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Cerebral blood flow dynamics is an essential component for preserving

cerebral integrity. Cerebral biood flow abnormalities are often seen in patients
with central nervous system pathologies such as epilepsy, migraine,
Alzheimer's Disease, vascular dementia, stroke, and even HIV/AIDS. There is
increasing clinical and experimental evidence implicating cerebral
hypoperfusion during ageing. The determination of cerebral perfusion has
therefore become an important objective in physiological, pathological,
pharmacological, and clinical investigations. The knowledge of regional
cerebral blood flow further provides useful diagnostic information and/or data
for a better understanding of the complex clinical presentations in patients with
neurological and psychiatric disorders. Several cerebrovasoactive drugs have
found application in the clinical setting of cerebrovascular diseases such as

migraine and dementia.

Due to the similarities between humans and non-human primates with
respect to their brains, both structurally and behaviourally, numerous studies
have been conducted and several non-human primate models have been
developed for physiological, pathological, pharmacological, and clinical studies,
amongst others in Parkinson’s disease and diabetes. The relatively large size
of the Cape baboon Papio Ursinus with a weight of 27-30 kg for a large male,
makes this primate especially suitable for in vivo brain studies using
radiotracers and Single Photon Emission Computed Tomography (SPECT).

The main aim of the current study was therefore to develop a suitable
radiotracer (**"Tc-hexamethylpropylene amine oxime (HMPAQ) or *™Tc-ethyl-
cysteinatedimer (ECD) or '**l-iodoamphetamine (IMP)) for adapted in vivo
cerebral blood flow measurements in a non-human primate (Papio ursinus) as
an investigative model. The model was to be validated and applied in various
drug studies for the evaluation of pharmacological interventions. The study
design made use of split-dose methodology, whereby the radiopharmaceutical
(radiotracer) was administered twice during each study. The first administration
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was injected soon after the induction of the anaesthesia, and was followed by
the first SPECT data acquisition. The second administration of the radioligand,
a double dose of radioactivity with respect to the first radioligand injection, was
done at a specific time during the study, which took into account the
pharmacodynamics of the drug. A second SPECT data acquisition followed
subsequently. The drugs that were included in the study were acetazolamide,
a carbonic acid anhydrase inhibitor (often used in nuclear medicine to
determine cerebral reserve); sumaptriptan, a 5-HT (serotonin} agonist used for
treatment of migraine; sodium vaiproate (an anti-epileptic drug); nimodipine, a
calcium channe! blocker and nitroglycerine, a vasodilator used for angina.
Arterial blood pressures were recorded from a catheter in the femoral artery
and heart rates were concurrently monitored.

The split-dose method was successfully applied to develop a non-human
primate cerebral blood flow model under anaesthesia. The model showed
differences in cerebral perfusion of the different anaesthesia regimes. These
anaesthesia data sets were suitable as control/baseline results for drug
intervention studies. Acetazolamide evaluation through the split-dose method
in the baboon confirmed the sensitivity of the mode! by presenting comparable
perfusion. This result compared to those already familiar prompted the model
to be applied in pharmacological intervention studies. Subsequent results of
these investigations showed increases in perfusion for single drug nimodipine
treatment (25%). However, nimodipine attenuated the increases in perfusion
when administered in combination with acetazolamide. Sumatriptan was able
to decrease and normalise the increased perfusion after long duration
anaesthesia. Decreased cerebral blood flow was observed for combinations of
nimodipine with sodium valproate suggesting drug-drug interaction with
important clinical implications.  Similar decreases were found also for
sumatriptan and nitroglycerine when administered in combination with

nimodipine.

Studies with the various tracers (*"Tc-HMPAO or **"Tc-ECD or 23|-IMP)
showed clear differences in the perfusion data, confirming variation in the

biochemical performance of the tracers. These differences, if not taken into
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consideration, caution for inappropriate clinical conclusions and subsequent
erroneous therapeutic decisions. Improvement of radiotracer efficacy was
subsequently attempted through application of the cyclodextrine complexation
approach. Although cyclodextrine technology did not markedly improve the
brain disposition of the ®*™T¢c-ECD, .protection of the tracer against degradation
was demonstrated. This study encouraged further exploration of this method for
protection of the tracer against chemical and metabolic degradation.

The current study was aimed to develop and effectively apply a non-human
primate model with nