hr)

Day Day Day Day
1 3 5 1 3 5 1 3 5 1 3 5

1 1.0 1.0 1.0 3.6 6.9 10.9 8.7 35.4 57.6 1.7 3.6 3.7

2 1.5 1.5 1.5 2.2 12.4 14.0 4.9 35.0 57.9 1.6 2.0 2.9

3 0.5 0.8 0.5 2.6 7.6 14.3 4.6 19.8 43.8 1.2 1.8 2.1

4 1.0 1.0 0.5 7.5 15.3 22.4 10.5 26.7 63.8 1.0 1.2 2.0

5 1.0 1.0 1.5 2.9 12.9 15.0 11.2 31.8 66.8 2.7 1.7 3.1

6 1.0 1.5 1.0 3.3 9.1 17.6 7.5 33.3 80.5 1.6 2.5 3.2

Mean 1.0 1.0 1.0 3.7 11.7' 16.6* 7.9 30.3' 61.6' 1.6 2.1 2.8*’
SD 0.3 0.3 0.5 2.0 3.3 4.1 2.8 6.1 11.9 0.6 0.8 0.6

CV,% 33 33 50 54 28 24 35 20 19 38 38 21

•;?<0,001, 0.005, compared to Day 1
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Table 5.4b

Pharmacokinetic data for CSF PHT with daily IP administration of PHT 50 mg/kg body
weight

Rat
No

Tmax
(hr)

Cmax
(ptmol/L)

AUC
Oimol/L/hr)

tl/2
(hr)

Day Day Day Day

1 3 5 1 3 5 1 3 5 1 3 5

1 1.5 2.0 1.5 9.4 12.4 14.9 34.1 51.6 83.6 2.5 2.9 3.9

2 1.0 0.5 1.5 7.5 12.5 16.8 40.1 65.8 121.0 3.7 3.7 5.0

3 1.0 1.5 1.0 9.7 18.7 24.2 51.9 70.1 104.2 3.7 2.6 3.0

4 0.8 1.5 1.5 23.4 31.3 34.9 47.3 96.7 134.4 1.4 2.2 2.7

5 0.5 1.5 1.5 21.3 30.5 37.1 64.3 103.4 142.3 3.0 3.9 3.5

6 1.5 1.5 1.0 10.7 15.7 21.8 34.4 71.2 121.5 2.2 3.1 3.9

Mean
SD

1.0
0.4

1.4
0.5

1.33
0.26

13.7
6.8

20.2
8.6

25.0'
9.2

45.3
11.7

76.5»
19.7

96.2'
44.7

2.8
0.9

3.1
0.6

3.6
0.8

CV,% 39 35 30 50 43 37 26 26 47 32 19 22

*/7<0.001, b p < 0.005, " p <0.05 compared to day 1
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Table 5.4c

Pharmacokinetic data for CSF PHT with daily IP administration of PHT 100 mg/kg
body weight

Rat
No

Tmax
(hr)

Cmax
(/tmol/L)

AUC
(/tmol/L/hr)

tl/2
(hr)

Day Day Day Day

1 3 5 1 3 5 1 3 5 1 3 5

1 1.0 1.0 1.50 12.5 13.4 20.8 30.2 114.6 361.5 1.7 5.9 12.0

2 2.0 2.0 1.5 24.3 31.9 34.2 182.4 240.4 309.8 5.2 5.2 6.3

3 0.5 0.5 0.5 9.1 12.5 21.0 38.5 97.0 615.1 2.9 5.4 20.3

4 1.5 1.5 2.0 19.8 28.9 31.0 294.4 314.4 427.0 10.3 7.5 9.5

5 1.0 1.5 1.5 5.0 7.6 11.2 30.2 70.6 140.0 4.2 6.5 8.7

6 1.0 1.0 1.0 7.4 10.5 15.0 40.5 104.5 211.0 3.8 6.9 9.8

7 1.0 1.0 1.0 5.3 5.4 10.7 19.4 19.4 149.9 2.5 2.5 9.7

Mean 1.1 1.2 1.3 11.9 15.4 20.6' 90.8 137.3* 316.4' 4.4 5.7 10.9*
SD 0.5 0.5 0.3 7.5 10.8 9.3 106.1 102.9 170.0 2.9 1.6 4.5

CV,% 42 41 22 63 70 45 117 75 54 66 36 41

<0.001, •’p < 0.005, 'p < 0 .0 1  compared to Day 1
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mg dose moderate amounts were still detected (mean serum PHT concentrations 13.1 ±9 .9  

and 23.9 ±  13.8 /xmol/L for days 3 and 5 respectively) while with the 100 mg dose the levels 

were within and above the therapeutic range (mean serum PHT concentrations 59.4 ±40.5 

and 88.2 ±43.1 /xmol/L on days 3 and 5 respectively).

Small amounts of PHT were detected in through (0) samples on day 5 with the 30 mg dose 

(mean 3.2 ±2.9  /xmol/L), day 5 with the 50 mg dose (mean 2.0 ± 0 .6  /xmol/L) and on days 

3 (mean 3.0 ±1.1 /xmol/L) and 5 (mean 4.7 ±2.9 /xmol/L) with the 1(X) mg dose.

Pharmacokinetic parameters with the three doses in individual rats are shown in Tables 5.3a 

to 5.3c. There was similar between-subject variability for the parameters as on day 1 within 

each dose group. Chronic PHT administration had no effect on mean Tmax except for a 

small, statistically non-significant increase on day 5 with the 100 mg dose, but Cmax, AUC 

and tl/2  all increased statistically significantly with time. With the 30 mg/kg dose Cmax 

increased about seven fold, AUC about 15 fold and tl/2  doubled between days 1 and 5. With 

the 50 mg/kg Cmax doubled but AUC increased about eight fold and tl/2  about three fold. 

With 1(X) mg/kg Cmax also doubled but AUC and tl/2  increased about four and three fold 

respectively. As with acute dosage the pharmacokinetic constants with chronic PHT 

administration were dose dependant. On day 5 Cmax was slightly higher with 50 mg/kg than 

30 mg/kg dose but tl/2  and AUC were double with the higher dose (p<0.05). On comparing 

the 50 and 100 mg doses, Cmax doubled with increasing dosage but AUC increased five fold 

and tl/2  three fold (/?<0.001).
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5.4.2.2 CSF pharmacokinetics

In Figures 5.3 to 5.5 are also shown the CSF concentration of PHT vs. time on days 3 and 

5 with the three doses. The CSF concentrations of PHT rose to peak levels later than in 

blood but the time to peak was, as on day 1 variable (30 to 120 minutes post-dose). Between 

days 1 and 5 the mean CSF peak PHT concentration increased about five fold on the 30 

mg/kg dose but only doubled with the 50 mg/kg and 1(X) mg/kg doses. Six hours post-dose, 

although at low concentrations, the drug was measurable with all three doses on both days 

3 and 5.

Small amounts of PHT were detected in through (0) samples on day 5 with the 50 mg dose 

(mean 1.3 ±0.2 /xmol/L) and on days 3 (mean 0.8 ±0 .4  /xmol/L) and 5 (mean 1.3 ±0.9  

/xmol/L) with the 100 mg dose.

Pharmacokinetic parameters with the three doses in individual rats are shown in Tables 5.4a 

to 5.4c. Values for individual parameters varied considerably but the variability was similar 

to that in serum and did not seem to be related to the dose or duration of drug 

administration. The pharmacokinetic constants depended as in serum on the dose and duration 

of dosage. Chronic PHT administration had no effect on mean Tmax, but all the other 

variables increased statistically significantly with time except for the tl/2  on the 1(X) mg/kg 

dose. The most prominent changes were with the 30 mg dose where Cmax increased four 

fold, AUC seven fold and tl/2  nearly doubled. With the 50 and 100 mg doses the 

pharmacokinetic constants increased 1.5 to three fold. On comparing the changed in the 

pharmacokinetic constants between the doses on day 5 Cmax was only slightly higher with 

the 50 than the 30 mg/kg dose, but tl/2  and AUC were nearly double with the higher dose.
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Cmax was similar with 50 and 100 mg doses but AUC and tl/2  increased about three fold 

each (p < 0.001),

5.4.2.3 Ratios of CSF-PHT and serum PHT concentrations

In Figure 5.6 are shown ratios for PHT concentrations in CSF and serum vs. time at the 

three doses on days 1, 3 and 5. Equilibration between CSF and serum compartments (as 

measured by a constant CSF/serum PHT concentration ratio) was not achieved with the 30 

mg dose although a tendency towards equilibration was observed on day 5. With the 50 mg 

dose equilibration was nearly achieved on day 3 and definitely on day 5 and with the 100 mg 

definitely on both days 3 and 5. The linear relationship between CSF and serum 

concentration of PHT in individual rats on day 5 with the 100 mg dose is shown in Figure 

5.7.

Figure 5.6. also illustrates the differences in the ratio values with the different doses and 

therefore serum concentrations of PHT. On day 5 and the 30 mg dose the mean ratios (from 

the peak CSF concentration onwards) ranged from 0.24 to 0.62. With the 50 and 100 mg 

doses of PHT the corresponding values were 0.28 to 0.34 and 0.15 to 0.17. When the 

concentrations of PHT were compared between CSF and serum independently of the dose 

or sampling time, the correlation appeared non-linear on visual inspection. This impression 

was supported by the statistical analysis, where a closer fit was obtained with non-linear 

(r=0.955) than with a linear function (r= 0 .811) (p<0.001 for n =  56, with both functions).
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The PHT CSF/serum concentration ratio vs. time on post-recovery days 1,3, 
and 5 in rats given 30 (A)(mean±SD, no=6), 50 (B)(mean±SD, no=6) and 
100(C) (mean ±SD, no=7) mg/kg PHT daily for five days
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The relationship between PHT concentrations in CSF and serum on post-recovery day 
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/?< 0.001, no = 67)
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5.4.3 The free and total PHT in serum and the comparison with serum

albumin

In four (with the 30 mg dose) out of 89 sera, no free PHT was detected. In Appendix 14 are 

shown the free serum PHT and albumin concentrations in the others. With the others there 

was no difference in the free/total PHT serum ratios (mean 0.15) when compared with the 

dose or time post-dose (Figure 5.8) nor between the % of free serum PHT and the serum 

albumin concentration ( r= -0.097) . When the free and total serum concentrations of PHT 

were compared independent of the dose or time of sampling a strong correlation was obtained 

(Figure 5.9). In eight rats total and free PHT concentrations in serum and PHT 

concentrations in the CSF were available. The samples were taken with different doses at the 

end of the sampling period on day 5. A strong correlation was obtained between free PHT 

concentrations in serum and those in the CSF (y = 0.99x - 1.83, r =  0.970, /?<0.001).
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5.5 Discussion

5.5.1 Serum PHT pharmacokinetics

Well established for pharmacokinetic parameters for serum have been used in this study in 

order to allow comparisons with data from clinical studies. They have been assumed to be 

relevant for characterising the pharmacokinetics of PHT in serum (and CSF) and also VPA, 

see Chapter 6. Alternatively, so-called physiological models could have been fitted to the 

time curves for the drugs, allowing estimates of e.g. rate constants for the transport of the 

drugs over cell membranes to be calculated. It was, however, decided that this approach 

should not form part of this thesis, as a substantial amount of work would be required to 

establish an appropriate model and to test it’s applicability and, therefore, that work was 

thought better left to future separate study.

It is difficult to compare the results of this study with previous investigations because the 

experimental conditions have varied. However, the time to peak serum concentration was 

similar to that noted with IP PHT administration and single time point sampling in rat groups 

using IP PHT 120 mg/kg (Walton and Treiman, 1990) or 30 mg/kg (DeVane et al, 1991). 

Slightly prolonged lag period with the increased dose has also been noted in this study. This 

may be explained by slower absorption because of the decreased solubility of the 100 mg/kg 

PHT dose in the aqueous intraperitoneal fluid at physiological pH (Woodbury, 1989).

Reported tl/2  varied not only with the same or similar doses between studies (Gutova et al, 

1976; Vicuna et al, 1980; Tekle and Al-Khamis, 1990) but also for the same doses in 

different studies using identical experimental procedures and between different control rat 

groups in the same study (Shrewsbury et al, 1987; Shrewsbury et al, 1989). Nevertheless,
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tl/2  in this study was, as expected, longer than with IV drug administration (Shrewsbury et 

al, 1987; Shrewsbury et al, 1989) and shorter than with oral PHT administration (Tekle and 

Al-Khamis, 1990) using comparable doses. T l/2  was similar for the 50 mg dose and IP 

administration in at least one study (Lothman et al, 1991).

The dose and duration of dose-dependency non-linear kinetics were confirmed by the 

disproportionate increases in Cmax, AUC and tl/2  with dosage and time. In man non- 

linearity is attribute mainly to saturation of hepatic enzymes (Browne and Chang, 1989; 

Levine and Chang, 1990; Leppik, 1992) but in rats accumulation kinetics are also attributed 

to product inhibition by the major PHT metabolite, 4-hydroxyphenyl-5-phenylhydantoin 

(Vicuna et al, 1980). The individual curves for serum PHT concentrations versus time, 

however, appeared to follow 1st order kinetics for all doses in accordance with previous 

reports in rats using doses ranging from 6 to 120 mg/kg in acute studies (Shrewsbury et al, 

1989; Ramzan and Levy, 1989; Walton and Treiman, 1990) and 50 mg/kg in both acute and 

chronic studies (Tekle and Al-Khamis, 1990). This may be explained by a combination of 

saturable tissue binding and concentration/dose dependent zero order pharmacokinetics, 

resulting in apparent 1st order concentration/time plots (Gugler et al, 1975).

5.5.2 Comparison between serum and CSF PHT pharmacokinetics

The major findings in this study concern the relationship between serum and CSF 

pharmacokinetics. Significant divergences in serum and CSF compartments were noted and 

these differences were time post-dose, dose and duration of dosage-dependent. After IP 

injection, PHT rapidly appeared in both serum and CSF suggesting rapid penetration of the 

blood brain barrier. The larger values for Tmax in CSF than serum are probably a reflection
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of the time taken for PHT to move from blood to brain and from brain to CSF. CSF Tmax 

was, though, longer than the 10 to 20 minutes noted previously (Ramzan and Levy, 1989; 

Secchi et al, 1989; Woodbury, 1989) but this may have been because of different 

experimental conditions. The difference in Tmax between serum and CSF affected the 

CSF/serum PHT ratios which increased as the serum PHT levels decreased, causing 

disequilibrium in the initial post-drug administration period as noted also by others (Secchi 

et al, 1989; Woodbury, 1989; Ramzan and Levy, 1989). However, the decline in CSF was 

slower than in serum, with consistently longer tl/2 , further contributing to disequilibrium. 

The dose-dependent increase in serum PHT levels also differed from that in the CSF. In 

serum the peak PHT concentrations increased disproportionately with the dose while in the 

CSF PHT levels increased disproportionately between the 30 and 50 mg dose but were 

similar with the 50 and 100 mg doses, suggesting that transport across the blood brain-barrier 

is concentration dependant and rate limiting. This was further supported on comparing PHT 

Cmax and AUC in serum and CSF irrespective of the dose or time of sampling by a 

tendency to non-linear correlations between Cmax or AUC in serum and CSF.

The rate of penetration of drugs, including antiepileptics, into CSF and brain is considered 

to be determined mainly by three physicochemical characteristics: (i) the degree of ionisation,

(ii) lipid solubility and (iii) the degree of protein binding in serum (plasma). For antiepileptic 

drugs lipid solubility appears to be the major determinant for the entry of drugs into the CSF 

compartment (Losher and Frey, 1984, Woodbury, 1989). Phenytoin is highly undissociated 

at physiological pH, thus ionization is not rate limiting. Protein binding is also not the 

determinant for the rate of diffusion of drugs into the CSF since in vivo perfusion studies 

have shown that significant amounts of PHT in CSF originates from the protein-bound
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fraction in serum (Loscher and Frey, 1984; Geary et al, 1987). In this study, the ratio of the 

free to total serum PHT concentration was approximately 0.15 and not time or dose 

dependant while in CSF it varied from about 0.15 to 2.5, the lower ratio being maintained 

only at equilibrium. This suggests that during disequilibrium significant amounts of protein- 

bound PHT is present in the CSF but the reason for that is unclear.

The potential clinical relevance of these findings are: (i) PHT entry into CSF appears to be 

rate limiting but is rapid and the decline slower than in serum. This may reflect the 

observation in patients that the anticonvulsant effect of PHT rapid and unchanged from 3 

minutes to 2 hours after PHT administration, regardless of the route of administration of the 

drug (Leppik, 1992); (ii) The time for equilibration of PHT between CSF and serum is 

inversely related to the dose. Thus, to facilitate entry of PHT into the CNS compartment in 

patients, high initial PHT serum concentrations are required. This approach, through IV drug 

administration, is used in the treatement of status epilepticus (Shorvan, 1993).

5.5.3 Variability in pharmacokinetic determinants

There was substantial between-subject variability of individual pharmacokinetic parameters 

in serum and CSF despite the rats being of the same age, sex and strain and treated under 

identical experimental conditions. The route of drug administration (IP) may have contributed 

to the variability. However, although intramuscular rather than IP injection could not be 

excluded in some animals, it would have been associated with some initial localised swelling 

of the abdominal wall and pain, neither of which was noted. Another consideration is the 

PHT formulation. Since the amount of the drug in propylene glycol was fixed, increased 

amounts of propylene glycol were also injected with increasing doses. Propylene glycol may
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have caused a metabolic acidosis (Loiin et al, 1988) to a varying extent, affecting PHT 

protein binding and, thus, pharmacokinetics of the drug. However, as the binding of the drug 

was unchanged in serum with increasing doses the PHT formulation is unlikely to have 

contributed significantly to the pharmacokinetic parameter variability.

Blood loss during serial blood sampling with reduction in serum proteins through 

haemodilution and the perturbations of CSF homeostasis during serial CSF sampling may also 

have affected parameter estimates. The constant protein binding of PHT and the fact that 

CSF sampling was within the estimated replacement rate (Sarna et al, 1983; Hutson et al, 

1985) should rule out blood loss or CSF sampling as contributing to parameter variability.

Large between-individual variability for serum PHT has also been described in man and 

attributed to non-linear elimination of the drug (Woodbury, 1989). This was probably the 

main cause for the between-individual variability in rats in this study.

5.5.4. Conclusion

The pharmacokinetics of PHT in rats given PHT doses

(i) confirmed that serum PHT was non-linearly correlated with the dose,

(ii) showed that transport of PHT into CSF seems rate limiting and non-linear, increasing 

disproportionately little with high doses,

(iii) indicated that the CSF levels could not be explained only in terms of diffusion of free 

PHT from serum but by also transport of some protein-bound fraction, and

(iv) demonstrated that equilibrium between serum and CSF could only be reached if a 

large PHT dose is given, while on smaller doses disequilibrium continued over several
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days of drug administration.

The results suggest that except at equilibrium, the CSF PHT levels do not reflect the free or 

total serum PHT levels.
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CHAPTER 6 SODIUM VALPROATE

6.1 The aims of the study

The aims of the study were to establish the pharmacokinetics of VPA in blood and CSF in 

Sprague-Dawley rats using the model in Chapter 2 at total serum levels below, within and 

above the therapeutic range as defined in humans after acute (post-recovery day 1) and 

chronic (post-recovery days 1 to 5) drug administration.

6.2 Introduction

6.2.1 Historical aspects

Although there are a number of studies where serial blood samples in humans have been 

obtained during valproate therapy (e.g. Koch et al, 1989a; Panaser et al, 1989), the 

information in CSF is limited to occasional samples obtained incidentally while the fluid was 

taken for other purposes (e.g. Rapeport et al, 1983; Loscher et al, 1988). In animals, serial 

blood sampling in individual subjects has been reported (Koch et al, 1989b; Loscher et al, 

1989; Liu et al, 1990; Yu and Shen, 1991; Bourin et al, 1991; Liu et al, 1993) but not in 

combination with CSF sampling expect in anaesthetised dogs in acute studies (Frey and 

Loscher, 1978 1974; Loscher and Frey, 1984). Thus, simultaneous peripheral and central

pharmacokinetic data for the drug have not been fully established.

6.2.2 Clinical use

Valproic acid (2-propylpentonoic acid, dipropylacetic acid) was first marketed for clinical use 

as Sodium Valproate (VPA) in 1967 in France but was released in the USA and other 

countries only ten years later, in 1978 (Fariello and Smith, 1989). Valproate was used 

initially primarily for treating simple absence seizures but has been found to be as effective
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as PHT and carbamazepine against primary generalised tonic seizures, both as a single drug 

and as part of multitherapy (Bourgeois, 1989; Dean and Penry, 1992). It is a drug of choice 

for juvenile myoclonus and photosensitive epilepsy and is increasingly reported as highly 

successful also in treating simple and complex partial seizures refractory to other drugs 

(Bourgeois, 1989; Dean and Penry, 1992). It is not a drug of choice for status epilepticus 

because of the lag time between drug administration and control of seizures.

6.2.3 Chemical characteristics

Valproic acid is a simple branched chain fatty acid with a pKa of 4.9 and molecular weight 

of 144.21. It is highly soluble in organic solvents and poorly soluble in water (Kupferberg, 

1989). The sodium salt (VPA) is highly soluble in water and also in polar organic solvents 

such as acetone and methanol. In the UK valproate is given mainly as VPA in a variety of 

oral formulations and intravenously dissolved in water. It’s molecular weight is 166.19 

(Kupferberg, 1989). The plasma VPA concentrations are reported as the free acid equivalent, 

in ^mol/L or /ig/ml (the conversion factor from /xg/ml to ^mol/L is 6.93) (Kupferberg, 

1989).

6.2.4 Dosage and blood levels

In adults, VPA, in monotherapy, is usually given initially as a daily dose of 15 mg/kg, singly 

or divided into two or three doses, increasing by 5 to 10 mg every week to a final maximum 

of up to 60 mg/kg daily (Dean and Penry, 1992). The usual maintenance dose is 1 to 2 g (20 

to 30 mg/kg) per day. In patients on combination therapy higher doses are given because of 

drug interactions. Other factors which affect the dosage include the seizure type and the state 

of health of the patient (particularly liver and kidney function and plasma protein
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concentration) (Bourgeois, 1989; Dean and Penry 1992).

The therapeutic range is quoted as between 350 and 700 /xmol/L (50 to 125 /ig/mi) 

(Bourgeois, 1989, Dean and Penry 1992). The mean concentrations during the steady state 

fluctuate up to 113% per 24 hours and the consecutive fasting plasma levels are not 

reproducible (Bourgeois, 1989).

There is no correlation between the total VPA blood and brain VPA concentrations, nor with 

the total VPA blood levels and clinical effect (Bourgeois, 1989, Dean and Penry, 1992). The 

beneficial effects usually lag about three hours behind the peak blood levels and persist for 

several hours as the blood levels decrease (Bourgeois, 1989). Thus, unlike with phenytoin 

where therapeutic drug monitoring is thought particularly useful, with VPA it is thought 

valuable only in selected cases, particularly with multitherapy and the levels must be 

interpreted in conjunction with the dosage and epilepsy type (Bourgeois, 1989).

6.2.5 Mode of action

VPA prevents propagation of epileptiform discharges, raises the threshold for seizure activity 

and reduces it’s duration. It suppresses sustained repetitive firing. It is less effective in 

suppressing abnormal discharge at the site of origin of abnormal discharge. These effects 

may explain why it is more effective against absence and generalised tonic-clonic seizures 

than focal or partial epilepsy (Fariello and Smith, 1989).

The most favoured explanation for VPA actions is through stimulation of G ABA synthesis 

and suppression of it’s degradation (Fariello and Smith, 1989). However, animal studies have
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shown that although VPA increased total and regional brain GABA concentrations the drug 

doses used were five to ten times higher than usual therapeutic doses and the observed 

increases in brain GABA lagged behind earliest clinical effects of VPA. Also, raised CSF 

levels of GABA have been observed in human patients and volunteers in some studies 

Fariello and Smith, 1989). Other suggested modes of action include regulation of sodium 

and potassium uptake into the nerve terminals and reduction of brain levels of the excitatory 

neurotransmitter amino acid aspartate (Fariello and Smith, 1989).

6.2.6 Side effect

Although side effects usually occur at high blood VPA levels, there is no correlation between 

the incidence of side effects and blood drug levels, but there is with increases in dosage 

(Bourgeois, 1989). This may be because of the curvilinear concentration dose relationship, 

with disproportionably low increases in total VPA plasma concentrations on increasing the 

dose but a much higher increase in the free drug level and increased Vd of the free fraction 

(Dean and Penry, 1992, Bourgeois, 1989) and occurs because of reduced protein binding, 

increased clearance of the free drug but eventually also saturability of beta oxidation enzymes 

and decrease in clearance (see below). Gastrointestinal disturbances are common and not dose 

related (Dean and Penry, 1992). Neurological side effect includes intention tremor, which 

is not dose related, drowsiness, confusion and irritability, particularly with larger doses and 

poly therapy, and reversible dementia (Dean and Penry, 1992). VPA affects urea synthesis 

and in the presence of inborn errors of urea metabolism, particularly with ornithine 

transcarbamylase deficiency, can cause dangerous or even fatal hyperammonaemia (Patsalos 

et al, 1993; Dreifuss, 1989). Transient mild hyperammonaemia is however frequent and is 

not thought a contraindication to VPA therapy (Dean and Penry, 1992). VPA also causes
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carnitine deficiency (Sugimotoetal, 1987; Triggsetal, 1990). Idiosyncratic reactions include 

suppression of the bone marrow, bleeding tendencies, liver disease and pancreatitis (Dreifuss, 

1989; Dean and Penry, 1992). Although mild liver enzyme elevation may be found in over 

40% of patients, this is dose related and may be due to enzyme induction rather than true 

toxicity (Dreifuss, 1989). However, severe hepatotoxicity does occur, and particularly in 

polytherapy, VPA is contraindicated in small children because of an unacceptably high 

incidence of fulminant liver failure (Dreifuss et al, 1987).

6.2.7 Pharmacokinetics

6.2.7.1 Absorption

Because of frequent gastrointestinal disturbances VPA is usually given enterocoated and taken 

with food (Levy and Shen, 1989; Dean and Penry, 1992). The rate of absorption is thus 

variable, depending on the rate of gastric emptying and dissolution of the drug coating (Levy 

and Shen, 1989). The absorption of the liberated drug is, though, not affected by food or 

type of formulation, occurs throughout the intestinal tract and the bioavailability is close to 

unity (Levy and Shen, 1989; Dean and Penry, 1992).

In animals, such as the rat, VPA is usually given IP with (Sugimoto et al, 1987; Loscher et 

al, 1989) or IV (Koch et al, 1989; Liu et al, 1990; Semmes and Shen, 1991).

6.2.7.2 Plasma binding

The binding of VPA (to albumin) is concentration dependant. The dissociation constant for 

the VPA-albumin complex is reached already at therapeutic drug concentrations ( Levy and 

Shen 1989; Dean and Penry, 1992). At total plasma VPA levels of 525, 700, 875 and 1050
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^mol/L up to 9, 15, 22 and 30% of the drug is free (Cramer et al, 1986). Since with 

increased free fraction the clearance is increased, the total concentration-dose curve is also 

non-linear (Levy and Shen, 1989). There are significant fluctuations in the free fraction over 

a 24 hour period even in steady state, partly because of a true diurnal variation in the 

clearance of the total and free drug and partly because of the increase in free fatty acids in 

the fasted state in the early mornings which displace VPA from protein sites (Koch et al, 

1989a). Protein binding is also affected by drugs which compete for binding such as other 

antiepileptics or salicylates and by endogenous ’toxic’ displacers in renal disease and by the 

serum albumin concentration (Levy and Shen, 1989).

6.2.T.3 Metabolism and excretion

The between-subject clearance of VPA in adults varies six to eight fold (Levy and Shen, 

1989). More than 96% is metabolised by liver enzymes (Levy and Shen, 1989; Dean and 

Penry, 1992). Clearance is increased in the presence of other antiepileptic drugs and other 

protein bound-drugs such as aspirin, because of competitive binding to albumin causing 

displacement of VPA and an increase in the free fraction available for metabolism. Enzyme 

induction with polytherapy with e.g. PHT or carbamazepine can increase VPA clearance to 

the extent that therapeutic plasma levels are reached only with difficulty (Levy and Shen, 

1989). Clearance is also affected by age and pregnancy (Panaser et al, 1989; Levy and Shen, 

1989; Dean and Penry, 1992).

In disease the effect on clearance is variable. In liver disease a decrease in the concentration 

of plasma proteins is matched by reduced function of hepatic enzymes, which leaves total 

clearance unaffected and at steady state the total levels of VPA remain unchanged and free
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raised (Dean and Penry, 1992). In uraemia the free fraction increases through displacement 

by uraemic factors and because of hypoalbuminaemia itself. This leads to an increase in 

hepatic clearance in patients with normal liver function but not in total clearance (Levy and 

Shen, 1989).

VPA is metabolised by several pathways. Five metabolic routes have been established in 

humans (Dean and Penry, 1992). The main route is conjugation with glucuronic acid and to 

a small extent with carnitine, glycine and Co A by cytochrome P450 (Baillie and 

Rettenmeier, 1989). The conjugation with carnitine can lead to secondary carnitine deficiency 

and a Reye’s like syndrome (Baillie and Rettenmeier, 1989). The conjugates are excreted in 

urine. In rats biliary excretion and enterohepatic recirculation of the liberated acid is also 

important (Dickinson et al, 1979; Liu et al, 1990; Liu et al, 1993). Glucuronidation is also 

the major pathway by which metabolites produced by oxidation are removed (Baillie and 

Rettenmeier, 1989; Dean and Penry, 1992).

Other pathways include mitochondrial beta oxidation (Koch et al., 1989a; Koch et al, 1989, 

b) and dehydrogenation with the production of a number of metabolites such as succinic and 

propionic acid, D2 VPA, 3-hydroxy VPA and 3-oxo VPA. Some of these compounds have 

antiepileptic effects (Baillie and Rettenmeier, 1989; Semmes and Shen, 1991; Dean and 

Penry, 1992). The presence of these metabolites, particularly 2-en valproic acid, may explain 

why plasma has antiepileptic effects even in the absence of the parent drug (Nau and 

Loscher, 1982; Loscher et al, 1988; Semmes and Shen, 1991, Dean and Penry, 1992) but 

this is not thought likely by others (Liu et al, 1990).
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Unlike conjugation, mitochondrial beta oxidation is saturable because of limited availability 

of Co A and competition with endogenous fatty acids which also use Co A (Koch et al, 

1989a; Koch et al, 1989b). Thus, the pattern of metabolite excretion in urine differs with 

dosage and nutritional state (Baillie and Rettenmeier, 1989). However, the increase in 

conjugation does not compensate the limited elimination by oxidation enzymes, thus VPA 

catabolism is non-linear (Liu et al, 199; Liu et al, 1993).

5.2.T.4 Half-life

The plasma half life of VPA in human adults is about 12 to 16 hours. It is about four times 

longer in neonates and slightly longer in the elderly, because of reduced metabolism of the 

free fraction (Levy and Shen, 1989). In rodents it is shorter, at about one hour, but because 

of the enterohepatic recirculation which is variable and complicates the calculations it is not 

always reported (Yu et al, 1987; Loscher et al, 1989; Yu and Shen, 1990).

6.2.T.5 Volume of distribution

The Vd of VPA is low at 0.1 to 0.4 1/kg because of the extensive intravascular protein 

binding, and is similar in humans and in rodents, including the rat (Dean and Penry, 1992, 

Koch et al, 1989b; Yu and Shen 1990). It increases with increasing dosage because of 

saturation of protein binding. Free VPA is distributes freely and rapidly.

6.2.T.6 The distribution of VPA including in the brain and CSF

In animals, the peak concentration in brain and CSF is achieved within minutes of IV or IP 

administration and the decline thereafter parallels that in plasma (Levy and Shen, 1989). The 

CSF levels are 8 to 25% and brain levels 7 to 28% of those in plasma, thus similar to each
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other (Vajda et al, 1981; Nau and Loscher, 1984). The CSF levels were found to be similar 

to free levels in plasma by some workers (Rapeport et al, 1983) and to be lower by others 

(Loscher et al, 1988). Thus, unlike PHT where the brain and total plasma drug levels are 

similar, VPA does not appear to be significantly concentrated in the brain. It does not bind 

to brain homogenates and subcellular fractions and it appears to be localise only in the 

olfactory bulbs (Hoeppner, 1990)). The significance of this localisation is unclear.

The mechanism for transport of VPA into brain and CSF and removal from CSF is unclear. 

The rate of removal from the brain is faster than the uptake (Loscher et al, 1988; Levy and 

Shen, 1989). At the physiological pH of 7.4 VPA is predominantly ionised and lipophobic 

and should not penetrate readily across the capillary membranes. It does so, however faster 

than lipophilic drugs such as PHT (Levy and Shen, 1989). The rate of penetration was found 

to follow four types of curves: (i) a disproportionately high increase in the brain to total 

plasma concentration ratio from 0.07 to 0.27 as the total plasma concentration rose from 350 

to 2100 ^mol/L, (ii) a smaller ration increase from 0.25 to 0.40 at plasma levels between 

2100 and 3150 ^mol/L, (iii) a plateau of 0.40 at plasma levels between 3150 and 5600 

/xmol/L and (iv) a disproportionately small ration increase to less than 0.30 with higher 

plasma VPA concentrations (Semmes and Shen, 1991). Thus, transport seems saturable at 

very high plasma VPA levels. Saturable uptake was also noted when brain VPA levels were 

compared with free plasma levels and for transport between plasma and CSF (Frey and 

Loscher, 1978).

The system for transporting VPA into the CNS is not well understood but is not thought to 

involve the carrier system used by endogenous short chain fatty acids (Levy and Shen, 1989).
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There are indications that in addition to the free fraction, up to 15 % of the transported VPA 

may be the protein bound fraction (Cornford et al, 1985).

Elimination of VPA from CNS is assumed to occur via the same active, carrier mediated 

system used by acidic metabolites of monoamines (Frey and Loscher, 1978; Cornford et al, 

1985; Loscher et al, 1988)
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6.3 Materials and methods

6.3.1 Animals

Sprague-Dawley rats, weighing between 250 and 350 g and handled as described in Chapter 

2, were used.

6.3.2 Anaesthesia, surgery and sampling techniques

Anaesthesia with pentobarbitone and cannula implantation into the left external jugular vein 

and the foramen magnum were carried out as described in Chapter 2. Blood cannula Hats 

1 and 2 were used.

Sampling techniques were as described for PHT in Chapter 5.

6.3.3 Pharmacokinetic experiments

6.3.3.1 Sodium valproate formulation, dosage and administration.

Epilim Intravenous (Sanofi) was obtained from the Hospital Pharmacy as a 400 mg VPA 

powder vial with 4 ml of sterile water for reconstitution. The recommended amount of water 

per vial VPA would have resulted in injection volumes of 0.3 and 0.6 ml for a dose of 50 

and 100 mg/kg, respectively in a 300 gm rat which was deemed too large as an injection 

volume. They would have been equivalent to IP injections of 70 and 140 ml respectively in 

humans. Since 1 ml of water dissolved the powder completely this reconstitution volume was 

used throughout the experiments. The pharmacy preparation, rather than a laboratory 

prepared one was used because sterility could be ensured.

After preliminary studies 50 and 100 mg/kg VPA (sodium salt, mol. wt 166.19) were
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administered to provide serum VPA levels below and within the therapeutic range for 

patients. Dosages for blood levels above the therapeutic range were also tried but the rats 

became extremely irritable, hyperexcitable, difficult to control and were pulling the sampling 

cannulas off. Thus, no attempts were made to use larger doses than 100 mg/kg for ethical 

reasons.

The drug was administered IP, between 9 and 11 a.m. on post-recovery days 1 (for acute 

studies) to 5 (for chronic studies). Blood and CSF samples were collected and processed as 

described for PHT in Chapter 5.

6.3.3.2 Animal grouping and sampling procedures

Only rats with both cannulas patent over five post-recovery days were included in the study. 

They included:

Group 1 VPA sodium salt, 50 mg/kg once daily -six rats

Group 2 VPA sodium salt, 100 mg/kg once daily -six rats

Sampling was carried out as described for PHT in Chapter 5.

6.3.3.3 Measurement of total serum and CSF VPA concentrations

The routine laboratory micromethod for estimation of total serum VPA was used (Chan, 

1980). Free serum VPA should also have been measured but it was not possible at the time 

of the study to establish a method. Briefly, total serum VPA was obtained by extraction into 

acetonitrile, a derivatization reagent (Phenacyl Bromideo) and saturated sodium bicarbonate
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were added to the extract, heated at a temperature of 80 °C and after cooling, VPA was 

measured in the derivatized extract by GLC.

VPA standards were made in drug-free plasma. The standard curves were plotted as the 

ratios of the peak area of the drug over that of the internal standard (hexanoic acid) versus 

concentration of the drug. The VPA concentrations in rat samples and controls were 

determined from the graph.

6.3.3 4 Method validation

The analysis of standards, samples and controls was carried out in duplicate. The controls 

consisted of commercial plasma internal controls with known assigned values (Cl range 292 

to 430 /xmol/L, C2 range 708 to 1054 /xmol/L).

In Figure 6.1 are shown typical standard curves using low (7.8 to 125 /xmol/L) and high (125 

to 1000 /xmol/L) plasma standards.

In Figure 6.2 are shown typical chromatographs of VPA in rat sera containing low and high 

VPA concentrations. Usually there were a number of early, unidentified peaks, followed by 

the internal standard at about 2.5 to 4 minutes and VPA at about 3.5 to 5 minutes. The 

reason for the variation in the retention times was unclear but necessitated injecting the 

internal standard and VPA separately at the beginning of each run to ascertain their retention 

time for the run. The smallest VPA concentration that could be detected with a CV of less 

than 15% was 7.8 /xmol/L and this level was taken as the limit of detection.
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Figure 6.1

Example standard curves with low (o— o) and high (#—•) plasma VPA concentrations

For the high VPA concentration standards the scale is from 0 to 1250 /xmol/L and for the 
low VPA concentration standards 0 to 180 /xmol/L.

(IS = internal standard)
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Figure 6.2

GLC chromatographs of rat sera with VPA concentrations of 65.1 ^mol/L (A) and

992.6 ;tmol/L (B)

1 = internal standard peak, 2 = VPA peak

The retention time varied between runs. The internal standard area in A was larger because 
at low VPA concentrations larger volumes were injected in order to increase sensitivity
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In Table 6.1 are shown within-batch and between-batch imprecision for VPA determinations. 

The CVs were <10% with the exception of the between-batch CV for the lowest standard 

(11%). Accuracy was also acceptable as ratios between calculated and assayed values were 

close to one (mean=0.993 using data for between-batch imprecision).

Between-batch imprecision (CV, n=20) for control plasmas was 9% (Cl mean 399.9 

/imol/L, SD 37.6) and 8% (C2 mean 793.0 /xmol/L, SD 62.6). The recovery of VPA added 

to plasma with calculated values between 7.8 and 1000 /xmol/L was 92 to 105%.
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Table 6.1 Within-batch and between-batch imprecision for the measurement
of PHT in plasma by GLC (standards prepared by adding known amounts of PHT to
plasma)

Plasma'
standard
^mol/L

Within batch
(No =10)

mean ±SD 
/xmol/L

CV
%

Between batch
(No=20)

mean ±SD 
pmol/L

CV
%

1(X)0.0 1034.3 66.2 6 1023.8 54.3 5
750.0 755.2 19.0 3 751.2 21.1 3
500.0 509.9 15.7 3 512.8 19.7 4
250.0 258.2 13.9 5 248.2 14.6 6
125.0 127.4 3.0 2 128.0 10.4 8
62.5 63.0 2.3 3 60.5 3.1 5
31.3 31.9 2.3 7 34.0 2.5 7
15.6 15.6 1.0 7 16.0 1.8 9
7.8 7.5 0.7 10 7.3 0.8 12

‘ calculated value from amount of VPA added to plasma
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6.3.4 Pharmacokinetic parameters

The same pharmacokinetic parameters, the same software, programme and equation as in 

Chapter 5 for PHT were used. Binding of VPA to serum proteins was not assessed.

The mean logarithmic concentration of serum VPA concentrations vs. time demonstrated a 

short absorption phase, a peak and sharp non-linear decline thereafter with both doses 

(Figures 6.3 to 6.6., see below) However, in most rat sera and some CSF samples a second, 

small peak or a plateau was also observed. The computations for the AUG thus included both 

peaks but for simplicity sake, tl/2 , Tmax and Cmax are only reported for the first peak. The 

results of Vd are not included because they were difficult to compare, particularly in relation 

to CSF samples and because the amount of protein binding of the drug in plasma could not 

be assessed in the study.

Difference between group means for the pharmacokinetic parameters were compared by the 

paired and unpaired Students f-test.
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6.4 Results

Note The pharmacokinetic parameters are not shown in one rat on the 50 mg dose because 

the serum and CSF concentrations were very low and disappeared quickly (with serum on 

days 1 and 3 and in CSF on all three days)

6.4.1 Acute studies (on post recovery day 1)

6.4.1.1 Serum pharmacokinetics

In Figures 6.3 and 6.4 are shown the mean serum concentration of VPA vs. time, on a log- 

linear scale, after administration of 50 and 100 mg/kg of VPA respectively. The 

concentration in individual rats (as well those on days 3 and 5, the CSF results, the 

CSF/serum VPA ratios and the mean values) are shown in Appendices 15 to 17. The VPA 

concentration rose rapidly to peak levels within 15 minutes of administration of both doses, 

with a linear decrease in concentration until about 3 hours post-dose when it increased again 

to form a small, flat peak at about 3.5 hours with the 50 mg/kg dose and 4 hours with the 

100 mg/kg dose. The mean concentrations of the first peak were 370.3 ±26.1 and 1112.6 

±844.5 fimoUL and of the second peak 80.4 ±46.5 and 114.5 ±73.7 ^mol/L with the two 

respective doses. At 6 hours post-dose small amounts of VPA were still detectable (mean

32.4 ±29.2 and 21.9 ±10.1 /zmol/L, respectively)

Pharmacokinetic parameters for the two doses in individual rats are shown in Tables 6.2a and 

6.2b. Values for individual parameters varied considerably (CVs 12% to 73%) but the 

variability was lower with the higher dose (average CV 18% with VPA 50 mg/kg and 52% 

with VPA 1(X) mg/kg). The mean Cmax and AUC increased disproportionately (both nearly 

three fold) between the doses (p < 0.001). The tl/2  remained the same.
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Figure 6.3

VPA concentration in simultaneously taken serum and CSF samples (mean±SD, n=6)

vs. time (log-linear scale) on post-recovery days 1, 3 and 5 in rats given VPA 50 mg/kg

daily for five days

179



0 0 0 . 0 0 0 -r.

00 . 0 0 0 -

10 . 0 0 0 -

1 . 0 0 0 -

0.100

•  DAY 1
A DAY 3
■ DAY 5

0 60 120 180 240 300 360 420
0 0 0 . 0 0 0  Ti

• DAY 1 
» DAY 3
• DAY 5100 .0 0 0 -

XT I__ 1'A.

10 . 0 0 0 -

1.000

0.100 0 60 120 180 240 300 '360 420

Figure 6.4

VPA concentration in simultaneously taken serum and CSF samples (mean±SD, n=6)

vs. time (log-linear scale) on post-recovery days 1, 3 and 5 in rats given VPA 100 mg/kg

daily for five days
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Table 6.2a

Pharmacokinetic data for sérum VPA with daily IP administration of VPA 50 mg/kg
body weight

Rat Tmax Cmax AUC tl/2
No (hr) (^mol/L) (/imol/L/hr) (hr)

Day Day Day Day
1 3 5 1 3 5 1 3 5 1 3 5

1 0.08 0.25 0.25 308.4 874.5 841.3 393.9 701.9 1075.2 0.9 0.6 0.9

2 0.17 0.25 0.25 401.1 775.8 904.4 227.4 847.2 1269.1 0.4 0.8 1.0

3 0.17 0.17 0.17 338.0 445.9 581.3 553.1 334.8 641.5 1.0 0.5 0.8

4 0.17 0.17 0.08 319.5 608.7 902.6 347.9 485.5 859.5 0.8 0.6 0.7

5 0.50 0.25 0.25 604.8 627.9 738.3 414.4 445.2 572.8 0.5 0.3 0.5

Mean 0.22 0.22 0.20 394.4 666.5 793.6 387.3 562.9 883.6* 0.7 0.6*’ 0.8'
SD 0.16 0.04 0.08 123.0 164.8 136.5 117.7 207.4 292.0 0.3 0.2 0.2

CV,% 74 20 38 31 25 17 30 37 33 38 30 26

‘ /7<0.001, ” /><0.005, '/?<0.05 compared to Day 1
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Table 6.2b

Pharmacokinetic data for serum VPA with daily IP administration of VPA 100 mg/kg
body weight

Rat
No

Tmax
(hr)

Cmax
(/imol/L)

AUC
(/imol/L/hr)

tl/2
(hr)

1
Day
3 5 1

Day
3 5 1

Day
3 5 1

Day
3 5

1 0.08 0.17 0.17 1357.4 1771.9 1992.2 1001.2 1467.3 1857.5 0.5 0.6 0.7

2 0.17 0.17 0.17 1462.3 1926.0 2013.6 1449.6 1646.9 2003.8 0.7 0.6 0.7

3 0.25 1.00 0.25 1157.2 1193.9 1343.0 958.9 2326.8 3315.4 0.6 1.4 1.6

4 0.25 0.17 0.25 1029.2 1150.0 1577.0 2787.7 2787.7 2562.5 0.9 1.7 1.1

5 0.25 0.50 0.25 1269.5 1754.7 1454.9 1062.8 2833.4 2832.2 0.6 1.1 1.4

6 0.17 0.17 0.25 1263.4 1879.3 2113.6 1293.2 1448.2 1964.2 0.7 0.5 0.7

Mean
SD

0.20
0.07

0.36
0.34

0.22
0.04

1256.5
151.2

1612.6'
347.6

1749.1"
329.5

1175.9
195.9

2085.5"
646.7

2422.6*
581.3

0.7
0.1

1.0
0.5

1.0
0.4

CV,% 35 93 19 12 22 19 17 31 24 20 50 41

•/)<0.001,  ̂p<0.01, 'p < 0 .0 5  compared to Day 1
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6.4.1.2 CSF pharmacokinetics

In Figures 6.3 and 6.4 are shown the CSF concentration of VPA vs. time, on a log-linear 

scale, after administration of 50 and 100 mg/kg of VPA respectively. The time course was 

very similar to the serum concentration of VPA vs. time course, with the first peak occurring 

at similar times, a linear decline and a second small peak at 3 hours with the 50mg/kg dose 

and 4.5 hours with the 100 mg/kg dose. The mean VPA concentrations of the first peak were 

153.0 ±92.9 and 571.7 ±53.2 /xmol/L, respectively. The second peak occurred at very low 

VPA levels (near the detection limit) and was thus not detected in all rats.

Pharmacokinetic parameters for the two doses in individual rats are shown in Tables 6.3a and 

6.3b. Values for individual parameters varied considerably (CVs 18% to 80%) but the 

variability was, as in serum, lower with the higher dose (average CV 38% with VPA 50 

mg/kg and 27% with VPA 100 mg/kg). As in serum, mean Cmax and AUC increased 

disproportionately (both about four fold) between the doses (p<0.0001)but the tl/2  remained 

similar.

6.4.2 Chronic studies (post-recovery days 1 to 5)

6.4.2.1 Serum pharmacokinetics

In Figures 6.3 and 6.4 are shown the serum concentration of VPA vs. time, on a log-linear 

scale, on also days 3 and 5, after administration of 50 and 100 mg/kg of VPA respectively 

on days 1 to 5. The mean VPA concentrations rose rapidly to peak at similar times as on 

day 1 (except with the 100 mg/kg dose on day 3, where the peak in one rat occurred 1 hour 

after drug administration, thus affecting the overall mean. Appendix 16). Although the 

elimination curves followed generally a similar pattern on days 3 and 5 the second peak was
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Table 6.3a

Pharmacokinetic data for CSF VPA with daily IP administration of VPA 50 mg/kg body
weight

Rat Tmax Cmax AUC tl/2
No (hr) (/imol/L) (/imol/L/hr) (hr)

Day Day Day Day
1 3 5 1 3 5 1 3 5 1 3 5

1 0.08 0.25 0.25 197.5 724.6 662.4 139.4 420.9 607.3 0.5 0.4 0.6

2 0.17 0.17 0.20 158.8 531.8 533.5 148.0 378.0 596.0 0.6 0.5 0.8

3 0.17 0.17 0.17 153.8 426.2 328.1 110.0 119.5 276.0 0.5 0.2 0.6

4 0.25 0.17 0.25 153.3 525.7 624.2 154.5 176.6 519.1 0.7 0.3 0.6

5 0.50 0.50 0.25 324.9 283.2 530.5 211.3 199.7 345.2 0.5 0.5 0.5

Mean 0.23 0.25 0.22 197.7 498.3= 535.7* 152.6 258.9 468.7" 0.6 0.4“ 0.7
SD 0.16 0.14 0.04 73.5 161.7 129.4 36.9 132.4 150.3 0.1 0.1 0.1

CV,% 69 57 17 37 32 24 24 51 32 21 35 19

•;?< 0.001, ‘’p <  0.005, "p<0.01, ‘*/?<0.05 compared to Day 1
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Table 6.3b

Pharmacokinetic data for CSF VPA with daily IP administration of VPA 100 mg/kg
body weight

Rat Tmax Cmax AUC tl/2
No (hr) (/tmol/L) (/tmol/L/hr) (hr)

Day Day Day Day

1 3 5 1 3 5 1 3 5 1 3 5

1 0.08 0.08 0.17 902.1 1180.7 1667.4 489.9 798.3 1070.7 0.4 0.5 0.4

2 0.17 0.08 0.25 845.9 1230.7 1663.0 670.9 718.6 1109.5 0.5 0.4 0.5

3 0.25 0.25 0.25 588.2 648.5 1013.0 467.3 970.7 1591.3 0.6 1.0 1.1

4 0.25 0.25 0.17 1126.8 909.2 1003.8 468.1 985.8 1378.1 0.3 0.8 1.0

5 0.25 0.50 0.25 823.4 1158.5 1094.9 650.4 1436.9 1727.0 0.5 0.9 1.1

6 0.08 0.08 0.25 745.9 1197.4 1692.3 646.4 708.6 1156.5 0.6 0.4 0.5

Mean 0.18 0.21 0.22 840.2 1054.2 1357.4»’ 565.53 936.5»’ 1338.9* 0.5 0.7 0.8
SD 0.08 0.17 0.04 178.0 229.9 352.3 99.77 273.0 273.4 0.1 0.3 0.3

CV,% 46 80 19 21 22 26 18 29 20 24 41 43

• p <0.001, *’/7<0.01, compared to day 1
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not observed with the 100 mg dose on days 3 and 5 although in individual rats (Appendix 

15) it was noted. The second peak was variable both in time post-dose (about 3.5 to 5 hours) 

and appearance. The mean VPA concentrations in the first peak increased about 1.5 times 

between days 1 and 5 with both doses. The mean concentration of the second peak was 

similar on all three the sampling days with the 50 mg/kg dose and was similar to that with 

the 100 mg dose on day 1. At 6 hours post-dose, VPA was still detected in serum in modest 

amounts with both doses (44.2 /xmol/L, in one rat, and 26.5 ±27.1 jumol with the 50 mg/kg 

dose and 43.0 ±23.0 /xmol/L and 56.8 ±18.0 /xmol/L with the 100 mg/kg dose on days 3 

and 5, respectively.

Pharmacokinetic parameters with the two doses in individual rats are shown in Tables 6.2a 

and 6.2b. The between-subject variability for the parameters was considerable (CVs 12 to 

93%) but did not seem to be related to the duration of administration but was lower with the 

lower dose (average 37% with VPA 50 mg/kg and 30% with VPA 100 mg/kg). The 

pharmacokinetic constants were both dose and duration of dosage-dependent. In rats on VPA 

50 mg/kg the drug had no effect on Tmax, but Cmax and AUC approximately doubled 

between days 1 and 5 (p < 0.005 and p < 0.001, respectively). The tl/2  remained unchanged. 

With the 100 mg dose Tmax also remained unchanged, Cmax increased about 1.5 fold 

(p<0.01) and AUC doubled (p < 0.001). On comparing the doses, on day 5 Cmax increased 

two fold and AUC three fold (p < 0.001) but tl/2  did not change.

6.4.1.2 CSF pharmacokinetics

In Figures 6.3 and 6.4 are shown the CSF concentration of VPA vs. time, on a log-linear 

scale after chronic administration of 50 and 100 mg/kg of VPA. The pattern was similar to
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that in serum, the second peak being mainly absent with the higher dose although in some 

individual rats it was noted (Appendix 16). However, 3 hours post-dose the CSF 

concentrations of VPA were generally low, at or below the limit of detection by the VPA 

assay. The mean first peak CSF concentration of VPA doubled with the 50 mg dose and 

increased about 1.5 fold with the 100 mg dose between days 1 and 5.

Pharmacokinetic parameters for the two doses in individual rats are shown in Tables 6.3a and 

6.3b. Values for individual parameters varied considerably but the variability was similar to 

that in serum (CVs 18 to 81%) and did not seem to be related to the duration of drug 

administration or the dosage (average CV 33% with the 50 mg/kg dose and 35% with the 

100 mg/kg dose). The pharmacokinetic constants depended, as in serum on the dose and 

duration of dosing. Chronic administration of the 50 mg/kg dose had no effect on Tmax or 

tl/2  (except for a temporary small decrease on day 3) but Cmax and AUC increased about 

3 fold between days 1 and 5 (p < 0.001 and /?<0.005, respectively). With the 100 mg dose 

Cmax and tl/2  increased about 1.5 fold, although only Cmax statistically significantly 

(p<0.01) and AUC nearly three fold between days 1 and 5 (;?<0.001). On comparing the 

doses the tl/2  were similar but Cmax and AUC nearly three times larger with the 100 mg 

dose than the 50 mg/kg dose on day 5 (p < 0.001 and p < 0.0001, respectively).

At times 0 on days 3 and 5 no VPA was detected in serum or CSF.

6.4.1.3 Ratios of CSF-VPA and serum VPA concentrations

In Figure 6.5 are shown the ratios for VPA concentrations in CSF and serum vs. time at the 

two doses, on days 1, 3 and 5. On all three days the ratio peaked at 15 minutes or earlier
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post-drug administration. Thereafter, the ratios decrease sharply for about 3 to 4 hours after 

which they continued to decrease slowly on the 50 mg dose and remained unchanged on the 

100 mg dose. Thus, equilibration of VPA between CSF and serum was only reached with 

the higher dose.

Figure 6.5 also illustrates the differences in the ratio values with the different doses and 

therefore serum concentration of VPA. At the peak of the ratio vs. time curve the mean 

values were 0.60 on day 1, 0.64 on day 3 and 0.59 on day 5 with the 50 mg dose and 0.63 

on day 1, 0.66 on day 3 and 0.71 on day 5 (p<0.05 between the dose groups on day 5) with 

the 100 mg dose. At six hours post-dose the mean ratios were 0 to 0.10, 0 to 0.12 and 0 to 

0.10 with the 50 mg dose on days 1, 3 and 5 respectively, and nearly double, at 0.16, 0.19 

and 0.19 on days 1, 3 and 5 (p<0.05 between dose groups on all three days) respectively 

with the 100 mg dose.

On comparing the total serum and CSF concentrations of VPA after pooling all the data, thus 

irrespective of the dose or time of sampling, a positive correlation was obtained (r=0.981, 

p < 0.0001) (Figure 6.6). However, on subgrouping the serum VPA concentrations into low, 

moderate and high and comparting with corresponding CSF concentrations of VPA, no 

correlation was noted at serum drug levels below about 100 /xmol/L (r=0.099, p  0.56, 

n=31), at 100 to 200 /xmol/L a positive correlation was obtained (r=0.94, /?< 0.005, n=  15) 

and strengthened at serum VPA concentrations from 200 to 1600 /xmol/L (r =0.97, 

/?< 0.0001, n=22). This outcome indicates that the relationship between VPA concentrations 

in CSF and serum is non-linear.

189



1 4 0 0

1 2 0 0

10 0 0

I
a 8 0  0  
o

JÊ»

Î
s
I  6 0 0
U

Î
te 4 0 0
U

•  • •  #

•#

> • »
• s2 0 0

) 2 0 0 10 0  0  120 0  1400 16004 0 0  6 0 0  8 0 0

Serum VPA concentration ^moI/L

Figure 6.6

Comparison of the serum and CSF VPA concentrations irrespective of the dose or time 

of sampling.

y = 0.7197X - 100.089, r = 0.981, /7< 0.0001, no = 68, for VPA concentrations 0 to 1600 /iinol/L.

y = 0.0314x + 12.456, r = 0.099, p = 0.560, no = 41, for VPA concentrations 0 to 200 /imol/L

y = 0.4286X - 20.280, r = 0.940, p<0.011 , no = 15, for VPA concentrations 100 to 200 /imol/L

y = 0.7197X - 100.089, r = 0.973, p< 0.000, no = 22, for VPA concentrations 200 to 1600 /xmol/L 
(also see text)
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6.5 Discussion

6.5.1 Serum VPA pharmacokinetics

The serum concentration of VPA vs. time course was similar to those noted previously in 

rats, although the second peak in this study appeared earlier (Dickinson et al, 1979; Loscher 

et al, 1989; Liu et al, 1993). The second peak is likely to be due to enterohepatic 

recirculation of VPA deconjugated in the gut (Dickinson et al, 1979; Loscher et al, 1989b; 

Liu et al, 1993) but has not been observed in man (Levy and Shen, 1989), rabbit (Bourrin 

et al, 1991) or guinea pig (Yu et al, 1987; Yu and Shen, 1991).

The pharmacokinetic parameters were dependent on dose and duration of dosage, especially 

Cmax and AUC. On 100 mg/kg the Cmax and AUC were nearly similar on days 3 and 5 

suggesting steady state. The 100 mg dose resulted in a "therapeutic drug level" and reached 

the steady state within the experimental time interval, which was expected (Levy and Shen 

1989).

VPA metabolism is mainly a function of the free fraction and the activity of metabolising 

enzymes (Levy and Shen, 1989). Protein binding decreases with increasing levels, leading 

to increased availability, clearance and metabolism of the free fraction. This results in a 

curvilinear relationship between free and total concentrations of VPA even at ’therapeutic’ 

dosages (Levy and Shen, 1989; Dean and penry, 1992). The free fraction is oxidised and 

conjugated in the liver. Whilst the former mechanism is saturable, the latter is not (Baillie 

and Rettenmeier, 1989, Koch et al, 1989a; Koch et al, 1989b). Therefore, the conjugation 

rate increases with increasing dosage, concentrations and chronic therapy (Baillie and 

Rettenmeier, 1989; Dean and Penry, 1992) but cannot eventually compensate for the relative
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decrease in oxidation at which stage accumulation of the drug occurs (Liu et al, 1993). 

Thus, depending on the plasma concentrations, both increased and decreased clearance of the 

drug may be noted. In this study, the disproportionate increases in the peak concentrations 

and AUC between the 50 and 100 mg VPA doses suggests dose dependant enzyme saturation 

kinetics. Similar conclusions were made in a detailed study on VPA pharmacokinetics (Yu 

et al, 1987).

In rats there is not only significant recirculation of deconjugated VPA but the resulting peak 

in serum occurs whilst the drug levels are overall declining (Loscher et al, 1989; Liu et al, 

1990; Liu et al, 1993). Further, as demonstrated in this study and also by others (Liu et al, 

1993) the recirculating peaks increased relatively little with increasing initial concentrations 

and dosage. The reason may be a combination of increased amounts of VPA in serum by 

recirculation and decreasing availability of protein binding sites which will enhance hepatic 

clearance of the free fraction by conjugation.

6.5.2 Comparison between serum and CSF VPA pharmacokinetics

VPA penetrates the brain and CSF rapidly and the decline in both parallels that in blood 

(Levy and Shen, 1989). However reports on the correlation between CSF and plasma VPA 

concentrations is contradictory. Thus, the total and free levels plasma levels have been 

reported as correlating well with those in CSF, the free serum levels being similar to those 

in CSF (Levy and Shen, 1989). Others have noted lower levels (Loscher et al, 1988) and 

suggested a saturable mechanism because of disproportionately reduced entry into CSF (Frey 

and Loscher, 1978) and brain ( Semmes and Shen, 1991) at high blood VPA concentrations. 

However, an increase in the CSF/serum concentration with increased serum levels has also
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been observed (Cornford et al, 1985). Further, whilst it is usually assumed that the CSF 

VPA originates from the free plasma fraction, a fixed amount of about 15 % of CSF VPA 

has been found to be derived from the serum protein-bound VPA, through an unknown 

mechanism (Cornford et al, 1985). VPA does not appear to concentrate in the brain (Loscher 

et al, 1989) except, surprisingly, in the olfactory bulbs (Hoeppner, 1990). The decline from 

the CNS occurs by a different mechanism from that the entry, with faster efflux than influx 

(Cornford et al, 1985, Semmes and Shen, 1989).

In this study the rapid CSF penetration of VPA, early peak and rapid decline, paralleling 

concentration changes in serum confirm previous reports (Hariton et al, 1984; Levy and 

Shen, 1989). Three further significant observations were noted:

(i) A positive correlation between CSF and total serum VPA concentrations was noted only 

at blood levels above 100 ^mol/L. The correlation was stronger and the regression line 

steeper at levels above 200 /xmol/L. The latter may have been because of increasing 

availability of the free fraction (see below). The lack of correlation of CSF/serum VPA ratios 

at low serum concentrations may be related to limitations of the technical assay at low VPA 

levels and high serum protein binding.

(ii) VPA is highly protein bound and even at total serum VPA levels comparable to the 

highest one obtained in this study the free levels could be expected to represent only about 

30% of the total concentration (Levy and Shen, 1989). However, the consistently high 

CSF/total serum ratios at peak serum VPA concentrations (about 0.66) suggested either much 

lower VPA protein binding or transport of larger amounts of protein-bound VPA into the
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CSF than suggested before (Cornford et al, 1985). Since with serial blood sampling in this 

rat model serum albumin decreased by about 10% on day 5, increased availability of the free 

fraction is a possibility but unlikely as the ratios on day 5 and day 1 were similar. Therefore, 

the results suggest that significant amounts of VPA in CSF is derived from the protein-bound 

fraction in serum.

(iii) The steep initial decrease in the CSF/serum VPA ratios before equilibration suggested 

a much faster clearance of VPA in CSF than serum. This has been previously suggested 

(Levy and Shen, 1989). With the lower VPA dose equilibration was not reached, while with 

the higher dose it was reached about 3 hours after drug administration when the serum VPA 

concentrations were similar to those with the lower dose at the peak. Thus, the ratios 

depended not only on the absolute concentrations of VPA in serum but also on the time of 

sampling after drug administration, the dose and the state of equilibration. Therefore, 

although overall lower CSF/total plasma VPA ratios were noted in previous studies, the 

samples had been obtained at the steady state or equilibrium (Takeda et al, 1976, Vajda et 

al, 1981, Monaco et al, 1981; Nau and Loscher, 1984; Levy and Shen, 1989) and were 

similar to those obtained at equilibrium in this study. The importance of relating CNS/plasma 

VPA ratios to the time of sampling has, however, been stressed (Semmes and Shen, 1991).

6.5.3 Parameter variability and other considerations

There is six to eight-fold variability in the serum VPA concentrations at a given daily dose 

because of variable clearance (Levy and Shen, 1989). The between-subject variability in this 

study was generally more modest and similar between the doses except on day 1 when the 

variability was larger with the 50 mg dose. The reason for the latter was unclear. The
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enterohepatic recirculation peak was not observed with sera from all rats. However, if only 

the mean VPA concentrations had been examined, it would have been missed with the 100 

mg/kg dose. An observation in this study briefly noted in the methods section (Page 171) and 

which may deserve fuller study was the behaviour of the rats after drug injection. With the 

50 mg dose no apparent changes in behaviour were noted. With the 100 mg dose the rats 

consistently became agitated for a variable period of up to about 15 minutes and then drowsy 

for about half hour. The 200 mg dose was discontinued because of the severity of these side- 

effects. The CSF drug levels had followed a similar pattern to those described above, the 

initial levels were about 50 to 80% of those in serum and above 2000 /xmol/L.

6.5.4 Conclusion

The results of this study showed that:

(i) The CSF concentration vs. time paralleled those in blood but the efflux was much

faster in the early hours after drug administration. Equilibrium was only reached with 

a dose leading to ’therapeutic’ levels of VPA in patients and about three hours after 

drug injection.

(ii) VPA in CSF may include significant amounts of the protein bound fraction.

(iii) Thus, VPA levels in CSF do not necessarily reflect total or free serum VPA levels

and need to be interpreted in conjunction with the dose and time of sampling.
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CHAPTER 7 GENERAL DISCUSSION

In order for the optimal therapeutic potential of a drug to be achieved, it is essential to devise 

a rational dosing regime based on it’s pharmacokinetics. Pharmacokinetic considerations are 

important both for deciding the initial dosage and therapeutic drug monitoring which is 

performed routinely for a number of drugs including antiepileptics. The amount of the drug 

to be given is based on expected or follow-up serum/plasma levels of the drug. For centrally 

acting drugs such as antiepileptics it is assumed that the total serum/plasma concentrations 

reflect the levels in the CNS. Thus, total PHT in serum is assumed to relate to the total level 

in the brain and the free serum level to that in the CSF (Goldberg and Crandall, 1972; Tozer 

and Winter, 1980; Woodbury, 1989). However, most of the studies on which these 

assumptions are based have been carried on accumulated single sample time points both in 

animals and humans (Reynolds et al, 1972; Houghton et al, 1974; Koren et al, 1983; Brodie 

et al, 1985; Friel et al, 1989) or, usually in animals, from serial samples of blood or CSF, 

but rarely both (Frey and Loscher, 11978; Loscher and Frey, 1984; Ramzan and Levy, 1989; 

Secchi et al, 1989). Therefore, more data on central and peripheral pharmacokinetics of PHT 

and VPA in individual subjects is required in order to establish the relationship between 

central and peripheral pharmacokinetics of antiepileptics.

In this thesis an rat model for serial, simultaneous sampling of blood and CSF was developed 

by implanting in-dwelling cannulas into the external jugular vein and cysterna magna in the 

same animal. Since metabolism is altered by stress and disease, particular attention was made 

in developing and validating the model for the effects of the cannulas and sampling on the 

well-being of the rats. The results showed that with the best alternative the patency rates of
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both cannulas allowed simultaneous, serial sampling in more than 60% of the animals over 

at least five post-recovery days. As judged from their behaviour pattern, weight gain and 

laboratory variables measured, the recovery after surgery was complete. During the post

recovery period the weight gains were more than in control rats, again suggesting that the 

rats were well. Serial blood sampling caused slight haemodilution as could be expected, but 

to a lesser degree than in a previous similar study due to smaller sample volumes for analysis 

(Patsalos et al, 1992). There was minor acute-phase reaction, particularly in the presence of 

CSF cannulas. The reduction in serum albumin was minor and was Judged not to seriously 

influence the pharmacokinetics of PHT and VPA. This was vindicated by the constant ratio 

of free/total PHT in serum PHT irrespective of the time of sampling and the constancy of 

the % free serum PHT compared with the albumin concentration.

The serum concentration vs. time and the values of pharmacokinetic parameters with 

different dosages and over time were comparable to those in published reports (Ramzan and 

Levy, 1989; Schrewsbury et al, 1989; Tekle and Al-Khamis, 1990; Walton and Treiman, 

1990; De Vane et al, 1991). With both drugs, peak concentrations were quickly reached and 

with VPA a second peak, presumably due to enterohepatic recirculation, was observed. The 

serum PHT and VPA pharmacokinetics were non-linear with the dose and duration of dosage 

(cf. Schrewsbury et al, 1987, Shrewsbury et al, 1989). With PHT, there was a 

disproportionate increase in Cmax, AUC and tl/2  with dose, most likely to be due to 

saturation of metabolising enzymes and inhibition of these enzymes by the PHT metabolite, 

4-hydroxyphenyl-5-phenylhydantoin (Vicuna et al, 1980). With VPA increasing dosage leads 

to relatively less protein binding, increased clearance of the free drug and thus 

disproportionately low increases in serum VPA concentration and AUC, although eventually

197



enzyme saturation also occurred (cf. Yu et al, 1987; Liu et al, 1990, Liu et al, 1993). With 

the doses used Cmax and AUC increased disproportionately suggesting that accumulation of 

the drug, because of saturation o f enzymes, had occurred.

A major finding in this thesis was that the CSF levels did not reflect total serum drug 

concentrations except in steady state. With PHT, equilibrium was reached only on high, 

"therapeutic" and repeated doses, while steady state or VPA equilibrium was reached on 

"therapeutic" doses already on day 1 of drug administration.

With PHT there was a slower appearance and decline of the peak in CSF than in serum. This 

differs from previous observations where the time course in the two compartments was 

similar or the CSF peak appeared faster than in this study (Ramzan and Levy, 1989; 

Woodbury, 1989). Further, the results suggest a concentration- dependent and rate limiting 

transport of PHT across the blood-brain barrier, with disproportionately high increases in the 

CSF concentration between low and moderate PHT doses and disproportionately low 

increases in the CSF concentration on increasing the dose further. The free to total serum 

PHT ratios did not change with the dose and total serum PHT concentration and CSF/total 

serum PHT concentrations varied substantially (0.15 to 2.5). This result suggests that larger 

amounts of protein-bound drug reach the CSF than has been previously assumed (Loscher 

and Frey, 1984; Geary et al, 1987) and confirm that CSF levels do not necessarily reflect 

total (or free) serum PHT concentrations (Leppik, 1992).

With VPA the serum and CSF concentrations peaked within minutes of drug administration 

but the decline in the CSF was initially faster than in serum. This has been noted before
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(Cornford et al, 1985; Semmes and Shen, 1989). Unlike the situation for PHT, the VPA 

peak in CSF was consistently more than half those in serum. There was no apparent 

concentration-dependent barrier to the transport of VPA into the CSF as has been suggested 

(Frey and Loscher, 1978; Semmes and Shen, 1991) since the levels increased proportionally 

to the serum concentration. The protein binding decreases with increasing total concentrations 

and at the highest serum VPA levels observed in this study about 30% should have been free 

(Levy and Shen, 1989). However, on average, the CSF levels were about 70% of those in 

serum. Thus, as for PHT, significant amounts of VPA in CSF are likely to have been derived 

from the protein-bound fraction and considerably more than the 15% previously noted 

(Cornford et al, 1985). The high VPA concentrations in CSF were reflected in the behaviour 

of the rats, where the severity and timing of their agitation coincided with peak 

concentrations of VPA in CSF.

The model used in the study is not applicable to humans because of the need for the presence 

on an in-dwelling CSF cannula. However, recent studies have shown that results from serum 

drug pharmacokinetic data in rats can be extrapolated to humans e.g. for PHT (Sawada et 

al, 1985a,; Sawada et al, 1985b) and VPA (Chiou and Hsu, 1988). This may also be true 

for CSF. Further, the model may be improved with the introduction of microdialysis probes, 

simultaneously comparing drug levels and pharmacokinetics in blood, CSF and interstitial 

fluid in specific regions in the brain. Since micromethods are available for measuring 

interstitial fluid and CSF neurotransmitters and other substances (Sarna et al, 1983, Hudson 

et al, 1985) the model may be extended to examining the localisation of the site and 

mechanism of action of antiepileptic drugs.
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Appendix 1

Cannula patency rate of Norwegian-Hooded rats

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
(blood cannula, (CSF cannula (blood and CSF (blood cannula (CSF cannula (blood and CSF
spot sampling) spot sampling) cannula, 

spot sampling)
serial sampling) serial sampling) cannula, 

saôai sampfii^

No No No No No No

Alive pre-op. 30 10 6 15 10 10
Alive post-op.* 14 8 3 7 4 6
Alive post-recovery
Day 1 4 1 2 4 3 3
Cannula patent:

(a) (b) (c) (a) (b) (c)
Post-recovery
Day 1 3 1 2 0 0 3 2 3 0 0
Day 3 3 1 1 1 0 3 2 2 0 0
Day 5 2 1 1 1 0 3 1 2 0 0

* immediately post-^rgery

(a) = both cannulas patent, (b) = blood cannula only patent, (c) = CSF cannula only patent
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Appendix 2

The weight and laboratory variables in Sprague-Dawley (A) and Norwegian-Hooded rats
(B) with blood cannulas and spot sampling, during surgery and on post-recovery days
1, 3 and 5 (Group 1). The results are expressed as mean (SD) if three or more.

During surgery* Post-recovery 
day 1

Post-recovery 
day 3

Post-recovery 
day 5

No. 25 19 15 13

Weight (g) 296.9 (23.8) 307.8 (22.0) 329.4 (22.6) 319.612.9 (21.6)

PCV (%) 0.42 (0.03) 0.40 (0.03) 0.42 (0.02) 0.42 (0.02)

Na (mmol/1) 141.0 (3.1) 140.9 (3.5) 141.9(2.4) 141.0 (2.5)

K (mmol/1) 5.2 (0.3) 4.3 (0.3) 4.5 (0.3) 4.4 (0.3)

Urea (mmol/1) 5.1 (0.4) 5.1 (0.4) 4.9 (0.4) 5.1 (0.4)

Glucose (mmol/1) 11.3 (1.0) 9.2 (0.8) 9.4 (0.7) 9.3 (0.7)

Creatinine (umol/1) 55.2 (6.9) 53.3 (5.9) 54.3 (5.9) 53.7 (7.4)

Total Protein (g/1) 54.4 (2.5) 54.1 (2.3) 55.0 (2.8) 54.2 (2.4)
Albumin (g/1) 40.2 (3.3) 39.6 (2.8) 40.7 (3.6) 40.1 (2.9)

ALT (IU/1) 57.7 (7.6) 59.4 (7.6) 60.4 (7.4) 59.2 (7.5)
ALP (IU/1) 300.8 (28.9) 302.2 (33.1) 305.7 (30.5) 300.2 (32.5)
Globulin (TP-ALB) 14.2 (4.2) 14.4 (3.6) 14.9 (4.7) 14.2(4.1)

Ca (mmol/1) 2.44 (0.06) 2.44 (0.08) 2.44 (0.07) 2.43 (0.07)

PO  ̂ (mmol/1) 2.06 (0.31) 1.39 (0.13) 1.36(0.12) 1.41 (0.12)

B

During surgery* Post-recovery 
day 1

Post-recovery 
day 3

Post-recovery 
day 5

No. 4 3 3 2

Weight (g) 286.7 (13.9) 291.0 (13.4) 300.3 (12.2) 307. 311
PCV (%) 0.44 (0.002) 0.44 (0.002) 0.45 (0.02) 0.44. 0.44

Na (mmol/1) 144.0 (2.2) 143.3 (2.9) 143.0(1.7) 143. 144

K (mmol/1) 5.3 (0.3) 4.1 (0.2) 4.2 (0.1) 4.2, 4.1

Urea (mmol/1) 5.5 (0.3) 5.3 (0.2) 5.1 (0.2) 5.2. 5.3

Glucose (mmol/1) 12.0 (1.0) 8.8 (0.5) 8.6 (0.4) 9.2. 9.4

Creatinine (umol/1) 54.5 (6.4) 55.7 (4.0) 53.3 (9.3) 54.6. 58.3
Total Protein (g/1) 60.8 (4.9) 58.0 (4.4) 58.6(6.1) 65. 60

Albumin (g/1) 39.8 (1.3) 40.3 (1.5) 38.0 (2.0) 37. 39

ALT (IU/1) 63.5 (7.0) 64.7 (7.4) 66.3 (3.1) 64, 67

ALP (IU/1) 276.3 (16.7) 281.7 (29.5) 279.7 (27.9) 289. 267
Globulin (TP-ALB) 21.0 (4.2) 17.7 (5.5) 20.0 (7.9) 28. 21

Ca (mmol/1) 2.48 (0.05) 2.47 (0.03) 2.42 (0.03) 2.44. 2.39

P0„ (mmol/1) 2.25 (0.18) 1.62 (0.16) 1.55 (0.13) 1.56,1.43

♦ the weight was measured just before surgery
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Appendix 3

The weight cha^e in Sprague-Dawley and Norwegian-Hooded rat with CSF cannulas
and with spot (w oup 2) and serial sampling on post-recovery days 1, 3 and 5 (Group
5). The results are expressed as the mean (SD) if three or more.

Sprague-Dawley Rats

Pre-operatively

Day 0 Day 1

Post-recovery

Day 3 Day 5

Group 2 no = 17 no = 10 no=8 no=6

Weight (gm) 299.0(14.0) 301.2(13.2) 309.3(10.6) 319.8(10.0)

Group 5 no=15 no = 10 no=10 no=8

Weight (g) 294.5(20.5) 297.3(19) 304.5(19.5) 3 12.5(16.4)

Norwegian-Hooded rats

Pre-operatively Post-recovery

Day 0 Day 1 Day 3 Day 5

Group 2 no=8 1 1 1

Weight (g) 285(16) 288 297 307

Group 6 no=4 no=2 no=2 no=l

Weight (g) 279(21) 280, 293 288, 295 303, 305
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Appendix 4

The laboratory variables in Sprague-Dawley and Norwegian-Hooded rats with CSF 
cannulas and spot (Group 2) and serial sampling (Group 5) on day 5. The results are 
expresed as mean(SD) if three or more

Soraeue-Dawlev Norwegian-Hooded

GrouD 2 Grouo 6 GrouD 2 Grouo 6

No. 6 8 1 1

PCV (%) 0.43 (0.14) 0.42 (0.09) 0.42 0.42

Na (mmol/1) 142.5 (1.9) 141.7 (3.8) 143 146

K (mmol/1) 5.3 (0.3) 5.8 (0.3) 4.7 5.7

Urea (mmol/1) 5.1 (0.5) 5.2 (0.3) 5.6 5.1

Glucose (mmol/1) 11.0(0.8) 10.5 (0.7) 9.2 12.3

Creatinine (umol/1) 61.5 (7.7) 51.8(5.9) 53.0 46

Total Protein (e/1) 56.2 (4.4) 57.0 (2.6) 56.0 53

Albumin (e/1) 36.0 (2.3) 36.5 (1.87) 38.0 38

ALT (IU/1) 59.2 (5.0) 60.2 (5.0) 60.0 51

ALP (IU/1) 293.5 (12.3) 288.3 (21.8) 264.0 314

Globulin (TP-ALB) 20.2 (3.5) 20.5 (3.4) 18.0 15

Ca (mmol/1) 2.23 (0.03) 2.38 (0.10) 2.34 2.23
PO  ̂ (mmol/1) 2.15(0.21) 2.11 (0.11) 1.72 2.09
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Appendix 5

The weight and laboratory varibles in Sprague-Dawley (A) and Norwegian-Hooded rats 
(B) with blood and CSF cannulas, dunng surgery and on post-recovery days 1, 3 and 
5 (Group 3). The results are expresed as mean(SD) if three of more.

During surgery* Post-recovery 
day 1

Post-recovery 
dav 3

Post-recovery 
dav 5

No. 19 10 8 7

Weight (g) 290.4 (20.9) 298.7 (20.2) 305.8 (20.4) 315.7 (16.6)

PCVf%) 0.42 (0.03) 0.42 (0.02) 0.41 (0.02) 0.42 (0.02)

Na ('mmol/n 140.9 (2.3) 141.2 (2.5) 141.5 (1.8) 141.6 (1.51)

K (mmol/n 5.2 (0.3) 4.3 (0.2) 4.3 (0.2) 4.3 (0.2)

Urea (mmoi/i) 5.5 (0.7) 5.4 (0.6) 5.9 (0.4) 5.7 (0.7)

Glucose (mmol/n 11.4 (1.3) 9.0 (0.9) 9.0 (0.5) 9.1 (0.4)

Creatinine (umol/1) 53.1 (5.9) 53.2 (7.5) 55.8 (8.5) 58.6 (7.0)

Total Protein (g/n 55.8 (2.9) 56.5 (3.5) 56.6(3.1) 56.4(2.8)

Albumin (g/n 39.2 (2.3) 39.0(2.1) 37.6(1.6) 36.3 (1.3)
ALT (lU/n 58.6 (9.2) 58.1 (8.3) 61.9 (10.0) 62.0 (9.1)

ALP (lu/n 303.1 (67.9) 393.7 (32.2) 291.3 (36.1) 294.6 (38.6)

Globulin (TP-ALB) 16.6 (3.0) 16.7 (3.3) 19.9 (4.3) 20.7 (4.4)

Ca (mmol/n 2.48 (0.08) 2.45 (0.10) 2.41 (0.09) 2.37 (0.08)

POj (mmol/n 2.05 (0.32) 1.44(0.10) 1.46 (0.09) 1.41 (0.07)

B

During surgery* Post-recovery 
dav 1

Post-recovery 
dav 3

Post-recovery 
dav 5

No. 3 2 1 1

Weight (g) 309.5 (9.2) 310. 297 315 321

PCV (%) 0.42 (0.01) 0.41. 0.41 0.40 0.39

Na (mmol/n 142.5 (0.7) 143. 144 143 142

K (mmol/n 5.8 (0.2) 4.8. 4.7 4.5 4.6

Urea (nunol/1) 5.5 (0.3) 5.7. 5.8 5.6 5.6

Glucose (mmol/n 11.7 (0.6) 9.7. 8.1 9.3 9.6

Creatinine (umol/1) 52.5 (4.9) 53. 50 50.0 52.0

Total Protein (g/1) 54.5 (2.1) 57. 58 59.0 59.0

Albumin (g/1) 39.0 (1.4) 37. 38 37.0 37.0

ALT (IU/1) 58.0 (4.2) 64. 55 57.0 57.0

ALP (IU/1) 297.5 (12.0) 301. 298 300.0 295.0

Globulin (TP-ALB) 15.5 (0.7) 20. 20 22 22

Ca (mmol/n 2.40 (0.03) 2.40. 2.39 2.36 2.38

PO., (mmol/1) 2.19(0.08) 1.43. 1.44 1.38 1.42

the weight was measured just before surgery
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Appendix 6

The weight and laboratory variables in Sprague-Dawley (A) and Norwegian-Hooded (B)
rats with blood cannulas and serial sampling, during surgery and on post-recovery days
1, 3 and 5 (Group 4). The results are expressed as mean(SD) if three or more

During surgery* Post-recovery 
dav 1

Post-recovery 
dav 3

Post-recovery 
dav 5

No. 29 24 22 20

Weight (g) 290.1 (18.7) 294.6 (16.5) 300.9 (16.3) 308.7 (16.5)

PCV (%) 0.43 (0.01) 0.43 (0.01) 0.40 (0.01) 0.37 (0.01)

Na (mmol/1) 141.6 (1.8) 142.5 (1.8) 142.7 (1.9) 143.4 (1.5)

K (mmol/1) 5.1 (0.3) 4.2 (0.1) 4.1 (0.2) 4.0 (0.2)

Urea (mmol/1) 5.5 (0.6) 5.5 (0.6) 5.5 (0.6) 5.5 (0.6)

Glucose (mmol/1) 11.1 (1.0) 8.5 (0.6) 8.4 (0.7) 8.4 (0.5)

Creatinine (wmol/1) 55.2 (7.7) 55.0 (8.4) 56.4 (7.6) 57.5 (7.8)

Total Protein (g/1) 57.9 (2.7) 58.1 (3.5) 55.0 (4.2) 53.5 (3.9)

Albumin (g/1) 39.0 (2.3) 39.0 (2.3) 36.7 (2.3) 35.8 (2.0)

ALT (IU/1) 59.9(8.1) 60.6 (8.3) 59.3 (8.8) 59.1 (9.0)

ALP (IU/1) 291.9 (29.5) 299.5 (33.6) 292.8 (28.7) 287.2 (31.4)

Globulin (TP-ALB) 18.9 (2.0) 19.2 (3.2) 18.3 (3.6) 17.7 (3.8)

Ca (mmol/1) 2.43 (0.09) 2.41 (0.03) 2.39 (0.03) 2.36 (0.03)

POd (mmol/1) 2.12(0.14) 1.49 (0.23) 1.43 (0.10) 1.45(0.16)

B

During surgery* Post-recovery 
dav 1

Post-recovery 
dav 3

Post-recovery 
dav 5

No. 7 4 2 2

Weight (g) 292.4(27.5) 299.0 (29.2) 295. 312 299. 317

PCV (%) 0.43(0.01) 0.43 (0.02) 0.40. 0.38 0.37. 0.35

Na (mmol/1) 143.4(1.1) 143.3 (1.0) 143. 144 145. 144

K (mmol/1) 5.5 (0.4) 4.1 (0.3) 4.2. 4.1 4.2. 4.4

Urea (mmol/1) 5.8 (0.6) 5.4 (0.6) 5.9. 5.7 6.1. 5.7

Glucose (mmol/1) 11.6(0.8) 8.9 (0.3) 8.4. 9.3 9.1. 9.5

Creatinine (umol/1) 56.0 (4.6) 56.0 (3.2) 58. 60 57. 62

Total Protein (g/1) 59.0 (5.2) 57.9 (2.2) 56. 55 53. 52

Albumin (g/1) 39.0 (2.0 38.3 (1.7) 35. 36. 32. 33

ALT (lU/1) 59.6 (6.7) 56.0 (7.1) 53. 61 57. 54

ALP (lU/1) 295.0 (18.3) 286.3 (12.3) 273. 280 287. 276

Globulin (TP-ALB) 18.3 (7.1) 19.7 (4.0) 21. 19 21. 19

Ca (mmol/1) 2.44 (0.03) 2.43 (0.04) 2.36. 2.31 2.32. 2.29

PO., (mmol/1)
2.09 (0.09) 1.46 (0.08) 1.51, 1.48 1.50, 1.51

* the weight was measured just before surgery
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Appendix 7

The weight and laborato^ variables in Sprague-Dawley (A) and Norwegian-Hooded 
rats (B) with blood and CSF cannulas and serial sampling, during surgery and on post
recovery days 1, 3 and 5 (Group 6). The results are expressed as the mean(SD) if three or 
more

During surgery* Post-recovery 
dav 1

Post-recovery 
dav 3

Post-recovery 
dav 5

No. 18 12 11 9

Weight fg) 282.7 (19.4) 285.9 (18.9) 295.8 (19.7) 305.6 (18.8)

PCV(%) 0.42 (0.02) 0.42 (0.02) 0.39 (0.03) 0.37 (0.02)

Na (mmol/1) 141.6 (2.2) 142.3 (2.0) 142.6 (1.9) 143.3 (1.6)

K (mmol/1) 5.5 (0.45) 4.2 (0.2) 4.1 (0.25) 4.2 (0.3)

Urea (mmol/1) 5.4 (0.6) 5.6 (0.63) 5.7 (0.6) 5.6 (0.6)

Glucose (mmol/1) 10.5 (0.7) 8.2 (0.6) 8.2 (0.7) 8.4 (0.7)

Creatinine (umol/l) 53.7 (5.3) 53.1 (6.0) 54.1 (7.3) 55.1 (7.3)
Total Protein (g/1) 56.8 (3.2) 57.0 (3.3) 55.2 (3.3) 55.0 (2.1)

Albumin (g/1) 39.2 (2.0) 39.3 (1.8) 32.7(1.1) 34.8 (1.9)

ALT (IU/1) 60.6 (8.6) 58.3 (7.9) 58.3 (9.1) 59.2 (9.5)

ALP (IU/1) 284.0 (27.8) 278.3 (26.6) 278.0 (26.6) 279.2 (25.0)
Globulin (TP-ALB) 18.3 (4.5) 17.8 (4.5) 17.5 (4.3) 20.2 (2.7)

Ca (mmol/1) 2.41 (0.07) 2.39 (0.82) 2.36 (0.39) 2.33 (0.09)

PO., (mmol/1) 2.06 (0.13) 1.40 (0.06) 1.41 (0.07) 1.40 (0.07)

B

During surgery* Post-recovery 
dav 1

Post-recovery 
dav 3

Post-recovery 
dav 5

No. 6 3 2 2

Weight (g) 272.3 (14.5) 276.0 (12.2) 285. 297 291. 302

PCV (%) 0.43 (0.03) 0.42 (0.02) 0.38. 0.39 0.36. 0.34

Na (mmol/1) 143.3 (0.9) 143.3 (1.3) 144. 143 144. 144

K (mmol/1) 5.6 (0.3) 4.4 (0.4) 4.6. 4.5 4.6. 4.6

Urea (mmol/1) 5.6 (0.3) 5.8 (0.6) 5.8. 5.9 5.7. 6.0

Glucose (mmol/1) 11.0(1.5) 8.2 (0.6) 8.8. 8.5 9.1. 8.7

Creatinine (umol/1) 54.7 (8.3) 55.3 (9.5) 52. 55 54. 50

Total Protein (g/1) 60.3 (3.1) 59.0 (1.7) 57. 59 56. 60

Albumin (g/1) 38.0 (2.0) 37.3 (1.5) 32. 34 30. 32

ALT (lU/1) 55.0 (6.0) 56.3 (5.5) 59. 52 58. 49

ALP (lU/1) 274.5 (12.4) 270.8 (13.9) 303, 285 298. 279

Globulin (TP-ALB) 22.3 (5.0) 21.7 (3.2) 25. 25 26. 28

Ca (mmol/1) 2.38 (0.06) 2.38 (0.07) 2.33. 2.38 2.27. 2.26

PO  ̂ (mmol/1) 2.30 (0.14) 1.47 (0.09) 1.53, 1.55 1.49, 1.52

* the weight was measured just before surgery
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Appendix 8
Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios
at the PHT dose of 30 mg/kg body weight

time

min

Samfdes of Rat 1

Serum CSF 

^ o l /L  /<mol/L

CSF/

Serum

Samples of Rat 2

Serum CSF CSF/ 

/imoI/L funol/L Serum

Samples of Rat 3

Serum CSF 

^ o l /L  fimol/L

CSF/

SERUM

Day 1

5 3.2 2.1 7.7 0.86 0.11
10 9.0 1.4 0.15
15 5.3 5.6 3.7
30 3.7 1.7 0.46 4.2 0.8 0.19 2.9 1.81 0.62
45 3.2
60 2.8 2.3 0.80 3.7 1.4 0.37 3.0 1.71 0.57
90 2.4 2.2 0.92 1.8 1.3 0.95 1.6 1.10 0.71
120 1.4 1.6 1.15 1.2 1.2 0.86 0.8 0.74 0.97
150 0.9 1.1 1.23 1.1 1.0 1.02
180 ND 0.8 0.8 ND 0.3 0.45 1.80
210 ND ND ND ND 0.3 0.34 1.26
240 ND ND 0.3 ND
270 0.4 ND
300 0.3 ND
330 ND
360 ND

Day 3

0 ND ND ND ND ND ND
5 16.0 4.4 2.5 0.58 26.0 1.9 0.07
10 20.3 24.2 26.2
15 23.1 18.1 19.9 4.9 0.25
30 19.2 5.2 0.27 14.4 5.2 0.36 18.9
45 5.8
60 13.0 6.1 0.47 9.4 6.3 0.67 16.2
90 9.4 5.3 0.57 8.4 6.9 0.83 14.0 5.0 0.36
120 7.2 3.6 0.50 5.6 6.2 1.12 6.4 4.4 0.69
150 7.2 4.3 0.60 6.2 5.4 0.86 5.0 2.7 0.53
180 4.3 4.1 4.5 1.09 4.0 2.7 0.68
210 4.3 3.5 0.81 2.7 3.7 1.36 3.5 1.7 0.49
240 3.8 3.1 0.80 1.8 3.2 1.80 3.5 1.2 0.33
270 3.1 2.9 0.93 1.5 2.5 1.69 0.5
300 2.5 2.9 1.16 0.7 1.8 2.68 2.6 ND
330 2.1 2.5 1.20 ND 1.3 1.0 ND
360 1.7 2.2 1.27 ND 1.0 ND

Day 5

0 1.0 ND ND ND ND ND
5 17.2 2.4 0.14 54.4 5.0 0.09 10.1 4.2 0.42
10 49.3
15 67.3 30.7 38.1
30 52.6 8.4 0.16 35.1 8.2 0.23 30.9 11.9 0.39
45
60 46.8 9.4 0.20 24.8 7.4 0.30 27.3 7.7 0.28
90 24.7 8.3 0.35 18.2 9.4 0.51 23.1 9.4 0.41
120 22.8 6.1 0.29 17.9 8.9 0.50 18.9 7.9 0.42
150 17.2 6.2 0.36 14.1 7.6 0.54 13.6 5.9 0.44
180 18.1 6.2 0.35 13.4 7.3 0.55 9.5 4.7 0.49
210 15.9 5.4 0.35 11.6 6.1 0.53 7.4 4.3 0.59
240 15.3 5.1 0.36 10.1 5.8 0.57 5.4 4.1 0.76
270 13.2 4.4 0.33 9.5 4.9 0.52 5.2 3.4 0.64
300 11.4 4.3 0.36 6.6 4.4 0.66 4.6 2.8 0.61
330 9.7 4.2 0.41 4.9 3.4 0.70 3.1 2.3 0.72
360 7.6 3.2 0.50 4.1 3.2 0.78 2.3 2.3 0.96

Nd = not detected
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Appendix 8 (cont)

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios
at the PHT dose of 30 mg/kg body weight

time
Samples of Rat 4 
Serum CSF CSF/

Samples of Rat 5 
Serum CSF CSF/

Samples of Rat 6
Serum CSF CSF/

mm funol/L /imol/L Serum /onol/L ^ o l / L  Serum ^mol/L (imol/L Serum

Day 1

5 9.0 2.9 0.33
10 10.2
15 14.0
30 8.6 2.3 0.39
45
60 5.6 3.4 0.61
90 4.2 3.2 0.76
120 4.3 1.5 0.34
150 2.3 1.4 0.60
180 1.4 0.8 0.56
210 1.0 0.4 0.40
240 0.9 ND ND
270 ND ND
300 ND
330
360

Day 3

16.8
1.3

9.2
6.1 2.1 0.34

6.0 2.6 0.44
4.9 2.5 0.50
2.8 1.7 0.61
1.5 1.1 0.72
1.2 ND
1.2
ND

0 ND ND ND ND
5 19.1 9.4 1.91 0.20
10 30.2 44.7
15 34.9
30 20.4 7.5 0.36 32.7 5.3 0.15
45
60 18.8 8.4 0.45 22.5 8.0 0.36
90 12.1 6.4 0.53 14.2 7.9 0.56
120 10.4 5.6 0.54 7.6 5.2 0.68
150 8.4 4.0 0.47 3.7 5.2 1.40
180 4.9 2.6 0.53 2.9 3.8 1.32
210 4.3 1.8 0.41 2.6 3.4 1.32
240 2.7 1.4 0.53 1.8 2.5 1.35
270 1.6 0.7 0.44 1.4 1.8 1.29
300 1.1 ND 1.2 1.4 1.16
330 ND ND 0.8 1.2 1.59
360 ND ND 0.9

Day 5

0 2.4 ND 5.2 ND
5 64.8 4.4 0.07 74.2 5.0 0.07
10
15 92.7 10.9 0.12
30 73.6 16.9 0.23 53.7 11.9 0.22
45
60 44.8 14.2 0.32 56.1 11.8 0.21
90 41.9 16.0 0.38 43.7 13.2 0.30
120 36.7 14.4 0.39 30.7 11.4 0.37
150 30.2 10.1 0.34 18.3 9.4 0.52
180 29.4 6.6 0.22 13.6 8.4 0.62
210 23.4 5.4 0.23 9.0 7.6 0.84
240 22.9 4.4 0.19 7.3 5.4 0.74
270 18.8 3.8 0.20 6.8 5.2 0.77
300 17.3 3.3 0.19 5.7 3.8 0.66
330 14.6 2.9 0.20 5.2 3.4 0.66
360 10.3 3.1 0.30 4.8 3.2 0.66

2.0 1.2 0.59

6.1
2.9 1.6 0.55

3.9 2.0 0.51
2.6 1.9 0.72
2.0 1.4 0.72
1.1 1.2 1.12
1.0 1.1 1.11
0.7 0.8 1.14

0.3
ND ND
0.3 ND
ND
ND

ND ND
3.5 1.7 0.48

27.8
17.0 3.9 0.23

16.2 4.3 0.27
14.2 5.6 0.39
9.3 5.3 0.57
7.6 5.2 0.68
6.8 4.2 0.61
7.6 3.7 0.49

3.1
4.9
4.2 2.3 0.55
3.4 1.6 0.49
2.8 1.5 0.53

6.0 ND
3.8

84.5
52.8 12.0 0.23

48.8 13.7 0.28
12.9

40.7 12.1 0.30
20.4 9.5 0.45
15.2 7.5 0.45
10.2 6.4 0.62

6.1
8.1 5.2 0.64
6.2
4.1 2.3 0.45
3.9 2.1 0.54

ND = not detected
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Appendix 9

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios
at the PHT dose of 50 mg/kg body weight

time

min

Samples of Rat 1 
Serum CSF

/imol/L /imol/L

CSF/

Serum

Samples of Rat 2 
Serum CSF

/unol/L f*mol/L

CSF/

Serum

Samples of Rat 3 
Serum CSF

funol/L /unol/L

CSF/

Serum

Day 1

5 12.9 0.8 0.06 17.3 0.5 0.03 42.1 2.9 0.07
10 17.3 32.2 37.3
15 18.6 2.4 0.13 27.3 1.1 0.07 30.1 3.9 0.13
30 15.2 3.4 0.22 21.7 3.7 0.17 27.8 7.6 0.27
45 12.5
60 10.5 5.2 0.49 8.9 5.7 0.64 23.7 6.4 0.27
90 6.3 5.7 0.91 5.4 13.1 9.4 0.72
120 4.5 5.6 1.24 6.4 5.3 0.83 8.1 7.5 0.92
150 4.1 4.8 1.19 3.7 5.3 1.42 7.4 6.7 0.90
180 2.8 4.4 1.60 1.9 4.2 2.23 5.2 6.7 1.28
210 1.7 3.8 2.24 1.5 4.6 3.03 3.6 5.6 1.55
240 1.4 3.7 2.59 1.4 3.5 2.55 2.3 4.6 2.00
270 1.2 2.3 1.94 0.9 3.1 3.43 2.2 3.6 1.67
300 1.0 2.3 2.23 0.4 2.2 5.00 1.7 3.1 1.84
330 0.7 1.9 2.61 ND 1.7 1.3 3.0 2.29
360 ND 1.4 ND 0.9 0.8 2.0 2.42

Day 3

0 ND ND ND ND ND ND
5 40.0 1.8 0.04 40.1 2.9 0.07 59.8 2.2 0.04
10 35.6 49.7 56.1
15 29.8 55.6 5.3 0.10 55.2
30 23.9 4.9 0.21 40.2 10.9 0.27 54.3 9.1 0.17
45 22.2 42.8
60 20.9 6.9 0.33 35.4 10.1 0.28 35.9 13.7 0.38
90 15.0 6.9 0.46 33.0 8.8 0.27 31.3 14.9 0.48
120 11.3 8.1 0.71 28.9 9.0 0.31 22.7 10.0 0.44
150 10.4 6.7 0.65 29.2 8.1 0.28 16.9 8.1 0.48
180 8.2 5.7 0.70 26.5 8.9 0.34 12.4 7.4 0.60
210 7.1 5.1 0.72 23.8 7.5 0.31 11.6 9.3 0.80
240 5.5 4.4 0.81 23.9 5.4 0.23 9.9 6.6 0.67
270 3.8 4.3 1.14 19.0 4.7 0.24 8.4 5.3 0.63
300 3.7 4.1 1.10 18.4 4.3 0.24 7.1 5.0 0.70
330 2.5 3.5 1.39 16.9 4.1 0.24 6.1 4.8 0.77
360 12.3 3.3 0.25 5.7 3.5 0.62

Day 5

0 ND ND 1.5 ND 1.5 ND
5 98.8 3.1 0.03 71.6 5.1 0.07 86.1 6.03 0.07
10 73.2 87.2 93.4
15 59.3 98.7 7.2 0.07 89.7 10.77 0.12
30 45.1 8.0 0.18 60.0 7.9 0.13 65.2 15.14 0.23
45 53.4
60 43.9 8.6 0.20 57.9 12.9 0.22 43.5 18.96 0.44
90 35.5 11.4 0.32 56.2 16.1 0.29 37.2 18.83 0.51
120 30.0 10.5 0.35 52.5 10.9 0.21 33.2
150 27.1 8.7 0.32 48.7 12.4 0.25 26.9 10.86 0.40
180 25.1 9.7 0.39 43.9 12.2 0.28 27.8 12.87 0.46
210 21.3 8.5 0.40 42.1 10.6 0.25 24.1 10.03 0.42
240 19.0 7.1 0.38 36.3 9.0 0.25 18.2 9.17 0.50
270 16.1 7.0 0.43 37.0 8.5 0.23 18.3 9.24 0.51
300 15.9 5.3 0.33 36.8 9.8 0.27 16.0 8.13 0.51
330 14.0 5.7 0.41 32.7 8.2 0.25 15.0 7.49 0.50
360 10.0 4.3 0.43 31.0 5.1 0.19 12.7 6.38 0.50

ND = not detected
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Appendix 9 (cont)

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios
at the PHT dose of 50 mg/kg body weight

time

min

Samples of Rat 4 
Serum CSF

/imol/L fimol/L

CSF/

Serum

Samples of Rat 5 
Serum CSF

/imol/L /unol/L

CSF/

Serum

Samples of Rat 6 
Serum CSF

^mol/L funol/L

CSF/

Serum

Day 1

5 5.2 0.3 0.06 33.9 2.4 0.07 24.1 0.7 0.03
10 47.3 42.5 2.0 0.05
15 39.5 3.8 0.10 37.1 13.6 0.36 35.9
30 36.0 8.2 0.23 35.1 18.9 0.54 29.1 2.6 0.09
45 17.7 16.3 0.92
60 13.0 12.7 0.98 22.2 11.1 0.50 22.1 7.0 0.32
90 8.0 13.3 1.65 15.3 12.4 0.81 13.4 7.0 0.53
120 7.4 11.2 1.52 10.9 14.8 1.36 8.6 5.3 0.61
150 5.6 6.2 1.10 10.3 12.4 1.21 6.5 4.4 0.68
180 1.8 4.8 2.62 7.5 8.3 1.11 3.7 4.5 1.23
210 1.6 6.3 3.88 4.6 8.8 1.92 3.0 3.8 1.25
240 1.0 2.7 2.58 5.0 8.6 1.72 2.2 3.7 1.69
270 0.9 1.6 1.80 3.6 8.8 2.44 1.5 3.3 2.14
300 1.1 1.0 0.90 2.1 4.1 1.94 1.1 1.7 1.59
330 ND ND 1.1 3.1 2.95 0.8 1.5 1.80
360 ND ND 1.0 3.1 3.01 0.6 1.3 2.15

Day 3

0 ND ND ND ND ND ND
5 29.8 3.0 0.10 79.9 4.0 0.05 78.2 7.2 0.09
10 47.3 93.5
15 59.7 118.8 49.3
30 48.7 16.3 0.33 69.2 14.9 0.22 44.1 5.1 0.12
45 42.4
60 31.3 18.1 0.58 56.4 18.0 0.32 37.2 10.0 0.27
90 26.1 19.1 0.73 48.3 19.8 0.41 38.7 11.1 0.29
120 23.4 16.2 0.69 45.8 19.8 0.43 32.9 10.2 0.31
150 17.9 15.6 0.87 47.2 13.7 0.29 37.1 9.8 0.26
180 12.8 10.8 0.84 43.2 13.0 0.30 33.1 7.2 0.22
210 11.3 9.4 0.83 42.1 11.8 0.28 27.4 6.6 0.24
240 9.9 8.2 0.83 37.7 10.8 0.29 23.1 7.9 0.34
270 7.0 7.5 1.06 37.0 8.0 0.22 21.9 5.9 0.27
300 4.9 6.2 1.26 34.2 7.6 0.22 18.8 5.9 0.31
330 3.6 5.9 1.62 31.3 8.4 0.27 16.4 3.7 0.23
360 3.3 4.7 1.45 28.3 6.8 0.24 16.1 4.0 0.25

Day 5

0 ND ND 2.5 1.4 0.57 2.7 1.1 0.43
5 21.4 1.3 0.06 156.8 6.2 0.04 93.8 5.6 0.06
10 62.3 103.7
15 109.8 97.3 16.5 0.17 120.3
30 69.9 14.8 0.21 81.5 21.8 0.27 90.7 19.1 0.21
45 89.1
60 55.7 20.7 0.37 70.1 25.2 0.36 86.2 21.5 0.25
90 48.3 23.0 0.48 61.3 26.7 0.44 75.8 15.7 0.21
120 38.7 20.1 0.52 55.8 22.2 0.40 78.9 15.2 0.19
150 44.0 19.4 0.44 51.9 19.3 0.37 70.8 14.0 0.20
180 40.9 18.8 0.46 50.4 21.8 0.43 64.5 14.0 0.22
210 34.9 12.4 0.35 48.1 16.9 0.35 63.9 11.9 0.19
240 27.4 11.7 0.42 47.4 14.9 0.31 54.8 10.8 0.20
270 26.6 10.8 0.41 43.7 12.1 0.28 50.0
300 22.2 9.0 0.41 43.1 10.6 0.25 34.0 9.0 0.23
330 15.8 8.6 0.55 39.4 10.8 0.27 42.7 8.9 0.21
360 12.0 38.3 10.6 0.28 39.4 5.6 0.14

ND = not detected
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Appendix 10

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios
at the PHT dose of 100 mg/kg body weight

tune
Samples of Rat 1 
Senun CSF CSF/

Samples of Rat 2 
Senun CSF CSF/

Samples of Rat 3 
Serum CSF CSF/

funol/L ^ o l / L  Serum lunol/L /unol/L Serum nmol/L /unol/L Serum

Day 1

5 50.4 2.7 0.05 132.5 10.4 0.08 83.4 2.5 0.03
10 41.7
15 32.1 135.4 17.7 0.13 64.3 8.7 0.14
30 44.2 8.1 0.18 120.1 16.9 0.14 42.8 8.9 0.21
45 33.9 110.3
60 25.4 8.5 0.34 103.8 18.0 0.17 36.0 7.4 0.21
90 18.3 6.7 0.36 101.5 6.5
120 12.9 5.5 0.43 90.2 23.9 0.27 35.5 4.8 0.13
150 7.1 3.8 0.53 79.5 15.1 0.19 23.9 3.9 0.16
180 3.6 94.5 12.8 0.13 18.7 3.9 0.21
210 7.5 2.9 0.38 74.2 12.8 0.17 17.6 3.7 0.21
240 4.3 2.3 0.53 72.3 10.9 0.15 15.7 3.8 0.25
270 2.5 2.1 0.84 65.9 13.4 0.20 17.3 3.5 0.20
300 1.2 1.7 1.42 61.8 13.2 0.21 13.3 3.3 0.25
330 1.0 1.6 1.58 60.3 13.2 0.22 11.6 3.1 0.27
360 0.0 1.4 1.77 59.1 11.9 0.20 11.0 2.8 0.26

Day 3

0 ND ND 2.5 0.5 0.21 3.5 ND
5 142.4 6.2 0.04 109.2 6.6 0.06 109.5 8.9 0.08
10 131.7 121.8 103.2
15 105.1 148.7 100.3 10.0 0.10
30 94.4 11.2 0.12 189.8 18.2 0.10 99.6 12.4 0.12
45 174.1 71.3
60 94.9 12.8 0.14 140.1 19.1 0.14 64.2 8.6 0.13
90 112.1 11.7 0.10 139.8 23.5 0.17 62.5 10.1 0.16
120 112.6 10.4 0.09 130.1 26.1 0.20 67.8 8.3 0.12
150 91.4 9.1 0.10 117.2 21.9 0.19 60.5 8.8 0.15
180 85.4 8.3 0.10 118.4 20.5 0.17 62.3 7.8 0.13
210 86.9 8.6 0.10 120.1 19.4 0.16 58.1 7.2 0.12
240 80.3 8.1 0.10 115.3 18.9 0.16 52.5 7.4 0.14
270 72.7 9.1 0.12 91.3 17.5 0.19 47.6 7.1 0.15
300 78.3 8.1 0.10 89.4 16.5 0.18 48.1 6.9 0.14
330 77.5 7.6 0.10 80.5 16.2 0.20 48.2 6.4 0.13
360 75.3 7.0 0.09 78.1 14.8 0.19 43.1 6.5 0.15

Day 5

0 4.3 ND 3.6 0.8 0.23 5.1 0.8 0.15
5 67.6 10.9 0.06 149.2 7.5 0.05 90.5 6.3 0.07
10 72.1 134.4
15 76.9 11.7 0.09 224.3 140.8
30 147.3 13.3 0.09 256.4 21.1 0.08 119.5 20.9 0.17
45
60 128.2 18.2 0.14 205.6 27.2 0.13 120.7 19.1 0.16
90 126.3 19.1 0.15 206.1 28.7 0.14 120.9 20.2 0.17
120 122.9 19.0 0.15 160.1 28.4 0.18 120.1 19.9 0.17
150 120.1 17.9 0.15 173.2 25.7 0.15 119.8 18.2 0.20
180 121.3 17.2 0.14 173.5 23.6 0.14 119.1 19.5 0.16
210 107.5 16.1 0.15 162.4 23.7 0.15 119.3 18.1 0.15
240 102.7 16.4 0.16 148.4 22.4 0.15 118.9 19.4 0.16
270 101.2 17.2 0.17 132.4 20.6 0.16 99.8 20.9 0.21
300 93.1 15.9 0.17 136.1 19.8 0.15 102.5 19.2 0.19
330 14.2 127.4 100.1 17.4 0.17
360 89.4 15.1 0.17 120.1 95.8 17.5 0.18

ND = not detected
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Appendix 10 (cont.a)

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios
at the PHT dose of 100 mg/kg body weight

time

min

Samples of Rat 4 
Serum CSF

fimol/L /unol/L

CSF/

Seram

Samples of Rat 5 
Seram CSF

/unol/L /unol/L

CSF/

Seram

Day 1

5 147.2 9.1 0.07 70.0 1.5 0.02
10 153.2
15 168.1 63.5
30 122.3 14.9 0.12 41.8 2.5 0.06
45 38.1
60 92.4 19.1 0.21 34.2 3.9 0.11
90 84.3 19.5 0.23 24.6 3.9 0.16
120 78.6 16.5 0.21 21.9 3.6 0.16
150 16.1 14.9 3.7 0.25
180 97.6 15.4 0.16 16.9 3.2 0.19
210 93.1 14.6 0.16 15.7 2.8 0.18
240 93.7 14.1 0.15 11.8 2.7 0.23
270 90.1 15.2 0.16 9.8 2.2 0.22
300 89.4 14.5 0.16 9.1 2.2 0.24
330 85.1 14.1 0.17 8.5 1.9 0.22
360 82.5 14.0 0.17 8.0 1.7 0.21

Day 3

0 4.7 1.2 0.26 1.9 ND
5 284.7 11.1 0.04 80.5 3.0 0.04
10 253.6 73.4
15 215.5
30 114.0 19.2 0.17 72.3 5.6 0.08
45 127.4
60 145.2 21.1 0.15 63.9 5.2 0.08
90 25.5 64.8 7.0 0.11
120 141.5 24.9 0.18 51.7 5.9 0.11
150 22.1 52.3 5.2 0.10
180 159.6 23.8 0.15 48.1 5.4 0.11
210 18.9 44.5 5.3 0.12
240 147.7 19.1 0.13 40.5 4.8 0.12
270 17.9 36.9 4.5 0.12
300 142.2 18.0 0.13 37.7 4.4 0.12
330 18.2 31.6 4.1 0.13
360 135.6 18.1 0.13 27.9 4.3 0,15

Day 5

0 10.6 2.3 0.21 2.4 ND
5 319.2 10.8 0.03 121.5
10 254.1 131.7 6.6 0.05
15 240.1 159.3
30 239.3 17.5 0.07 180.1 7.2 0.04
45
60 206.5 18.0 0.09 114.6 9.4 0.08
90 216.2 22.1 0.10 91.3 10.0 0.11
120 217.1 26.5 0.12 96.1 9.3 0.10
150 196.3 24.5 0.12 86.5 9.0 0.10
180 199.1 25.7 0.13 73.8 8.5 0.12
210 199.7 24.9 0.12 74.9 8.4 0.11
240 207.3 23.8 0.11 73.9 8.0 0.11
270 186.3 23.6 0.13 69.8 7.5 0.11
300 179.6 21.8 0.12 66.1 8.0 0.12
330 172.5 19.3 0.11 64.1 7.1 0.11
360 160.1 19.7 0.12 62.3 6.6 0.11

ND = not detected
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Appendix 10 (cont.b)

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios
at the PHT dose of 100 mg/kg body weight

Samples of Rat 6 Samples of Rat 7
time Serum CSF CSF/ Serum CSF CSF/

min ^mol/L laaxoVL Serum /unol/L /unol/L Serum

Day 1

5 25.1 1.9 0.08 17.3 1.6 0.09
10 52.1 18.6
15 70.5 5.0 0.07 22.8
30 59.5 4.5 0.08 19.0 3.2 0.17
45 55.3 14.1
60 51.9 6.0 0.12 13.8 4.4 0.32
90 40.5 5.9 0.14 5.5 3.2 0.58
120 41.5 5.3 0.13 4.4 4.1 0.92
150 34.2 4.4 0.13 2.8 2.6 0.93
180 30.4 4.6 0.15 2.7 2.3 0.85
210 28.2 3.8 0.13 2.7 1.9 0.69
240 23.9 3.2 0.13 1.9 1.8 0.92
270 18.7 2.8 0.15 2.0 1.4 0.73
300 19.2 3.1 0.16 2.2 1.5 0.67
330 18.0 2.8 0.15 1.9 1.4 0.74
360 14.9 2.5 0.17 1.9 1.2 0.64

Day 3

0 2.2 0.8 0.35 ND ND
5 50.1 1.5 0.03 48.6 1.6 0.03
10 128.3 47.1
15 148.3 7.1 0.05 46.8
30 110.2 8.9 0.08 45.8 3.2 0.07
45
60 79.8 9.5 0.12 43.5 4.3 0.10
90 76.3 9.1 0.12 40.1 3.2 0.08
120 66.1 8.4 0.13 33.8 3.4 0.10
150 62.5 8.4 0.13 31.2 2.6 0.08
180 64.2 7.4 0.12 22.4 2.2 0.10
210 58.6 7.7 0.13 19.0 1.9 0.10
240 49.0 7.1 0.15 20.2 1.7 0.09
270 45.6 6.4 0.14 20.9 1.4 0.07
300 41.5 6.3 0.15 20.0 1.4 0.07
330 40.1 5.9 0.15 19.2 1.4 0.07
360 37.2 5.9 0.16 18.8 1.2 0.06

Day 5

0 4.8 ND 1.6 ND
5 110.2 6.1 0.06 95.9 0.4 0.04
10 103.3 90.2
15 102.3 75.4
30 110.0 12.2 0.11 56.6 7.6 0.13
45
60 107.3 14.0 0.13 57.1 8.2 0.14
90 90.1 13.8 0.15 47.4 9.6 0.20
120 89.2 13.3 0.15 44.5 9.2 0.21
150 79.8 12.2 0.15 45.5 9.2 0.20
180 75.7 11.5 0.15 39.2 8.8 0.23
210 81.6 11.7 0.14 33.1 8.0 0.24
240 70.7 11.3 0.16 36.5 7.9 0.22
270 60.3 10.6 0.18 34.7 7.6 0.22
300 62.3 10.4 0.17 35.8 7.5 0.21
330 62.1 10.5 0.17 7.1
360 60.3 10.1 0.17 29.5 7.2 0.24

ND = not detected
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Appendix 11

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios,
expressed, as the mean (SD), at the PHT dose of 30 mg/kg body weight (no = 6)

time

min

Serum

/<mol/L

CSF

pmol/L

CSF/

Senun

Day 1
0
5 6.8 (5.7) 1.7 (1.1) 0.34 (0.24)
10 9.6 (0.8) 1.1 (0.1) 0.15
15 7.3 (3.7)
30 4.7 (2.2) 1.2 (0.5) 0.43 (0.15)
45 3.2
60 4.2 (1.3) 2.1 (0.3) 0.55(0.15)
90 3.3 (1.6) 2.1 (0.7) 0.76(0.16)
120 2.1 (1.3) 1.4 (0.5) 0.78 (0.28)
150 1.4 (0.6) 1.2 (0.2) 0.94 (0.27)
180 0.9 (0.5) 0.8 (0.3) 0.95 (0.34)
210 0.8 (0.4) 0.5 (0.3) 0.93 (0.47)
240 0.6 (0.4) 0.3
270 0.4 ND
300 0.3 (0.4) ND
330 ND
360 ND

Day 3
0 ND ND
5 13.2(9.1) 2.0 (0.4) 0.33 (0.24)
10 29.8 (10.8)
15 28.6 (5.9) 4.3 0.25
30 20.4 (6.4) 5.4 (1.3) 0.27 (0.09)
45 5.8
60 16.0 (4.5) 6.6 (1.6) 0.44 (0.15)
90 12.0 (2.6) 6.2 (1.1) 0.54(0.17)
120 7.7 (1.8) 4.8 (1.4) 0.66 (0.25)
150 6.4 (1.7) 4.5 (1.0) 0.76 (0.34)
180 4.5 (1.3) 3.5 (0.9) 0.85 (0.34)
210 4.2 (1.8) 3.0 (1.0) 0.88 (0.45)
240 2.7 (0.9) 2.4 (0.9) 0.96 (0.60)
270 2.5 (1.5) 1.7 (1.0) 1.09 (0.53)
300 2.0 (1.3) 2.1 (0.6) 1.39(0.91)
330 1.8 (1.2) 1.7 (0.6) 1.09 (0.56)
360 2.3 (0.8) 1.4 (0.6) 0.90 (0.52)

Day 5
0 3.2 (2.9) ND
5 44.1 (28.4) 4.1 (1.0) 0.16 (0.14)
10 49.3
15 62.7 (27.5) 10.9(0.1)
30 41.5 (23.3) 11.7 (3.2) 0.24 (0.08)
45 12.5
60 41.4 (12.4) 10.2 (3.0) 0.27 (0.05)
90 30.3 (11.7) 11.6(2.9) 0.29 (0.08)
120 27.9 (9.6) 10.2 (2.9) 0.38 (0.08)
150 18.9(6.1) 8.1 (1.8) 0.44 (0.08)
180 16.5 (6.9) 6.7 (1.3) 0.45 (0.14)
210 12.9 (5.9) 5.9 (1.0) 0.43 (0.15)
240 12.2(7.1) 5.2 (0.8) 0.52 (0.25)
270 10.3 (5.0) 4.5 (0.8) 0.52 (0.21)
300 8.6 (4.8) 3.7 (0.6) 0.50 (0.21)
330 7.0 (4.4) 3.1 (0.7) 0.44 (0.21)
360 5.5 (2.9) 3 .0  (0.7) 0.62 (0.23)
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Appendix 12

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios,
expressed, as the mean (SD), at the PHT dose of 50 mg/kg body weight (no = 6)

time Senun CSF CSF/

mm /unol/L /unol/L Sennn

Day 1
0
5 22.6 (13.7) 1.2 (1.1) 0.05 (0.02)
10 34.5 (13.4) 2.0 0.05
15 31.0(7.7) 5.1 (4.8) 0.14(0.13)
30 27.5 (8.0) 7.4 (6.1) 0.25 (0.15)
45 15.0 (3.7)
60 16.3 (6.7) 8.0 (3.1) 0.53 (0.25)
90 11.2 (3.8) 8.9 (3.4) 0.92 (0.43)
120 7.7 (2.2) 8.3 (3.9) 1.08 (0.35)
150 6.3 (2.4) 6.6 (3.0) 1.08 (0.26)
180 3.6 (2.4) 5.5 (1.6) 1.68 (0.61)
210 2.7 (1.3) 5.5 (1.9) 2.32 (0.98)
240 2.2 (1.4) 4.5 (2.1) 2.19 (0.44)
270 1.7 (1.0) 3.8 (2.6) 2.24 (0.64)
300 1.2 (0.6) 2.4 (1.1) 2.25 (1.42)
330 1.3 (0.5) 2.2 (0.8) 2.41 (0.49)
360 0.8 (0.2) 1.8 (0.8) 2.53 (0.44)

Day 3
0 ND ND ND
5 54.6(21.3) 3.4 (2.0) 0.07 (0.03)
10 56.5 (25.4)
15 61.4 (30.0) 5.3 0.10
30 46.7 (15.1) 10.2 (4.8) 0.22 (0.07)
45 35.8(11.8)
60 36.2 (11.6) 12.8 (4.6) 0.36 (0.11)
90 32.1 (11.3) 13.5 (5.4) 0.44 (0.17)
120 27.1 (11.6) 12.2 (4.7) 0.48 (0.18)
150 26.4 (14.0) 10.3 (3.5) 0.47 (0.34)
180 22.1 (13.9) 8.8 (2.7) 0.50 (0.25)
210 20.6 (13.2) 8.3 (2.4) 0.53 (0.28)
240 18.3 (12.2) 7.2 (2.3) 0.53 (0.27)
270 16.2 (12.4) 5.9 (1.5) 0.59 (0.42)
300 14.0(11.7) 5.5 (1.3) 0.64 (0.46)
330 12.0 (11.0) 5.2 (1.7) 0.75 (0.62)
360 13.2 (9.9) 4.2 (1.5) 0.58 (0.51)

Day 5
0 2.2 (0.64 1.3 (0.2) 1.97 (0.04)
5 88.1 (43.8) 4.6 (2.0 0.06 (0.02)
10 63.3 (37.0)
15 95.8 (20.9) 11.5 (4.7) 0.12 (0.05)
30 68.8 (16.1) 14.5 (5.7) 0.19 (0.06)
45 71.3 (25.3)
60 59.6 (16.4) 18.0 (6.1) 0.28 (0.08)
90 52.4 (15.3) 18.6 (5.5) 0.38(0.12)
120 48.2 (18.2) 15.8(5.3) 0.33 (0.13)
150 44.9 (16.6) 14.1 (4.4) 0.33 (0.09)
180 42.1 (14.6) 14.9 (4.5) 0.37 (0.10)
210 39.1 (15.9) 11.7 (2.9) 0.33 (0.09)
240 33.9(15.1) 10.4 (2.7) 0.34(0.11)
270 31.9 (13.9) 9.6 (2.0) 0.31 (0.16)
300 29.0 (12.4) 8.6 (1.9) 0.35 (0.10)
330 26.6 (13.2) 5.6 (4.4) 0.37 (0.14)
360 23.9 (13.8) 6.6 (2.4) 0.34 (0.16)

ND = not detected
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Appendix 13

Serum and CSF PHT concentrations and the CSF/serum PHT concentration ratios,
expressed, as the mean (SD), at the PHT dose of 100 mg/kg body weight (no = 7)

time

min

Serum

/unol/L

CSF

/onol/L

CSF/

Serum

Day 1
0
5 75.1 (50.1) 4.2 (3.8) 0.06 (0.03)
10 66.4 (59.5)
15 79.5 (53.2) 10.5 (6.6) 0.11 (0.04)
30 62.2 (40.7) 8.4 (5.6) 0.14(0.05)
45 50.4 (36.6)
60 53.5 (31.7) 9.6 (6.3) 0.21 (0.09)
90 39.8 (42.2) 7.6 (6.0) 0.29(0.18)
120 40.7 (32.6) 9.1 (7.9) 0.32 (0.28)
150 27.1 (28.1) 7.1 (5.9) 0.37 (0.31)
180 43.5 (41.7) 6.5 (5.3) 0.28 (0.28)
210 34.2 (35.2) 6.1 (5.3) 0.27 (0.20)
240 31.9 (36.1) 5.5 (4.9) 0.34 (0.29)
270 29.4 (34.6) 5.8 (5.9) 0.36 (0.29)
300 28.0 (34.0) 5.6 (5.7) 0.44 (0.47)
330 26.7 (32.8) 5.5 (5.7) 0.48 (0.53)
360 25.5 (32.1) 5.1 (5.4) 0.49 (0.59)

Day 3
0 3.0 (1.1) 0.8 (0.4) 0.27 (0.07)
5 110.2 (84.1) 5.6 (3.7) 0.05 (0.02)
10 122.4 (65.5)
15 127.5 (57.2) 8.5 (2.1)
30 103.7 (44.7) 11.3 (6.0) 0.08 (0.04)
45 124.3 (51.5)
60 79.8 (50.4) 11.5 (6.5) 0.12 (0.02)
90 82.6 (36.6) 12.9 (8.4) 0.12 (0.04)
120 86.2 (41.6) 12.5 (9.2) 0.13 (0.04)
150 69.2 (30.5) 11.2(7.8) 0.13 (0.04)
180 80.1 (46.1) 10.8 (8.1) 0.13 (0.04)
210 64.6 (34.9) 9.9 (6.7) 0.12(0.02)
240 72.2 (45.2) 9.6 (6.8) 0.13 (0.03)
270 67.0 (42.3) 9.1 (6.3) 0.13 (0.04)
300 65.3 (41.5) 8.8 (6.2) 0.13 (0.04)
330 49.5 (24.8) 8.6 (6.3) 0.13 (0.04)
360 59.4 (40.5) 8.2 (6.0) 0.13 (0.04)

Day 5
0 4.7 (2.9) 1.3 (0.9) 0.17 (0.06)
5 136.3 (84.6) 7.0 (3.9) 0.05 (0.01)
10 131.0 (64.9) 6.6 0.05
15 145.6 (66.9) 11.7 0.09
30 158.5 (71.8) 14.3 (5.8) 0.10 (0.04)
45
60 134.3 (54.1) 16.3 (6.5) 0.12 (0.03)
90 128.3 (62.2 17.6 (6.9) 0.15 (0.03)
120 121.3 (55.2) 17.9 (7.8) 0.15 (0.04)
150 117.2 (53.1) 16.7 (6.8) 0.15 (0.04)
180 114.3 (57.1) 16.4 7.0) 0.15 (0.04)
210 99.8(41.1) 15.8 (6.9) 0.15 (0.04)
240 108.4 (56.7) 15.6 (6.6) 0.15 (0.04)
270 97.8 (50.4) 15.4 (6.8) 0.17 (0.04)
300 96.5 (48.8) 14.7 (6.0) 0.16 (0.04)
330 105.3 (46.4) 12.6 (5.2) 0.14 (0.03)
360 88.2 (43.1) 12.6 (5.6) 0.17 (0.05)

ND = not detected
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Appendix 14

Total and free serum PHT concentrations (and, where available, CSF), free/total 
serum PHT ratios and the serum albumin concentration in 85 rats given phenytoin 30 
or 50 mg/kg on days 1, 1 and 3, and 1, 3 and 5.

R a t
n o

t l m a
m in

S erum : 
t o t a l
/ i mo l / L

PET 
f r e e  .
/ i m o l / L

t o t a l /
f r e e

A l b u m i n
g / L

CSF PHT

/ i mo l / L

C S P / e e r u m  
f r e e  PHT

30 mg

Day 1 1 30 3 . 2 0 . 4 0 . 1 2 40
2 60 2 . 9 0 . 5 0 . 1 6 38
3 90 2 . 3 0 . 3 0 . 1 3 38
4 180 1 . 4 - - 41
5 3 6 0 0 . 9 - - 42
6 36 0 - - - 38
7 36 0 - - - 40

Day 3
1 30 22 . 1 3 . 7 6 0 . 1 7 37
2 30 1 7 . 1 2 . 2 3 0 . 1 3 40
32 60 12 .6 1 . 7 7 0 . 1 4 40
4 60 1 5 . 3 2 . 4 4 0 . 1 6 39
5 60 2 5 . 1 3 . 7 7 0 . 1 5 39
6 12 0 13 . 1 2 . 3 6 0 . 1 8 36
7 240 7 . 5 1 . 2 0 0 . 1 6 34
8 30 0 2 . 2 0 . 3 3 0 . 1 5 36

Day 5
1 5 4 5 . 7 7 . 7 7 0 . 1 7 40
2 30 6 1 . 3 1 1 . 0 3 0 . 1 8 38
3 60 2 0 . 3 3 . 7 3 0 . 1 8 37
4 60 18 . 1 2 . 3 6 0 . 1 3 4 0
5 90 18 . 7 3 . 1 8 0 . 1 7 33
6 12 0 2 1 . 4 3 . 4 3 0 . 1 6 38
7 180 1 7 . 3 2 . 6 0 0 . 1 5 34
8 18 0 1 2 . 7 1 . 6 5 0 . 1 3 38
9 24 0 1 5 . 6 2 . 3 4 0 . 1 5 36
10 3 6 0 1 0 . 4 1 . 6 6 0 . 1 6 38
11 3 6 0 5 . 3 0 . 9 0 0 . 1 7 39
12 3 6 0 1 0 . 3 1 . 7 5 0 . 1 7 34 3 . 1 0 . 3 0
13 360 4 . 1 0 . 6 5 0 . 1 6 32 3 . 2 0 . 7 8

50mg

Day 1 1 15 23 . 7 4 . 2 7 0 . 1 8 37
2 45 2 5 . 8 3 . 8 6 0 . 1 5 40
3 60 19 . 9 2 . 96 0 . 1 5 39
4 180 4 . 4 0 . 5 2 0 . 1 2 42
5 180 3 . 2 0 . 4 7 0 . 1 5 38
6 2 40 2 . 2 0 . 3 3 0 . 1 5 39
7 240 1 . 8 0 . 2 9 0 . 1 6 37

Day 3 1 5 5 5 . 3 9 . 4 0 0 . 1 7 39
2 60 4 0 . 4 6 . 06 0 . 1 5 40
3 60 5 1 . 4 7 . 0 7 0 . 1 4 42
4 120 34 . 7 5 . 5 5 0 . 1 6 40
5 180 18 .2 2 . 9 1 0 . 1 7 38
6 1 80 25 .3 3 . 7 9 0 . 1 5 40
7 30 0 1 7 . 5 1 2 . 2 8 0 . 1 3 37

Day 5 1 30 7 8 . 5 1 4 . 1 0 . 1 8 37
2 30 82 .3 1 2 . 3 0 . 1 5 34
3 60 4 8 . 7 7 . 8 0 . 1 6 40
4 60 5 1 . 3 8 . 7 0 . 1 7 35
5 18 0 52 .6 7 . 8 0 . 1 5 41
6 24 0 4 1 . 4 5 . 8 0 . 1 4 40
7 24 0 34 .5 5 . 2 0 . 1 5 36
8 300 2 9 . 7 4 . 8 0 . 1 6 38
9 300 33 .6 5 . 7 0 . 1 7 35
10 36 0 3 1 . 7 4 . 1 0 . 1 3 32 5 . 9 1 . 4 3
11 36 0 1 0 . 0 1 . 7 0 . 1 7 33 4 . 3 2 . 5 1
12 36 0 3 8 . 3 6 . 5 0 . 1 7 34 1 0 . 6 1 . 6 3
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Appendix 14 (cont)

Total and free serum PHT concentrations, free/total serum PHT ratios and the 
serum albumin concentration in 85 rats given phenytoin 30 or 50 mg/kg on days 1, 1 
and 3, and 1, 3 and 5.

R a t
n o

tim#
mi n

S er u m  PHT 
t o t a l  f r e e
/ i m o l / L  / i m o l / L

t o t a l /  A l b u m i n  
f r e e  g / L

CSF PHT

/ i mo l / L

C S P / e e r u m  
f r e e  PHT

1 00  mg

Day  1

Day 3

Day 5

1 5 7 0 . 3 1 1 . 3 0 . 1 6 38
2 10 62 . 8 1 0 . 0 0 . 1 6 41
3 15 4 1 . 9 5 . 9 0 . 1 4 40
4 20 3 0 . 7 4 . 6 0 . 1 5 39
5 30 6 6 . 9 1 0 . 8 0 . 1 6 40
6 30 4 5 . 7 5 . 9 0 . 1 3 42
7 30 3 9 . 4 5 . 1 0 . 1 3 43
8 60 2 0 . 3 2 . 6 0 . 1 3 41
9 90 2 7 . 5 4 . 1 0 . 1 5 42
10 12 0 2 0 . 6 3 . 5 0 . 1 7 38
11 1 2 0 18 . 7 2 . 8 0 . 1 5 40
12 1 8 0 7 . 1 1 . 1 0 . 1 6 39
13 2 4 0 10  . 3 1 . 5 0 . 1 5 40
14 3 0 0 8 . 5 1 . 4 0 . 1 7 37

1 15 6 9 . 2 8 . 7 0 . 1 3 42
2 30 8 7  . 5 1 2 . 3 0 . 1 4 43
3 30 92 . 3 14 . 8 0 . 1 6 37
4 90 66 . 9 1 0 . 2 0 . 1 5 40
5 1 2 0 76 .3 13 . 0 0 . 1 7 37
6 2 4 0 72  .2 1 1 . 6 0 . 1 6 38
7 2 4 0 6 0 . 7 1 0 . 3 0 . 1 7 37
8 3 0 0 5 5 . 7 9 . 5 0 . 1 7 39

1 5 1 0 0 . 7 18 . 1 0 . 1 8 39
2 15 1 2 0 . 6 2 0 . 5 0 . 1 7 36
3 15 1 3 0 . 2 2 0 . 8 0 . 1 8 38
4 3 0 1 0 2  .7 16 . 4 0 . 1 6 40
5 1 2 0 1 1 9 . 8 18 . 0 0 . 1 5 42
6 1 8 0 9 7 . 4 16 . 5 0 . 1 7 38
7 1 8 0 1 0 7 . 3 18 . 2 0 . 1 7 36
8 2 40 1 1 0 . 3 17 . 6 0 . 1 6 41
9 3 0 0 9 2 . 6 16 . 7 0 . 1 8 40
10 3 0 0 9 0 . 4 14 . 5 0 . 1 6 40
11 3 6 0 9 5 . 7 15 . 5 0 . 1 6 32
12 3 6 0 8 9 . 4 14 . 3 0 . 1 6 33
13 3 6 0 62 .3 7 . 2 0 . 1 2 31

1 7 . 5
1 5 . 1
6.6

1 . 1 3  
1 . 0 6  
1 .  09
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Appendix 15

Serum and CSF VPA concentrations and the CSF/serum VPA concentration ratios at
the VPA dose of 50 mg/kg body weight (no = 6)

time
min

Samples of Rat 6

Serum CSF 
/imol/L funol/L

CSF/
Serum

Samples of Rat 1

Serum
fimol/L

CSF
/imol/L

CSF/
Serum

Samples of Rat 2

Serum
lanohL

CSF
fimol/L

CSF/
SERUM

Day 1

5 136.9 27.4 0.20 310.4 218.7 0.70 302.4 183.5 0.63
10 390.1 117.4 0.30 297.2 132.6 0.45 340.7 196.1 0.58
15 123.3 21.3 0.17 259.8 152.4 0.56 212.4 79.2 0.37
30 34.0 ND 152.5 70.3 0.46 119.7 23.5 0.20
60 11.8 ND 136.0 62.1 0.46 93.2 16.3 0.17
90 15.1 ND 117.2 33.6 0.29 62.8 11.5 0.18
120 ND 111.9 16.4 0.15 23.4 5.1 0.21
150 ND 21.7 ND 64.3 13.7 0.21
180 ND ND 67.1 14.3 0.21
210 74.2 12.6 0.17 100.2 19.1 0.19
240 159.1 19.3 0.12 62.1 8.2 0.13
270 121.3 11.2 0.09 28.7 ND
300 111.6 10.9 0.10 22.1 ND
330 60.2 5.8 0.10 ND
360 53.7 ND ND

Day 3

0 ND ND 3.2 ND ND ND
5 487.7 234.1 0.48 504.4 387.3 0.77 480.1 327.3 0.68
10 555.3 391.3 0.70
15 605.1 279.4 0.46 609.2 431.3 0.71 589.3 371.2 0.63
30 243.0 92.2 0.38 538.0 391.7 0.72 510.7 289.3 0.57
60 244.3 70.3 0.29 210.3 90.3 0.43 412.8 121.7 0.29
90 170.6 37.6 0.22 95.9 17.3 0.18 218.3 63.7 0.29
120 146.7 89.2 11.8 0.13 102.7 17.6 0.17
150 51.3 ND 85.3 13.1 0.16 60.8 8.6 0.13
180 12.9 95.2 9.2 0.10 21.2 ND
210 6.4 11.3 ND
240 ND 100.5 12.4 0.12 47.3 ND
270 ND 121.3 19.2 0.16 119.7 20.3 0.17
300 92.5 11.3 0.12 112.3 15.7 0.14
330 83.4 10.1 0.12
360 44.2 5.3 0.12

Day 5

0 ND ND 0.9 ND ND ND
5 276.7 488.8 293.7 0.60 440.2 331.6 0.75
10 617.3 429.7 0.70
15 701.3 104.7 0.15 639.9 487.2 0.76 698.8 418.3 0.60
30 461.4 304.6 0.66 632.6 392.5 0.62 662.5 364.7 0.55
60 353.7 48.7 0.14 443.6 281.7 0.64 528.7 239.3 0.45
90 196.7 20.3 0.10 188.8 33.1 0.44 323.5 151.8 0.47
120 97.5 ND 142.8 51.7 0.36 200.1 72.3 0.36
150 10.9 ND 99.9 33.9 0.34 102.3 33.7 0.33
180 14.9 87.6 36.4 0.41 59.3 11.7 0.20
210 68.3 39.5 11.2 0.28 158.5 38.2 0.24
240 73.4 72.3 17.5 0.24
270 21.4 53.1 12.3 0.23 99.3 18.2 0.18
300 15.2 42.6 8.9 0.21 87.1 15.1 0.17
330 31.3 ND
360 13.4 13.4 ND 67.13 10.9 0.16

ND = not detected
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Appendix 15 (cont)

Serum and CSF VPA concentrations and the CSF/serum VPA concentration ratios at
the VPA dose of 50 mg/kg body weight (no = 6)

Samples of Rat 3 Samples of Rat 4 Samples of Rat 5

time Serum CSF CSF/ Serum CSF CSF/ Serum CSF CSF/
min (unol/L lonol/L Serum /ouoi/L /imol/L Serum (imol/L fimol/L SERUM

Day 1

5 136.9 173.2 87.3 0.50 163.9 91.7 0.55
10 390.1 126.3 0.32 279.4
15 280.2 101.7 0.36 263.7 110.3 0.42 293.7
30 230.4 71.2 0.31 219.2 105.6 0.48 365.4 148.3 0.41
60 196.5 36.5 0.19 105.3 70.2 0.67 125.6 80.3 0.64
90 143.7 24.7 0.17 69.7 29.2 0.42 59.3 20.1 0.34
120 123.9 13.6 0.11 87.5 19.3 0.22 12.4 ND
150 79.1 7.1 0.08 19.3 3.5 0.18 7.2 ND
180 11.8 ND 11.2 ND 19.8 ND
210 34.0 ND 39.7 5.6 0.14 76.3 8.3 0.12
240 59.1 ND 82.4 12.6 0.15 39.4 ND
270 91.3 ND 63.9 8.9 0.14 ND
300 47.5 31.3 ND 21.3 ND
330 30.1 11.2 ND ND
360 11.1 ND ND

Day 3

0 ND ND ND ND ND ND
5 350.2 139.7 0.40 279.3 121.3 0.43
10 366.7 213.7 0.58 519.3 332.7 0.64
15 317.6 171.5 0.54 478.1 245.3 0.57 418.9
30 178.4 61.5 0.34 319.4 105.6 0.33 316.4 136.2 0.43
60 139.1 34.8 0.25 141.3 42.7 0.30 128.1 80.3 0.62
90 80.5 12.5 0.16 108.1 37.3 0.34 63.4 21.4 0.34
120 30.3 ND 63.2 11.2 0.18 21.3 ND
150 15.1 ND 31.4 4.2 0.13 11.7 ND
180 29.7 ND 64.2 9.3 0.15 9.2 ND
210 33.7 97.7 8.1 0.08 31.6
240 20.5 21.3 ND 55.9 6.7 0.12
270 13.7 11.7 ND 20.9 ND
300 6.4 ND ND ND
330 ND ND ND ND
360 ND ND ND

Day 5

0 ND ND ND ND ND ND
5 33.0 629.7 273.5 0.43 364.7 211.3 0.58
10 463.5 279.3 0.60
15 452.6 231.7 0.51 445.3 270.3 0.43 521.3 327.4 0.63
30 381.5 164.3 0.43 539.2 359.4 0.66 411.7 312.7 0.76
60 194.0 92.5 0.47 378.5 211.7 0.56 200.6 92.3 0.46
90 195.9 83.1 0.42 199.8 100.2 0.50 93.7 27.2 0.29
120 92.4 30.3 0.33 63.7 21.7 0.43 51.3 11.2 0.22
150 65.1 7.9 0.12 21.3 6.8 0.32 32.6 6.8 0.21
180 27.4 ND 9.8 ND 92.3 21.4 0.23
210 13.7 ND 13.7 ND 127.1 36.7 0.21
240 27.9 ND 28.3 ND 62.9 13.8 0.22
270 41.2 5.7 0.14 31.7 6.4 0.20
300 19.6 23.8 ND 11.2 ND
330 12.7 ND 7.9 ND
360 13.7 ND ND ND ND

ND = not detecetd
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Appendix 16

Serum and CSF VPA concentrations and the CSF/serum VPA concentration ratios at
the VPA dose of 100 mg/kg body weight (no = 6)

time
min

Samples of Rat 1

Serum CSF 
/unol/L /unol/L

CSF/
Serum

Samples

Serum
/unol/L

of Rat 2

CSF
/unol/L

CSF/
Serum

Samples of Rat 3

Serum CSF 
/unol/L /unol/L

CSF/
SERUM

Day 1

5 1131.2 737.5 0.65 1126.3 712.8 0.63 695.0 437.6 0.70
10 1052.9 643.7 0.61 1231.6 741.3 0.60
15 940.8 593.6 0.63 1073.6 641.5 0.59 830.2 492.8 0.59
30 865.5 476.2 0.55 891.3 492.7 0.55 707.4 372.8 0.53
60 228.2 59.9 0.26 583.7 203.6 0.35 240.9 163.7 0.66
90 43.7 7.3 0.17 341.2 228.7 51.3 0.22
120 27.4 3.1 0.11 191.2 71.3 0.37 117.5 30.2 0.26
150 33.4 4.7 0.14 52.7 6.5 0.12 62.3 12.7 0.20
180 50.8 6.2 0.12 21.7 ND 56.3 7.3 0.13
210 113.4 15.1 0.13 96.3 13.2 0.14 90.7 11.2 0.12
240 130.6 19.3 0.15 113.8 15.1 0.13 108.5 22.8 0.20
270 110.7 11.2 0.10 54.7 7.1 0.13 79.6 15.6 0.20
300 92.7 9.7 0.18 31.8 ND 52.7 ND
330 52.7 5.2 0.13 21.7 ND 31.3 ND
360 41.4 ND 15.2 ND 12.7 ND

Day 3

0 ND ND ND ND ND ND
5 1314.5 917.2 0.70 1413.6 1019.7 0.72 191.7 37.3 0.19
10 1373.4 902.6 0.66 1472.1 431.4 102.7 0.24
15 1349.2 898.5 0.67 1263.6 808.7 0.64 931.5 538.6 0.58
30 915.3 634.2 0.69 1031.5 567.3 0.55 862.7 412.8 0.48
60 586.2 203.6 0.35 591.3 183.3 0.31 1081.3 431.2 0.40
90 317.4 89.3 0.28 321.7 86.9 0.27 600.6 302.6 0.50
120 79.2 12.5 0.16 92.1 20.3 0.22 303.6 127.3 0.41
150 137.1 32.7 0.23 112.7 14.7 0.13 167.3 30.7 0.18
180 142.3 18.5 0.13 262.8 41.2 0.16
210 132.1 26.7 0.20 131.6 19.7 0.15 210.7 17.1 0.08
240 79.9 14.3 0.18 71.5 7.9 0.11 93.8 9.7 0.10
270 43.2 ND 173.6 22.6 0.13
300 78.3 10.5 0.13 21.7 ND 158.3 19.0 0.12
330 13.6 ND 90.5 9.1 0.10
360 33.8 7.1 0.21 15.8 ND 61.7 6.8 0.11

Day 5

0 ND ND 1.4 ND ND ND
5 932.6 628.1 0.67 1023.6 696.1 0.69 283.7 53.7 0.19
10 1621.4 1213.2 0.75 1721.3 697.4 512.3 0.73
15 1591.3 1171.3 0.74 1632.1 1191.4 0.73 1221.3 802.1 0.66
30 984.3 713.6 0.72 992.3 684.5 0.69 1123.6 736.4 0.66
60 714.2 402.1 0.56 936.4 602.4 0.64
90 432.8 123.6 0.29 513.6 179.8 0.35 723.5 512.8 0.71
120 249.6 87.3 0.35 194.7 54.5 0.28 714.3 327.6 0.46
150 183.8 51.2 0.28 91.3 20.1 0.22 583.7 106.7 0.18
180 70.5 10.3 0.28 64.7 10.3 0.16 313.9 63.5 0.20
210 93.8 17.8 0.19 192.5 31.7 0.16
240 124.3 18.33 0.15 119.7 25.1 0.21 231.7 44.3 0.19
270 83.7 12.6 0.15 171.4 31.4 0.18
300 63.9 12.1 0.19 71.5 9.3 0.13 128.4 20.9 0.16
330
360 57.6 8.2 0.15 41.3 ND 83.5 15.3 0.18

NT = not detected
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Appendix 16(cont)

Serum and CSF VPA concentrations and the CSF/serum VPA concentration ratios at
the VPA dose of 100 mg/kg body weight (no = 6)

Samples of Rat 4 Samples of Rat 5 Samples of Rat 6

time
min

Serum
(imol/L

CSF
/imol/L

CSF/
Serum

Serum
fimol/L

CSF
fimol/L

CSF/
Serum

Serum
fimoI/L

CSF
/imol/L

CSF/
SERUM

Day 1

5 201.3 41.7 0.21 298.7
10 793.4 402.1 0.51 789.0 1026.3 638.9 0.62
15 912.5 631.7 0.69 916.8 591.3 0.65 1172.3
30 608.5 303.7 0.50 760.9 463.7 0.61 913.3 571.3 0.62
60 432.6 120.3 0.28 296.9 208.3 0.70 837.4 439.3 0.52
90 223.8 43.6 0.20 298.1 171.3 0.58 591.3 210.8 0.36
120 241.7 41.8 0.17 89.1 9.3 0.10 193.6 63.4 0.33
150 173.6 32.2 0.19 45.7 ND 30.6 ND
180 100.4 20.1 0.20 31.3 ND 37.5 ND
210 60.3 8.8 0.14 67.7 8.7 0.13 60.3 9.7 0.16
240 47.2 5.7 0.12 245.1 47.5 0.19 91.7 13.3 0.15
270 63.5 8.3 0.13 202.3 41.3 0.20 142.5 21.4 0.15
300 79.8 10.1 0.13 169.7 27.3 0.16 83.7 11.8 0.14
330 33.2 ND 59.3 11.5 0.19 64.8 7.5 0.12
360 ND ND 20.5 ND 21.8 ND

Day 3

0 ND ND ND ND ND ND
5 570.8 163.7 0.29 318.7 1331.6 1001.3 0.75
10 1187.5 793.5 0.67 631.3 423.7 0.61 1402.3
15 992.6 718.4 0.72 928.3 1267.3 852.3 0.67
30 831.9 491.3 0.33 1110.2 689.1 0.62 841.7 536.7 0.64
60 740.3 426.1 0.58 1103.7 627.3 0.57 538.6 171.3 0.32
90 832.0 528.8 0.64 963.8 467.9 0.49 291.7 73.6 0.25
120 589.3 136.7 0.23 518.2 200.3 0.39 63.4 15.5 0.24
150 473.0 80.3 0.17 239.7 61.3 0.26 91.1 21.3 0.23
180 236.2 54.3 0.23 120.3 21.8 0.18 126.4 27.4 0.22
210 255.5 63.7 0.25 86.4 18.7 0.22 145.9 33.7 0.23
240 155.4 30.1 0.19 119.3 19.3 0.16 83.7 15.6 0.19
270 46.5 6.2 0.11 170.6 27.5 0.16
300 125.4 10.6 0.05 128.3 20.4 0.16 64.2 10.1 0.14
330 101.1 11.1 0.11 63.4 9.3 0.15
360 73.9 ND 51.2 ND 21.7 5.1 0.24

Day 5

0 ND ND ND ND ND DN
5 436.9 122.1 0.28 363.9 121.7 0.33 1015.2 528.3 0.52
10 1283.2 836.5 0.65 828.7 591.3 0.71 1538.7
15 1364.4 821.3 0.60 1240.3 873.2 0.70 1618.7 1217.4 0.75
30 1104.8 739.7 0.67 1107.2 819.7 0.74 994.7 692.4 0.70
60 921.7 520.6 0.56 987.6 657.8 0.67 813.8 413.7 0.51
90 642.1 393.7 0.61 631.4 528.6 172.1 0.33
120 410.3 121.8 0.30 507.2 378.3 0.75 213.7 82.3 0.34
150 527.4 176.3 0.33 491.3 197.5 0.40 191.3 64.2 0.34
180 432.1 161.7 0.37 302.7 100.7 0.33 94.2 19.7 0.21
210 413.2 142.5 0.35 120.3 30.4 0.25 110.3 12.3 0.11
240 191.5 40.3 0.21 192.3 47.4 0.24 136.7 27.4 0.20
270 131.6 32.7 0.25 232.7 41.3 0.17 121.4 23.1 0.19
300 95.8 27.3 0.28 151.7 32.7 0.17 63.2 12.3 0.19
330 43.7 7.1 0.16 73.2 22.6 0.30
360 21.9 ND 38.3 10.6 0.28 41.7 6.4 0.16

ND = not detected
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Appendix 17

Serum and CSF VPA concentrations and the CSF/serum VPA concentration ratios,
expressed as the mean (SD) at VPA doses of 50 (n=6) and 100 (no=6) mg/kg body
weight

G roup 5 0 m g /k g G roup 1 0 0  m g /k g

t im e
m in

Serum
fim o l/L

CSF
/m o l /L

C SF/
Serum

Serum
fim o l/L

CSF C S F / 
/ a a o l /L  Serum

Day 1 X (SD) X (SD) X (SD) X (SD) X (SD) X (SD)

5 241.6 ( 96.7) 153.0 ( 92.9) 0.60 (0.14) 174.6 (151.1) 513.7 (289.0) 0.54 (0.19)
10 218.3 ( 80.9) 108.8 ( 66.0) 0.41 (0.20) 827.7 (355.7) 643.7 0.61
15 370.3 (26.1) 88.7 ( 54.3) 0.40 (0.16) 1112.6 (844.5) 571.7 (239.9) 0.63 (0.04)
30
45

186.8(113.1) 83.8 ( 46.4) 0.37 (0.12) 931.2 (79.3) 587.0 ( 53.2) 0.54 (0.04)

60 111.4 ( 60.6) 53.1 ( 26.2) 0.43 (0.24) 395.6 (165.4) 424.7 ( 72.6) 0.44 (0.19)
90 77.9 ( 45.7) 23.8 ( 8.5) 0.28 (0.11) 221.5 (102.6) 161.1 ( 60.7) 0.30 (0.17)
120 71.6 ( 50.9) 13.6 ( 6.1) 0.17 (0.05) 121.8 ( 80.7) 67 .4(61.7) 0.20 (0.10)
150 38.2 ( 31.5) 7.1 (5.7) 0.16 (0.07) 66.4 ( 53.9) 27.9 ( 25.7) 0.16 (0.04)
180 27.5 ( 26.7) 14.3 0.21 49.7 ( 27.9) 14.0 ( 12.6) 0.15 (0.04)
210 63.1 ( 27.0) 13.7 ( 7.6) 0.16 (0.05) 81.5 (22.0) 11.2 ( 7.7) 0.14 (0.01)
240 80.4 ( 46.5) 13.8 ( 7.9) 0.13 (0.01) 114.5 (73.7) 11.0 ( 2.7) 0.16 (0.03)
270 76.2 ( 39.4) 11.2 0.09 108.9 ( 56.1) 22.6 ( 14.4) 0.16 (0.04)
300 46.6 ( 37.5) 10.9 0.10 85.1 (47.2) 19.3 ( 13.4) 0.14 (0.02)
330 33.8 ( 24.6) 5.8 0.10 43.9 ( 17.4) 19.6 ( 11.0) 0.16 (0.04)
360 32.4 ( 29.2) ND 21.9 ( 10.1) ND

Day 3

0 ND ND ND ND
5 350.2 320.4 ( 63.9) 0.64 (0.12) 856.8 (558.3) 627.8 (485.0) 0.53 (0.27)
10 497.8 ( 17.6) 242.1 (137.2) 0.57 (0.14) 1083.0 (442.1) 555.5 (365.0) 0.55 (0.21)
15 503.0 (119.4) 299.7 (102.8) 0.57 (0.10) 1122.1 (191.5) 763.3 (142.1) 0.66 (0.05)
30 350.9 (144.2) 171.1 (124.2) 0.46 (0.15) 932.3 (114.0) 555.2 ( 99.0) 0.60 (0.07)
60 212.7 (108.4) 73.4 ( 32.0) 0.37 (0.14) 780.2 (285.9) 340.5 (184.3) 0.42 (0.12)
90 122.8 ( 59.4) 26.6 ( 20.8) 0.23 (0.12) 554.5 (291.9) 258.2 (205.5) 0.41 (0.16)
120 75.6 ( 47.2) 13.5 ( 3.5) 0.16 (0.03) 274.3 (234.6) 85.4 ( 80.0) 0.28 (0.10)
150 42.6 ( 28.3) 8.5 ( 4.5) 0.21 (0.02) 203.7 (141.6) 40.2 ( 25.3) 0.20 (0.05)
180 37.2 ( 34.6) 9.3 ( 0.1) 0.13 (0.04) 177.6 ( 66.8) 32.6 ( 14.9) 0.22 (0.07)
210 36.1 ( 36.5) 8.1 0.08 160.4 ( 61.5) 29.9 ( 17.7) 0.19 (0.06)
240 56.3 ( 33.0) 9.6 ( 4.0) 0.12 (0.00) 100.6 ( 31.5) 16.2 ( 8.0) 0.15 (0.04)
270 57.4 ( 57.6) 17.9 ( 3.2) 0.16 (0.01) 111.0(70.8) 16.9 ( 15.1) 0.14 (0.04)
300 70.4 ( 56.3) 13.5 ( 3.1) 0.13 (0.01) 96.0 ( 50.3) 12.9 ( 5.0) 0.13 (0.05)
330 83.4 10.1 0.12 67.2 ( 39.1) 10.2 ( 1.3) 0.13 (0.03)
360 44.2 5.3 0.12 43.0 ( 23.0) 6.3 ( 1.1) 0.19 (0.07)

Day 5

0 ND ND ND ND
5 372.2 (204.3) 277.5 ( 80.3) 0.59 (0.13) 675.9 (349.3) 358.3 (290.0) 0.45 (0.21)
10 540.4 (108.8) 354.5 (106.4) 0.65 (0.07) 1281.8 (429.3) 788.3 (315.1) 0.71 (0.04)
15 614.0 (103.3) 335.8 (145.6) 0.55 (0.21) 1444.6 (192.3) 1012.8 (199.7) 0.70 (0.06)
30 514.8 (116.2) 316.4 ( 81.6) 0.61 (0.11) 1051.2 ( 66.9) 731.1 (48.8) 0.70 (0.03)
60 349.9 (132.8) 161.0(95.2) 0.45 (0.17) 851.6 (113.5) 505.2 (106.7) 0.59 (0.06)
90 199.7 ( 73.1) 77.6 ( 48.8) 0.37 (0.15) 578.7 (105.6) 276.4 (168.2) 0.46 (0.19)
120 108.0 ( 55.2) 38.5 ( 23.7) 0.34 (0.07) 403.7 (186.0) 199.5 (142.1) 0.45 (0.18)
150 55.4 ( 39.8) 20.6 ( 15.3) 0.28 (0.11) 362.0 (190.9) 108.4 ( 64.3) 0.30 (0.07)
180 48.6 ( 36.4) 24.1 ( 17.5) 0.31 (0.15) 217.5 (151.9) 62.7 ( 59.4) 0.25 (0.08)
210 70.1 ( 60.6) 24.7 ( 19.1) 0.26 (0.03) 180.2 (138.1) 45.5 ( 55.2) 0.21 (0.10)
240 52.9 ( 23.2) 15.7 ( 2.6) 0.23 (0.01) 161.7 (51.7) 32.6 ( 13.2) 0.20 (0.03)
270 49.3 ( 30.3) 15.3 ( 4.2) 0.21 (0.04) 155.4 (48.0) 30.7 ( 7.2) 0.20 (0.03)
300 33.3 ( 28.6) 15.1 0.17 104.7 ( 35.2) 21.1 ( 9.0) 0.20 (0.05)
330 17.3 ( 12.4) 12.0 ( 4.4) 0.19 (0.03) 67.4 ( 5.9) 10.9 ( 2.0) 0.16 (0.04)
360 26.5 ( 27.1) 10.9 0.10 56.8 ( 18.0) 11.9 ( 7.0) 0.19 (0.06)

243



ACKNOWLEDGMENTS

I wish to thank my Supervisor, Professor Magnus Hjelm, Professor of Biochemistry, 

Hospital for Sick Children, Great Ormond Street, London, whose generosity with time, 

advice, help, encouragement and support throughout the work on this thesis had no limits and 

who has enabled me to complete it.

I also wish to thank Dr Neville Ratnaraj, Department of Neurology, National Hospital for 

Neurology, London, for his generosity in giving me help and advice, particularly on the 

analytical methods, on pharmacokinetics and for proof reading.

Lastly, but not least, I thank Dr Phillip Patsalos, Department of Neurology, National 

Hospital for Neurology, London, for allowing me to use the Drugs Laboratory and his help 

through the work on the thesis.

244



J P M  V o l .  2 8 .  N o .  1 
A u g u s t  1 9 9 2 : 2 1 - 2 8

A Freely Moving and Behaving Rat Model for the Chronic and 
Simultaneous Study of Drug Pharmacokinetics (Blood) and 

Neuropharmacokinetics (Cerebrospinal Fluid): 
Hematological and Biochemical Characterization and Kinetic 

Evaluation Using Carbamazepine
Philip N. Patsalos, Mohammed S. Alavijeh, Jun’ichi Semba,* and Yvette I. Lolin

Epilepsy Research Group, University Department o f Clinical Neurology, Institute of Neurology, Queen Square, London
England, Great Britain

A freely moving and behaving rat model for the chronic and simultaneous study of drug 
pharmacokinetics (blood) and neuropharmacokinetics [cerebrospinal fluid (CSF)] is de
scribed. The blood (jugular vein) and CSF (cisterna magna) catheters employed are simple, 
reliable, and inexpensive. The bipod catheter was made of soft and flexible Silastic tubing 
and sealed with heparin. The CSF catheter consisted of intersliding polythene tubing and 
interlocking Silastic tubing, which allowed maneuverability within the cisternal magna 
space and thus prolonging patency for chronic studies. Both catheters were well tolerated 
by the animals, and the postoperative success rate was 80%-100%; after 8 days 80%-85% 
of catheters were still patent. Using a sampling protocol considered suitable for kinetic 
studies, we determined numerous biochemical and hematological parameters and compared 
them with those values obtained postsurgically and in control rats. The parameter changes 
associated with the sampling protocol did not affect the kinetics of the commonly prescribed 
antiepileptic drug carbamazepine and its primary pharmacologically active metabolite car- 
bamazepine-10, 11-epoxide. Therefore, the model can be used to study the interrelationship 
between drug kinetics at central and peripheral sampling sites and mechanism(s) of drug 
action.

Keywords: Pharmacokinetics; Neuropharmacokinetics; Freely behaving rat model; Cere
brospinal fluid; Carbamazepine; Chronic sampling; Carbamazepine-epoxide

Introduction
Considerable knowledge of the fundamental sys

temic pharmacokinetics of drugs has been acquired in 
the past decade, and serum concentration measure
ments ((therapeutic drug monitoring) have been used 
effectively in patient management. Because cerebro
spinal fluid (CSF) is kinetically indistinguishable from
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the site of action of drugs that have an effect on the 
central nervous system (CNS) including numerous an
tiepileptic drugs, for example, carbamazepine (CBZ), 
phenytoin, phenobarbitone, diazepam, and oxazepam 
(Dingemanse et al., 1987; Klockowski and Levy, 1988; 
Danhof and Levy, 1984; Sokomba et al., 1988), a 
greater knowledge of the relationship between sys
temic pharmacokinetics and CSF neuropharmacoki
netics may provide a better understanding of drug ther
apeutics. Limited accessibility of CSF in humans, the 
availability of only single time-point determinations of 
C^F, and the lack of sensitive microanalytical tech
niques for drug assay in small-specimen samples have 
invariably prevented the systematic study of such in
terrelationships in humans.

Serial CSF sampling methods have been developed
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recently for use in humans (Ben-Manachem, 1989; 
Riekkinen et al., 1989), and repeated sampling of CSF 
has been utilized in sheep (Payne et al.  ̂ 1986), dogs 
(Guldberg and Yates, 1968), cats (Griauzde and Radu- 
lovacki, 1976), and guinea pigs (Jones and Robinson, 
1981). With the advent of improved high-performance 
liquid chromatographic (HPLC) methodologies, it has 
become feasible to apply similar techniques in the rat 
where much smaller volumes of CSF are-available. In 
recent years numerous techniques have been described 
for repeated sampling of CSF from freely moving and 
behaving rats through permanently implanted cannulae 
or guide cannulae (Bouman and Van Wimersma Grie- 
danus, 1979; Swartz and Stenberg, 1980; Sarna et al., 
1983; De La Riva and Yeo, 1985; Kornhuber et al., 
1986), and these have been used in studying transmitter 
amine (Curzon et al., 1985), heptobarbital (Dingem
anse et al., 1988), and carbamazepine (Sokomba et al., 
1988) metabolism. The advantage of these serial sam
pling techniques is that repeated determinations and 
concurrent behavioral paradigms can be made in the 
same rat. Furthermore, as each rat serves as its own 
control interindividual variability is minimized, and 
thus the number of experimental animals used is re
duced. The success rate of patent cannulation has been 
quoted as 60%-70%, and patency has been reported at
1-2 weeks postsurgery (Sama et al., 1983; De La Riva 
and Yeo, 1985). However, long-term patency has not 
been investigated during serial and daily sampling.

Several procedures have been described for blood 
sampling from rats (Popovic and Popovic, 1960; Ste
fans, 1969; Terkel and Urbach, 1974; Upton, 1975;

J P M  V o l .  2 8 .  ~  
A u g u s t  1 9 9 2 :

Weiegmann and Artzer 1983; Brenner et al., 1985; " 
et al., 1991); however, these procedures are either \ 
complex in their experimental design and in the i 
struction of the cannula (and/or t^e outlet device 
show a high rate of failure due to blood clots or twi 
catheter and leakage caused by repetitive flushing ' 
heparinized saline. Additionally, many of these pn 
dures are traumatic for the subject and were not 
signed for chronic sampling.

The present paper describes a simple technique 
serial and chronic sampling of both blood and CSF 
that allows concurren t and tem poral pharm a 
kinetic — neuropharmacokinetic — neuropharma 
dynamic profiles of drug action in individual fre 
moving and behaving rats to be undertaken. The me 
has been characterized biochemically and hematol 
cally and pharmacokinetically/neuropharmaci 
netically using carbamazepine, a commonly prescri 
antiepileptic drug.

Materials and Methods

Anim als

Male Sprague-Dawley rats (Bantin and Kingn 
Ltd, Hull, England, G.B.) were housed in groups of 
for 7-14 days prior to surgery and were allowed f 
access to a normal laboratory diet (SDS R and M nu 
ber 1 expanded. Scientific Dietary Services, Witha 
Essex, England, G.B.) and water. A 12-hr light/d: 
cycle (light on 06:00 hr) was maintained.

1 n.T. ■ -

1 0mm
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Figure 1. Schem atic representation  o f tl 
cerebrosp inal fluid catheter.
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I Catheters and  Surgical Im plantation
I C athe te r m anufacture and surgical im plantation 
I were based on m odifications o f the m ethods o f Sam a 
I et al. (1983), Stefans (1969), and U pton (1975).
I Figure 1 shows a  schem atic representation of the
j cerebrospinal fluid ca the te r com prising intersliding 
I polythene tubing and interlocking Silastic tubing. The
• dim ensions o f  the flexible Silastic tubing (o.d. 1.09 mm)

were specifically chosen to allow insertion (with tw eez
ers) into the outer polythene tubing but not to allow 
the inner polythene tubing to be readily withdrawn. 
The bouton was form ed by gentle heating of the cathe
ter over a  soldering iron.

At 250-300 g, rats were anesthetized with sodium 
pentobarbitone (Sagatal; M ay and Baker Ltd, Dagen
ham, E ssex , England, G .B .) 60 mg/kg i.p ., hair on head 
and chest clipped and placed in a stereotaxic frame 
(Stoelting C o., W ood Dale, IL , U .S .A .), using ear bars 
only and with the head inclined slightly forward. A 
1.5- 2.0-cm midline incision was m ade 5 mm caudal to 
lam bda and the external occipital crest, and the skin 
and the a tlan tooccip ital m em brane were retracted . 
Two burr holes, one 3 mm lateral and 4 mm caudal to 
lam bda for the placem ent o f a stainless-steel anchor 
screw , and the second 2 mm lateral to the midline and 
3 mm caudal to the external occipital crest and at an 
angle o f about 40° for catheter insertion, were made. 
C atheter (Figure 1) im plantation was achieved with the 
aid of a 37-G enam eled copper wire (Scientific Wire 
C o., L ondon , England, G .B .) contained within the 
catheter. This served to afford rigidity to the catheter 
and aided puncturing o f dura. W ith the bouton resting 

• on the skull surface, the wire was withdrawn and the 
ca theter sealed in place with dental acrylic (De Trey, 
W eybridge, Surrey, England, G .B .). CSF was intro
duced into the catheter by a slight negative pressure 
using a syringe. The catheter was cut to approximately 
2 cm, heat sealed, and the rat was sutured.

.The ra t was then placed on its back, and its forelegs 
were affixed to  a surgical board with adhesive tape. A 
2.5-cm long incision in the skin was made in the midline 
betw een the collar bone and the sternal bone, and the 
external jugular vein was exposed by blunt dissection. 
A fter rem oving the tissue surrounding the vein with a 
pair o f tw eezers , th ree  co tton  threads were passed 
under the vein caudally, medially, and rostrally, and 

ŷiZhe caudal thread was ligated. Using a pair of fine scis
sors, we perforated  the vein ju s t below  the medial 
thread, dilated it by inserting a pair o f fine tw eezers, 
and inserted  the catheter (Silastic tubing, lO-cm length, 
o .d . 1.09 mm, i.d. 0.63 mm, and cut a t 45° angle; Dow, 
Com ing, M idland, M I, U .S .A .), until 4 cm of it (for a 
300-g rat) were within the vein. F or a 250-g rat, the 
ca the te r was inserted  until 3 cm were within the vein.

The tw o other threads w ere used to  secure the catheter 
within the vein, and the caudal th read  was used to se
cure the positioning o f the exteriorized portion o f the 
catheter. A 1-cm cut w as made behind the ear, a  small 
pair o f forceps was passed  under the skin through the 
incision, the free end o f  the ca the te r was brought out 
behind the ear, and the incision w as sutured. C atheter 
patency was checked by flushing w ith 0.5 m L heparin
ized saline (10 U /m L B axter H ea lth ca re , T hetford , 
N orfolk, England, G .B .) cut to  a length o f 3 cm and 
sealed using a piece o f 1-cm tubing m ade from  a 21-G 
needle, and the rat was sutured. In  o rder to minimize 
infection, we used Polybactrin  pow der spray (The 
W ellcome Foundation L td , L ondon, England, G .B .) 
containing neom ycin, polym yxin B, and bacitracin on 
all exposed areas prior to suturing. A fter surgery, rats 
were housed individually in perspex  cages.

C SF  and B lood Sam pling
Sampling of the C SF was achieved by connecting 

the implanted catheter to  a cannula attached to a 23-G 
needle and 1-mL syringe. The cannula  consisted  of 
36.4-cm (i.d. 0.28 mm) polythene tubing, correspond
ing to a volume of 30 jxL, and a ttached  to a 15-cm (i.d. 
0.58 mm) polythene tubing (Portex L td , H ythe, K ent, 
England, G .B .). The cannula was disconnected from 
the catheter betw een sampling, and C SF sam ples were 
dispensed into 0.5-ml polypropylene tubes and kept at 
-2 0 °C  until required for analysis.

Blood sampling was achieved by connecting the jug 
ular vein catheter via a 1.5-cm stainless-steel connector 
(cut from  a 23-G needle) to a 30-cm polythene tubing 
(i.d. 0.58 mm) filled with 5 U /m L heparinized saline 
and attached to a 1-mL syringe. Blood was slowly with
draw n until it reached the bottom  o f the syringe, the 
cannula was closed using a small clip, a new  syringe 
was attached, the cannula was u n d ip p ed , and 100 fxL 
of blood were withdrawn. In o rder to prevent the de
velopm ent o f hypovolem ia, we adm inistered an equiv
alent volume of heparinized saline after each sampling. 
B lood sam ples w ere co llected  in 0.5-m L centrifuge 
tubes, and sera were stored at — 20°C until required for 
analysis.

Stud ies on B lood B iochem istry and H em atology
A  blood sampling protocol com prising 100-p.L sam 

ples every  30 mih for 8-10  h r at 3 ,5 , and 7 days postsur
gery w as considered suitable fo r kinetic studies. To 
test the  practicability o f this approach , we m ade var
ious biochem ical and hem atological m easurem ents at 
days 3 (3 days postsurgery), 4 (after a single carbam az
epine dose and blood sampling on day 3), 8* (after daily 
carbam azepine dosing on days 3 -7  and blood sampling
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on days, 3, 5, and 7), and 8 (after daily carbamazepine 
dosing on days 3-7 and blood sampling on day 7 only). 
A dosing strategy of 35 mg/kg/day carbamazepine con
stituted in propylene glycol and administered as a sin
gle intraperitoneal injection was used, Blood from con
trol (nonoperated) rats was collected by direct cardiac 
puncture under sodium pentobarbitone anesthesia.

using JANA (Dunne, 1985). The following parameters 
were reported: time to maximal concentration (Tmax), 
maximal concentration (Cmax), apparent elimination 
half-life (ti/2), and area under the concentration versus 
time curve (AUC).

Differences between groups were determined by 
analysis of variance (ANOVA) and Newman-Keul’s 
multiple-range test.

Comparative Kinetics o f  CBZ
The concentration-time profiles of CBZ and its pri

mary metabolite, carbamazepine-10,11-epoxide (CBZ- 
E), in serum were determined in two groups of rats. In 
the first group (day 8*) CBZ (35 mg/kg) was adminis
tered i.p. for 5 consecutive days (days 3-7) and sam
pled on 3 separate days (days 3 ,5 , and 7). The second 
group (day 8) was similarly dosed except that sampling 
was undertaken only on day 7. Samples (30 jjlL) of 
cisternal CSF were simultaneously collected from all 
rats for concurrent CBZ and CBZ-E measurement.

Biochemical, Hematological, and 
Drug Analysis

The following biochemical parameters were mea
sured in serum using a Technicon RA-XT analyser 
(Basingstoke, Hampshire, England, G.B.) and Tech
nicon reagents according to the manufacturers instruc
tions: total protein, albumin, bilirubin, urea, alanine 
aminotransferase, alkaline phosphatase, and creati
nine. Serum sodium (Na"^) and potassium (K"^) were 
measured by flame photometry (IL 943; Instrumenta
tion Laboratory, Warrington, Lancashire, England, 
G.B.). Red blood cell count, white blood cell count, 
hemaglobin, and platelets were measured on a Coulter 
Counter S-Plus JR (Coulter Electronics, Luton, Bed
fordshire, England, G.B.).

Separation of the free (non-protein-bound) and 
bound-drug fractions was achieved by ultrafiltration 
using a centrifree micropartition system (Amicon, Eng
land, G.B.) and a Sorvall RC-5B refrigerated centrifuge 
set at 25° ± 1°C. CBZ and CBZ-E concentrations in 
serum, CSF, and ultrafiltrate were determined by 
HPLC as previously reported (Sokomba et al., 1988).

Kinetic and Statistical Analysis
CBZ and CBZ-E versus time data were simultane

ously analyzed according to a one-compartment model 
using the PCNONLIN 3.0 program (Metzler and Wei
ner, 1988) implemented on an Amstrad 2286/40 com
puter. Initial param eter estimations were obtained

Results
Catheter Implantation  '

The success rate of jugular vein cannulation was 
90% -100%, and that of the cisterna magna 80%-90%. 
Patency of both catheters at day 8 (see above) was 
approximately 80%. Animals recovered quickly 
(within 3-4 hr) from the surgical procedure and did not 
exhibit any behavioral abnormalities.

Blood Biochemistry and Hematology
The results of the experiments to determine the ef

fect of surgery and sampling schedule on biochemical 
and hematological parameters are shown in Table 1. 
For clarity, only parameters that exhibited a significant 
change are included. At 3 days postsurgery (day 3), 
Na"^ was significantly elevated, and total protein and 
albumin were significantly reduced (p <  0.05). Blood 
sampling on day 3 only (day 4) or on day 7 only (day 
8) had no additional effect on these parameters and 
were indistinguishable from values observed postsur
gery (day 3). Surgery had no significant effect on hemo- 
globulin, hematocrit, or red blood cell count. How
ever, after 1 day of blood sampling, significant reduc
tions in these parameters were observed (day 4). 
Additional sampling on days 5 and 7 (day 8*) caused 
an even larger reduction in hemoglobin, hematocrit, 
and red blood cell count compared with only 1 day of 
sampling (i.e., day 4 or 8). The reduction in red blood 
cell count did not attain statistical significance.

Comparative Kinetics o f  CBZ
The concentration-time profile of CBZ and CBZ-E: 

were determined concurrently in serum and CSF in* 
five to 12 rats over a period of 8.5'hr. The profiles were; 
accurately described by a one-compartment model.| 
Table 2 shows the apparent kinetic constants for indi-^ 
vidual rats, together with mean values, on day 
(blood sampling on days 3 ,5 , and 7). The mean concen-j 
tration-time curves for serum and CSF for all rats ar^ 
given in Figure 2. For clarity, standard error at each
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Table 1. Biochemical and Hematological Characteristics
Blood Testing on Day:

0 3 4 8* 8

Control
3 Days 

Postsurgery

Drug Dosing: 
Day 3 only; 

Blood Sampling: 
Day 3 only

Drug Dosing: 
Days 3, 4, 5, 6, 7; 
Blood Sampling: 

Days 3, 5, 7

Drug Dosir 
Days 3, 4, 5, 
Blood Samp! 

Day 7 onl;

Sodium (Na"^) (mmol/L) 141.5 i  0.3 143.6 ±  0.4" 142.8 ± 0.4" 144.9 ±  0.1" 145.3 ± 0.6
(13) (8) (8) (7) (4) 1

Total protein (g/L) '  • 60.7 ± 1.8 53.7 ±  2.1" 51.9 ± 1.4" 53.8 ±  1.6" 50.8 ± 1.1
(13) (9) (8) (6) (6)

Albumin (g/L) 33.9 ±  1.1 30.7 ±  1.0" 28.9 ± 0.6" 27.3 ±  0.6" 28.2 ±  0.5
(13) (9) (8) (6) (6)

Alanine aminotransferase (lU/L) 60.3 ±  4.5 57.4 ±  .4.3 58.5 ± 9.7" 37.0 ± 3.3" 27.0 ± 3.0
(13) (9) (8) (6) (6)

Hemoglobin (g/dL) 14.0 ± 0.2 13.4 ± 0.4 11.6 ± 0.3" 9.8 ± 0.1" * 10.9 ± 0.3
(14) (7) (8) (7) (6)

Hematocrit (%) 40 ± 1 39 ± I 32 ± 1" 29 ± 1" * 33 ± I"
(14) (7) (8). (7) (6)

Red blood cell count (lO'^/L) 7.4 ± 0.2 .6.9 ± 0.21 5.8 ± 0.2" 5.4 ±  0.1" 6.0 ± 0.2"
(14) (7) (8) (7) (6)

Note: Results expressed as mean ± SEM; Number in parentheses equals number of samples. 
“ p <  0.05 compared with control.
‘‘ p  <  0.05 compared with day 4 and day 8.

Table 2. Pharmacokinetic and Neuropharmacokinetic Parameters on Day 8*"

CBZ-E i  
CSF in f  
es were ]| 
model. 
or indi- Ij 
day 8*^ 
:oncen-r 
rats areii 
at each:

\

, I

Serum CSF

Rat Number Tm.% (hr) Cm.% (pimol/L) AUC (jxmol/L/hr) ti/2 (hr) Tm.% (hr) Cm.% (iimol/L) AUC (p.mol/L/hr) tl/2 (h.

A. CBZ

1 0.16 64 131 1.4 0.5 27 67 1.7
2 1.00 50 147 2.0 1.0 29 80 1.9
3 0.16 64 56 1.2 0.5 17 53 2.2
4 0.16 64 111 1.2 0.3 26 57 1.5
5 0.16 63 214 2.4 - I.O 21 31 1.0
6 0.16 47 90 1.3 0.5 17 42 1.8
7 1.00 61 ■ 110 1.2
8 0.16 57 69 0.9
Mean 0.37 59 116 V 1.4 0.6 23 55 1.7
± SEM 0.13 2 17 •> 0.2 0.1 2 7 0.1

For abbreviations see text.
'  Blood Sampling on Days 3, 5, and 7.

B. CBZ-E

1 5.5 40 444 10.3 3.2 10 85 2.4
2 . 4.5 14 500 14.7 2.4 13 82 2.4
3 2.5 12 191 8.8 1.8 13 104 4.0
4 2.5 21 375 8.8 1.2 15 208 9.0
5 2.8 21 192 3.9 2.7 11 86 2.2
6 2.6 30 208 2.0 2.1 13 96 3.1
7 2.4 27 226 3.7
Mean 3.2 24 305 7.5 2.2 ■ 12 110 3.8
± SEM 0.5 4 46 1.6 0.3 1.0 18 1.0
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Figure 2. M ean concentration-tim e profile in serum  and cer
ebrospinal fluid, respectively , of carbam azepine (■------ ■)
(•----- •), and carbam azepine-10, 11-epoxide (a------- a)
(▼----- ▼) in day 8* group. Values are mean of five to eight
rats.
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TIME ( h o u r s )

Figure 3. M ean concentration-tim e profile in serum  and cer
ebrospinal fluid, respectively, of carbam azepine (■------ ■)
(«----- •), and carbam azepine-10, 11-epoxide ( a  a )
(v--v) in day 8 group. Values are mean of five to 12 rats.

time point is not shown but did not exceed 3.3 p.mol/L 
for CBZ (mean: 1.3; range: 0.2-3.3) and 3.7 |xmol/L for 
CBZ-E (mean: 1.6; range: 0.4-3.7). Table 3 shows the 
kinetic constants for serum and CSF on day 8 (blood 
sampling on day 7 only), and the corresponding con

centration-time curves are shown in Figure 3. For clar
ity, standard error at each time point is not shown but 
did not exceed 3.1 |xmol/L for CBZ (mean: 1.0; range: 
0.1-3.1) and 2.1 p.mol/L for CBZ-E (mean: 1.4; range: 
0.7-2,1). Significant differences in the calculated ki

Table 3. Pharm acokinetic and N europharm acokinetic Param eters on Day 8“

S e r u m C S F

R a t  N u m b e r " I 'm . *  ( h r ) C m m x  ( ( X m o l / L ) A U C  ( p . m o l / L / h r )  t i /2 ( h r ) T m . x  ( h r ) C m m x  ( p . m O l / L ) A U C  ( f i m o l / L / h r ) Un ( h r )

A .  C B Z

1 0 . 5 0 5 0 1 3 0 1 . 8 1 . 0 1 8 6 8 2 . 6
2 0 . 1 6 5 0 1 0 8 1 . 5 0 . 5 2 9 9 5 2 . 2

3 0 . 1 6 5 6 5 1 0 . 6 0 . 2 1 6 5 5 2 . 3
4 0 . 5 0 6 2 1 5 0 1 . 7 0 . 5 4 6 5 6 0 . 8

•5 - 0 . 1 6 7 4 1 3 4 1 . 3 0 . 5 3 1 7 8 1 . 7

6 0 . 1 6 3 1 8 5 1 . 9 0 . 5 1 8 4 3 1 . 7

7 0 . 1 6 6 6 7 4 0 . 8 ,
8 0 . 1 6 8 5 1 0 4 0 . 8
9 0 . 1 6 7 6 1 1 1 . 1 . 0

1 0 0 . 1 6 5 1 1 0 6 1 . 4
1 1 0 . 1 6 4 1 1 0 2 1 . 7
1 2 0 . 1 6 7 7 6 8 0 . 6
M e a n 0 . 2 2 6 0 1 0 2 1 . 3 0 . 5 2 6 6 6 1 . 9

±  S E M 0 . 0 4 4 8 0 . 1 0 . 1 4 7 0 . 2

B .  C B Z - E

1 1 . 3 2 0 2 9 0 9 . 1 3 . 8 1 4 1 5 8 2 . 6

2 1 . 8 2 1 2 6 4 7 . 3 2 . 9 1 5 1 5 2 4 . 8

3 2 . 4 2 4 4 4 4 1 0 . 8 5 . 6 7 1 3 1 7 . 2

1 . 9 1 9 2 3 7 7 . 4 1 . 6 1 1 1 3 5 7 . 3

5 2 . 7 2 6 3 9 7 8 . 4 3 . 1 8 6 9 2 . 1

6 6 . 1 1 6 2 6 8 4 . 2
M e a n 2 . 7 2 1 3 1 7 7 . 9 3 . 4 1 1 1 2 9 4 . 8

± S E M 0 . 6 1 3 1 0 . 8 0 . 6 1 1 4 1 . 0

For abbreviations see text.
" Blood Sampling on Day 7 Only.
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netic parameters were not observed between the two 
groups.

Mean serum protein binding of CBZ and CBZ-E in 
these groups was indistinguishable; on day 8* proteih 
binding was 32% and 55%, respectively, whereas on 
day 8, binding was 35% and 52%, respectively.

Discussion
The freely behaving rat model described in this re

port uniquely allows concurrent and temporal pharma
cokinetic— neuropharmacokinetic profiles of drug ac
tion in individual rats to be studied both acutely and 
chronically. Because serial sampling of blood and CSF 
can be achieved with minimal handling and induced 
stress of the animals, this model can be used to mea
sure neuropharmacodynamic/behavioral correlates in 
addition.

The blood and CSF catheters used in this model, 
offer several advantages over previously reported 
catheterization procedures. The Silastic tubing used' 
for the blood catheter is soft and flexible and does not 
react with biological tissue. Thus, with a small heparin 
seal, diffusion of blood into the catheter and subse
quent blocking by coagulation is prevented, and cathe
ter patency can be prolonged for chronic studies. The 
CSF catheter consisting of intersliding polythene tub
ing and interlocking Silastic tubing provides both good 
skull anchorage (via the bouton) and catheter maneu
verability postsurgically. The inner tubing can be thus 
moved within the cisternal magna space and even com
pletely withdrawn and replaced by new tubing, and 
this results in prolonged catheter patency. In previous 
designs where the catheter consisted of a single piece 
of tubing with the bouton as part of the inserted tubing, 
maneuverability was limited once the dental acrylic 
set. The postoperative success rate of patent CSF can- 
nulation (80%-90%) was much greater than that re
ported by previous techniques (60%-70%; Sarna etal., 
1983; De La Riva and Yeo, 1985; Kornhuber et al., 
1986). Patency of both CSF and blood catheter after 
serial sampling for periods of 8-10 hr for 3 consecutive \ 
days was approximately 80%. By changing the heparin 
plug in the blood catheter every 2-3 days, the success 
rate of chronic patency (2-4 weeks) of both catheters 
wai.60%-70%. We believe that with proper care the 
potency of catheters can be maintained for many 
months, although this needs to be studied in more 
detail.

The sampling strategies employed need comment. 
For blood, 100-|xL samples collected every 30 min for 
8-10 hr at 3 ,5 , and 7 days postsurgery were considered 
a suitable and probably the most intensive sampling 
regime that would be required in a kinetics study. Bio
chemically, sampling [1 or 3 day(s)] had no additional

effect on those changes observed postsurgically in this 
study (Table 1) and which have been previously de
scribed in humans (Elfstrom, 1977). After sampling for 
1 day, significant reductions in hemoglobin, hemato
crit, and red blood cell count were observed. In addi
tion, hemoglobin and hematocrit were reduced by 3 
days of sampling (Table 1). However, these changes 
had no adverse effect on the animal and no apparent 
effect on blood and CSF kinetics of CBZ (Tables 2 and 
3). Furthermore, serum protein binding of CBZ and 
CBZ-E was not significantly d ifferen t in the two 
groups.

CSF sampling of 20 p.1 every 30 min is significantly 
less than the CSF replacement rate in the rat of 60-90 
p.1 every 30 min (Baudrie et al., 1990; Burns et al., 
1976; Davson, 1967) and thus is not expected to perturb 
concentration profiles.

In summary, the catheterization techniques de
scribed in this report allow for the first time both acute 
and chronic studies of the interrelationship between 
peripheral and CSN kinetics of drugs in the freely mov
ing and behaving rat. By concurrent measurement of 
other paradigms (e.g., neurotransmitters, behavior and 
other pharmacodynamic correlates), a better under
standing of the mechanism(s) of drug action may be 
achieved.

The authors thank Ms. Carolyn Cowey for expert secretarial assist
ance and The Great Britain-Sasakaw a Foundation for financial 
support.
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Summary—A method for repeated withdrawal of cerebrospinal fluid (CSF) from the cisterna magna was 
used in a pharmacokinetic and behavioural study of conscious, freely-moving rats, given the antiepileptic 
drug carbamazepine (35 mg/kg i.p ). Pharmacokinetic constants (i.e. time to peak concentration, peak 
concentration, area under the curve and t 1/2) for the drug and its primary metabolite carbamazepine- 
10,11-epoxide and also concentrations of acidic metabolites of 5-hydroxytryptamine and dopamine were 
obtained for the CSF of individual rats. A pharmacodynamic constant, the effective concentration of drug 
in CSF for 50% inhibition of motor activity was also determined for each animal. The above data provides 
good indices of the corresponding values for carbamazepine and its metabolite in brain insofar as a 
separate experiment showed good correlations between CSF and brain for concentrations of both the drug 
and its metabolite. Carbamazepine appeared to be largely responsible for the depression of motor activity 
as the metabolite, at the levels attained, seemed'to have little effect. The changes in motor activity were 
not associated with altered concentrations of the metabolites of 5-hydroxytryptamine or dopamine in the 
CSF. While the investigation did not reveal major advantages in monitoring the drug under study in CSF 
rather than in serum it illustrates the potential of the CSF method as a simple way to obtain 
neuropharmacokinetic and neuropharmacodynamic profiles of the action of drugs in individual rats.

Key words: carbamazepine, cerebrospinal fluid, 5-hydroxytryptamine, dopamine, behaviour.

Most methods for studying the metabolism of drugs 
or of endogenous substances in the central nervous 
systems of laboratory animals have serious lim
itations because the animals must be killed before 
central determinations can be made. Therefore, as 
repeated determinations and parallel behavioural ob
servations cannot be made in the same animal, drug 
kinetics and their relationships with changes of cen
tral metabolism and behaviour can only be evaluated 
by laborious experiments involving numerous ani
mals (e.g. Friedman, Abcmethy, Greenblatt and 
Shader, 1986; Hilbert, lorio, Moritzen, Barnett, Sym-/ 
chowicz and Zampaglione, 1986). Similar restrictions 
apply to the investigation of associations between the 
metabolism of endogenous substances in brain and 
behaviour. Furthermore, the data obtained merely 
provides composite values for groups and does not 
permit the study of relationships between metabolism 
and behaviour in individual animals.

The above problems can be avoided by using a 
method for repeated withdrawal of small volumes of

♦Present Address: Department of Pharmacognosy and 
Drug Development, Ahmadu Bello University, Zaria, 
Nigeria.

fTo whom correspondence should be addressed.

cerebrospinal fluid (CSF) from the cisterna magna of 
conscious, freely-moving animals (Sama, Hutson, 
Tricklebank and Curzon, 1983). Initially, this was 
developed for the study of the turnover of central 
amine transmitters (Hutson, Sama, Kantamaneni 
and Curzon, 1984a; Hutson, Sama and Curzon, 
1984b; Curzon, Hutson, Kantamaneni, Sahakian and 
Sama, 1985). When the method was used to monitor 
the effect of a tryptophan load on indole metabolism 
in brain, the results revealed that it readily provided 
central pharmacokinetic parameters for individual 
rats (Hutson, Sama, Kantamaneni and Curzon, 
1985).

These findings suggested the potential value of the 
method in many other areas of pharmacokinetics. It 
was therefore decided to apply it to an investigation 
of carbamazepine, partly because of its therapeutic 
importance as the most widely used antiepileptic 
dmg, and partly because it would be possible to 
compare the results of the study with a substantial 
body of data obtained by conventional methods on 
the effects of the dmg on rats (Morselli, Gema and 
Garattini, 1971; Morselli, Calderini, Consolazione, J 
Riva and Altamura, 1978; Kulig, 1980). Pharma
cokinetic parameters were therefore obtained in indi
vidual unrestrained rats for carbamazepine and its
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primary metabolite, carbamazepine-10,11-epoxide in 
CSF. The effect of the drug on the depression of 
motor activity of each animal was also measured as 
an index of sedation (Kulig, 1980). In addition, as 
there are numerous reports of the effects of car
bamazepine and other anticonvulsants on transmitter 
amines (Morselli et .al., 1978; Pratt, Jenner and 
Marsden, 1985; Waldmeier, Bauman, Fehr, DeHerdt 
and Maitre, 1984; Post, Rubinow, Uhde, Ballenger 
and Linnoila, 1986), the metabolism of 5-hydroxy
tryptamine (5-HT) and dopamine (DA) was also 
monitored by measuring their metabolites in the 
samples of CSF.
Part of this work has been briefly reported (Cur

zon, Lolin, Patsalos and Sokomba, 1986). Similar 
techniques have also been used to investigate the 
pharmacokinetics of heptabarbital in CSF (Breimer, 
Curzon, Danhof, Dingemanse and Hutson, 1986).

M E T H O D S

Animals and collection o f CSF

Individually housed male Sprague-Dawley rats 
(Charles River, U.K.), weighing 180-200 g, were put 
on a 12 hr reversed light-dark cycle (white light off, 
red light on at 06.00 hr) and allowed food (22 F diet, 
Labsure, Poole, England) and water ad libitum. After
2-3 . weeks, a flexible polyethylene catheter (PPIO, 
Portex, Hythe, Kent, England) was implanted in the 
cisterna magna under pentobarbitone anaesthesia 
(60 mg/kg i.p., Sagatal, BDH Chemicals, Poole, Dor
set, England) essentially as Sama et al. (1983), except 
that it was implanted into a 3 mm slit made 1 mm 
more caudally than before. Three days later, serial 
samples of CSF (50 /il every 0.5 hr between 10.00 and 
18.00 hr) were taken from conscious unrestrained 
rats, as previously described (Sama et al., 1983). The 
rate of sampling was somewhat less than the rate of 
production of CSF in the rat (2-3/il/min; Cserr, 
1965). Carbamazepine (35 mg/kg i.p. Sigma), dis
solved in propylene glycol, was given immediately 
after taking the third sample. Twenty five /il of the 
samples were transferred to tubes containing 5/il of 
freshly prepared 0.1% cysteine hydrochloride and 
subsequently used for the determination of metabo
lites of transmitter amines (see below). The remaining 
CSF was used for the determination of car
bamazepine and carbamazepine-10,11-epoxide. The 
samples were immediately frozen on solid CO] and 
stored at — 70°C until required for analysis.
In a separate experiment, a group of rats was 

implanted with cistemal catheters, injected with car
bamazepine (35 mg/kg i.p.) and samples of CSF 
taken 2 hr later as above. Each rat was then immedi
ately killed by guillotine, blood collected from the 
neck wound and the brain removed. The serum 
was separated and a portion ultrahltered, using an 
Amicon Centrifree micropartition system, for deter
mination of free carbamazepine and carbamazepine-
10,11-epoxide. Samples of brain, serum and serum

ultrafiltrate were frozen and stored as above until 
required for analysis.
Behaviour

Motor activity was monitored concurrently with 
sampling of CSF in the main experiment described 
above. The observation cages (24 cm x 24 cm base, 
20 cm high) were fitted with 2 infrared sensors posi
tioned at right angles to each other, 12 cm from the 
edges of the walls and 5 cm from the base. These were 
connected to a digital printer (AB Farad, Sweden) so 
that when either beam was broken, a crossing score 
of 1 was recorded. Data was collected over periods of 
30 min which began 15 min before and ended 15 min 
after the times of withdrawal of CSF. ' -,
Biochemical analysis

The total and free carbamazepine and 
carbamazepine-10,11-epoxide in serum were deter
mined by the method of Elyas, Ratnaraj, Goldberg 
and Lascelles (1982). Concentrations in brain were 
determined as for serum, except that approx. 150 mg 
tissue samples of brain were first homogenised with 
3ml 4M NaOH. Concentrations in CSF were deter
mined using a modification of the method as follows: 
20/il CSF, 0.25/ig of 10-methoxycarbamazepine 
(internal standard), 150/il 4M NaOH and 0.7ml 
dichloromethane were pipetted into a plastic micro
centrifuge tube and shaken for 5 min. After centrifu
gation for 5 min, the upper aqueous layer was 
removed by aspiration and the organic phase was 
evaporated to dryness under a stream of oxygen-free 
nitrogen and taken up in 15/il acetonitrile. Ten /il 
was injected into a Spectra-Physics SP 8000 liquid 
chromatography apparatus with data processing 
capability. This was fitted with an automatic 10/il 
Valeo loop injector and a Schoeffel S 770 UV 
detector, set at 215 nm. A Lichrosorb RP8-10/im 
column (Hichrom, Reading, England) and an 
acetonitrile/water (1:2) mobile phase was used. The 
retention times for carbamazepine-10,11 -epoxide, 
carbamazepine and 10-methoxycarbamazepine were 
5, 6 and 9 min, respectively.
3,4-Dihydroxyphenylacetic acid (DOPAC), homo

vanillic acid (HVA) and 5-hydroxyindoleacetic acid 
(5-HIAA) were analysed in CSF by high pressure 
liquid chromatography (HPLC) with amperometric 
detection. The general procedures were as described 
by Hutson et al. (1984a) except that conjugates of 
DOPAC and HVA were not hydrolysed.
Kinetic analysis

The half life (/ 1/2) for carbamazepine and 
carbamazepine-10,11-epoxide in CSF were calculated 
from the slopes of the terminal log-linear sections of 
the concentration of drug in CSF against time plots 
by least square regression. Area under the curve 
(AUC) was calculated using the trapezoidal method 
with extrapolation to infinity. Concentrations of car
bamazepine in CSF for 50% inhibition of motor
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F i g .  1 .  E f f e c t  of c a r b a m a z e p i n e  ( 3 5  m g / k g  i . p . )  o n  t h e  t i m c - c o u r s c  o f  c o n c e n t r a t i o n s  of c a r b a m a z e p i n e
( C B Z ,  O  O) a n d  carbamazepin e - 1 0 , 1 1 - e p o x i d e  ( C B Z - E ,  # - - - - - - - # )  m  C S F .  A s s o c i a t e d  c h a n g e s
o f  m o tn r  a c t i v i t y  a r e  a l s o  s h o w n  ( c o l u m n s ) ,  ( a )  M e a n  v a l u e s  ±  S D  (n =  6). ( b )  V a l u e s  f o r  r a t  N o .  3  ( s e e

T a b l e  1 ) .

activity (EC%) were calculated from plots of motor 
activity against log concentration of carbamazepine.

R E S U L T S

Figure 1 shows the effect of a single dose of 
carbam azepine on concentrations o f the drug and its
10,11-epoxide in CSF, together with changes of 
m otor activity. Results are given as means for 6 rats 
and also as typical values for a single rat in order to 
illustrate the applicability o f the method to the study 
o f drug kinetics in individual animals.

Carbam azepine and carbam azepine-10,11-epoxide 
kinetics in C SF

Concentrations of carbam azepine rose rapidly af
ter injection (Fig. 1) so that maximum values were 
obtained in the first or second samples of CSF after

injection of drug (0.5 hr, 1.0 hr). Concentrations then 
fell exponentially. The maximum concentration of 
carbam azepine-10,11-epoxide was less than that of 
the parent substance. It occurred about 2 hr later and 
then slowly declined.

Figure 2 shows typical plots of log concentrations 
o f  carbamazepine and log concentrations of 
carbam azepine-10,11-epoxide against time for a sin
gle rat. A pparent kinetic constants for individual rats 
are given together with mean values (and data for 
m otor activity) in Table 1. Peak concentrations for 
carbam azepine showed m oderate variability but val
ues for the area under the curve and t 1/2 varied over 
approximately 2-fold ranges and corresponding val
ues for carbam azepine-10,11-epoxide varied some
w hat more widely. The 2 rats which required 1.0 hr 
to  reach peak concentrations of carbamazepine had 
rather smaller peak and area under curve values for
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( s e e  T a b l e  1 ) .

the drug than the 4 animals which only required 
0.5 hr. Peak concentrations of carbamazepine-10,11- 
epoxide were invariably less than corresponding val
ues for carbamazepine but t 1/2 and area under the 
curve values for the epoxide were 3-7 and 1-2 times 
greater, respectively, than those of the parent drug.
M otor activity

Rats injected with the vehicle for the drug had 
motor activity scores which were not significantly 
different from the scores of animals before the injec
tion of carbamazepine (results not shown). Activity 
decreased after injection of drug and was least 
0.5-1 hr later (Fig. 1). Maximum decrease of motor 
activity invariably coincided with the time of max
imum concentration of carbamazepine in CSF and 
there was a general inverse relationship between 
motor activity and concentration of drug with activ
ity returning essentially to normal as the drug disap-

2 5 10 20
CBZ conc. (/imol/(.)

F i g .  3 .  R e l a t i o n s h i p  b e t w e e n  l o g  c o n c e n t r a t i o n s  o f  c a r 
b a m a z e p i n e  ( C B Z )  i n  C S F  a n d  m o t o r  a c t i v i t y  f o r  r a t  N o .  
3  ( s e e  T a b l e  1 ) .  A c t i v i t y  i n  t h e  a b s e n c e  o f  t h e  d r u g  w a s  t a k e n  
a s  t h e  m e a n  n u m b e r  o f  c r o s s i n g s  f o r  t h e  t w o  m e a s u r e m e n t s  
o f  a c t i v i t y  b e f o r e  i n j e c t i n g  t h e  d r u g  =  8 8  c r o s s i n g s  ( F i g .  l b ) .  
T h e  c o n c e n t r a t i o n  o f  c a r b a m a z e p i n e  a t  w h i c h  t h i s  v a l u e  w a s  

h a l v e d  =  E C * .

peared from the CSF. A depressant effect of 
carbamazepine-10,11-epoxide on motor activity was 
not apparent as activity was least when values for 
epoxide were very small and returned towards normal 
over a period in which they had become greater 
but (because of the relatively large t 1/2 values for 
the epoxide) essentially constant in some rats (e.g. 
Fig. lb).
Therefore motor activity was plotted against log 

concentration of carbamazepine in CSF. Straight 
lines were obtained (Fig. 3) from which concen
trations of carbamazepine in CSF for 50% inhibition 
of motor activity (EC» values) were determined for 
individual rats. These values varied over a 3-fold 
range.
Relationships between concentrations o f  carbam aze
pine and carbamazepine -10,11 -epoxide in serum, CSF  
and brain

Concentrations of carbamazepine and 
carbamazepine-10,11 -epoxide in serum (total and 
free), CSF and brain were determined 2 hr after 
giving carbamazepine (35 mg/kg i.p.) in order to 
investigate associations between levels in CSF and 
serum with those in the brain. Table 2 shows that

Table 1. Pharmacolcinctic and pharmacodynamic constants for CSF

Rat no.

Time to 
peak conc. 

(hr)

Carbamazepine

Peak conc. AUC 
(p mol/1) (pmol/l/hr)

t 1/2 
(hr)

EC«
(pmol/l)

Time to 
peak conc.

Carbamazepine-10,11 -epoxide

Peak conc. AUC 
(p mol/1) (pmol/l/hr)

I 1/2 
(hr)

1 1.0 26 77 0.9 17 2.0 18 150 3.9
2 1.0 27 46 1.4 14 1.5 5 44 5.5
3 0.5 33 80 1.1 11 2.5 15 135 3.5
4 0.5 36 100 1.1 8 2.5 18 143 3.3
5 0.5 40 84 0.8 26 2.0 21 173 3.7
6 0.5 31 77 1.0 16 * 3.0 9 no 6.8

Means ±  SD 
(" ”  6) 0.7 ± 0 .2 3 2 ± 5 7 7 ±  18 1.1 ± 0 .2 1 5 ± 6 2.3 ±0.5 14 ± 6 126 ± 45 4.5 ±  1.4

Rats were injected with carbamazepine (35 mg/kg i.p.) and concentrations of drug and metabolite were determined in samples o f cisternal 
CSF taken every 30 min as described under Methods.

AUC *  Area under the curve.
•ECy, values were obtained from plots of log concentration o f carbamazepine against motor activity for 6-7 pairs of values (sec Fig. 3). 

TTie corresponding correlation coefficients for all 6 plots were significant ( P < 0.01). Their mean value was -0 .9 5  (range, -0 .91-0.99).
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Table 2. Concentrations of carbamazepine and carbamazepine-10,11-epoxide in serum, CSF and 
brain 2 hr after giving carbamazepine (35 mg/kg i.p.)
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np le s  of cistem al
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nge, -0.91-0.99).

Serum (p mol/1) CSF Brain
Total Free mol/1) (/r mol/kg)

Carbamazepine 67.0 ±35.3 16.8 ±8 .8 14.6 ±7 .4 17.9 ±9.2
Carbamazepine-10,11-epoxide 35.4 ±  10.7 21.4 ±6 .4 15.3 ± 4.7 20.7 ± 9.0

Means + SD (n = 8).

mean concentrations o f carbamazepine in CSF and 
brain and mean concentrations o f free carbamazepine 
in serum were all comparable and about 25% of the 
total concentration o f carbamazepine in serum. C on
centrations o f carbam azepine-10,11-epoxide in brain 
and concentrations o f free carbam azepine-10,11 - 
epoxide in serum were very similar to each other but 
values for CSF were somewhat less. About 60% of 
the epoxide in the serum was in the free state.

Figure 4 shows that the total and free concen
trations o f carbamazepine in serum and CSF all 
correlated highly significantly and to an identical 
degree with the concentrations in brain. The corre
sponding correlations for the epoxide were also 
significant but less markedly so, while those between 
total and free concentrations in serum for the drug 
and its epoxide were both extremely large (drug, 
r =  1.0, f  <  0.001; epoxide, r =  0.97, f  <  0.001; 
n =  8).

Concentrations o f  amine m etabolite in CSF

C oncentrations o f 5-HIAA, D OPA C and HVA in 
CSF, measured at 30 min intervals over a period of 
4 hr after injection o f carbamazepine were com par

able with those of rats injected with vehicle and with 
previous data  from this laboratory (Curzon et ai., 
1985; H utson et al., 1984a). Table 3 gives some o f the 
results for 5-HIAA. The rest of the data for 5-HIAA 
and that for DOPAC and HVA was essentially 
similar and is not shown.

DISCUSSION

The present study on carbamazepine has a number 
of features which, taken together, differentiate it 
from essentially all previous pharm acokinetic in
vestigations on centrally active drugs in small labora
tory animals. Firstly, pharmacokinetic constants (i.e. 
time to peak concentration, peak concentration, area 
under the curve and t l / 2 )  were obtained for individ
ual unrestrained rats based on values for CSF instead 
of the commonly reported values for plasma or serum 
or doses administered. Secondly, a pharm aco
dynamic constant, the effective concentration o f drug 
in CSF for 50% inhibition of a behavioural response 
(i.e. m otor activity) was also obtained for each o f the 
same group o f animals. Thirdly, both the pharm aco
kinetic and behavioural data were determined under

r .  0 . 9 5  
P <  0 .0 0 1 P <  0 . 0 0 1 P <  0 . 0 0 1

90 120

O  r  -  0 . 8 5  
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25 50
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^ m o l / 1

10 20 30
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/ im o l / 1

10 20 
CSF Concn. 

m ol/1

F i g .  4 .  R e l a t i o n s h i p s  b e t w e e n  c o n c e n t r a t i o n s  o f  c a r b a m a z e p i n e  a n d  o f  c a r b a m a z e p i n e - 1 0 , 1 1 - e p o x i d e  i n  
b r a i n  a n d  t h e i r  c o n c e n t r a t i o n s  i n  s e r u m  a n d  C S F  2  h r  a f t e r  t h e  i n j e c t i o n  o f  c a r b a m a z e p i n e  ( 3 5  m g / k g  i . p  ) .  
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Treatment 0 0.5
5-HIAA nmol/ml 

1 2 4 hr

Carbamazepine 0.39 ±  0.09 0.4! ±0 .04 0.43 ± 0 .10 0.52 ± 0 .12 0.42 ±0 .10
Vehicle 0.40 ±  0.07 0.44 ± 0 .1 4 0.47 ±0.11 0.54 ±0 .13 0.44 ± 0 .10

M eans ±  SD, n =  6.

the dark (red light) phase of the light-dark cycle, i.e. 
the period when rats are normally most active. The 
above values are, of course, not necessarily absolute 
ones, as they may for example be influenced by the 
supply of drug to the CSF continuing through the 
period of measurement. Also the constants for 
carbamazepine-10,11 -epoxide will be influenced by its 
continuous formation from the parent substance.
The range of individual values obtained was quite 

large, especially when it is considered that the rats 
were of the same strain, sex and age. Comparable 
degrees of individual variation were noted previously 
for values for central transmitter turnovers (Curzon 
et a i, 1985) and for the central pharmacokinetics of 
administered tryptophan (Hutson et al., 1985).
The above kinetic values for carbamazepine in 

individual rats, based on determinations in CSF may 
be taken as indices of the corresponding values in 
brain since when single determinations of car
bamazepine in serum, CSF and brain were made on 
each of a group of rats, a very strong correlation 
between values for CSF and brain was found. Fur
thermore, the mean half-lifes and times to peak 
concentrations for CSF (Table 1) were very similar to 
those apparent from the time-course of concentration 
of carbamazepine in brain, reported by Morselli et al. 
(1978) and by Morton (1984) who used conventional 
methods but doses comparable to those of the present 
study (time to peak concentration, 0.5-1.0 hr; t 1/2, 
1.5 hr). These values were much smaller than those 
found in the serum of human subjects given the 
drug by mouth (Eichelbaum, Tomson, Tybring and 
Bertilsson, 1985), although the mean t 1/2 for 
carbamazepine-10,11-epoxide in CSF of the rat 
(4.45 hr, Table 1) was fairly similar to the / 1/2 of 
6.1 hr in serum of humans given this metabolite orally 
(Tomson, Ty bring and Bertilsson, 1983).
Comparison of changes of motor activity after 

injection of carbamazepine with the concentrations of 
the drug and its epoxide metabolite in CSF suggest 
that the former substance was largely responsible f̂or 
the observed motor changes. This was shown most 
clearly by the time courses for individual rats (e.g. 
Fig. lb) and also by the reasonably straight plots of 
motor activity against log concentration of car
bamazepine in CSF (Fig. 3) as a major influence of 
the metabolite on motor activity would lead to 
deviations from linearity, especially when its concen
tration was large and that of the parent substance 
small. This finding indicates that the concentrations 
of the metabolite in the CNS, attained in the present 
experments, had little effect on motor activity and 
that ECjo values for the drug were readily calculable.

However, it does not imply that the metabolite was 
without any effect. Indeed intraperitoneal doses of 
carbamazepine and its epoxide inhibit experimental 
seizures in the rat with equal potency (Albright and 
Bruni, 1984) although the epoxide is less potent, 
when indicated by concentrations in the brain of the 
mouse, than the parent drug (Bourgeois and Wad, 
1984) and its antiepileptic potency in man is unclear.
Conventional methods reveal that carbamazepine 

depressed spontaneous motor activity in the rat at a 
dose of 40 mg/kg and total levels of carbamazepine in 
serum of 24-72̂  mol/1 (Kulig, 1980). These results 
show that a comparable dose (35 mg/kg) led to a 
mean peak concentration in CSF which was twice the 
ECjo value in CSF for depression of motor activity of 
15.3 /i mol/1. As concentrations of free carbamazepine 
in serum averaged 1.15 x values in CSF, these 
findings lead to a EC% value of 17.6 /zmol/1 in serum. 
This may be compared with the concentrations of free 
carbamazepine in serum of 4-13 ;zmol/l, reported for 
patients with epilepsy, successfully treated with the 
drug (Lesser, Pippenger, Luders and Dinner, 1984).
The dose of carbamazepine used in the present 

study (35 mg/kg), which markedly depressed motor 
activity, did not alter the metabolism of 5-HT and 
DA in whole brain insofar as this was indicated by 
the concentrations of the metabolites of these amines 
in the CSF. Therefore, although larger doses of the 
drug affect the metabolism of 5-HT in brain in rats 
(Morselli et a i, 1978) and mice (Pratt et a i , 1985) and 
the metabolism of DA in brain in rats (Waldmeier et 
a i, 1984), such changes do not seem to be essential 
for motor activity to be affected.
The results in Table 2 and Fig. 4 show that the 

concentrations of carbamazepine (and its epoxide) in 
serum, CSF and brain were proportional to each 
other and that the proportionality occurred whether 
free or total concentrations in serum were used, as 
these latter variables correlated closely with each 
other. However, this correlation disappeared at larger 
(i.e. toxicological) concentrations of carbamazepine 
when binding by plasma protein approached satur
ation or when carbamazepine was given, together 
with other drugs (Friis and Christiansen, 1978; Pat
salos and Lascelles, 1977). Also, parallelism between 
concentrations in plasma and CNS is unlikely to 
occur with centrally active drugs in general, especially 
if their uptake by the brain is influenced by other 
constituents of blood or by the kinetic parameters of 
uptake or egress from the brain which might vary 
from rat to rat. It is.self-evident that it may often be 
advantageous to monitor centrally active drugs in a 
central compartment.
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The present study, as a whole, illustrates the 
feasibility of using the CSF technique to provide 
what may be described as neuropharmacokinetic- 
neuropharmacodynamic profiles of action of drug in 
individual rats. Also, these resuUs can be combined 
to give mean values for groups but with the practical 
advantage that far fewer animals are required than 
with conventional methodology. Furthermore, the 
method can be used to monitor the kinetics of 
carbamazepine repeatedly over a period of several 
days (Patsalos et a i, unpublished work). Finally, 
although CSF was used in the present study so that 
the results were probably relevant to the brain as a 
whole, the method is potentially adaptable for use 
with in vivo dialysis probes (e.g. Hutson et al., 1985) 
so that data on specific regions of the brain is 
obtained.
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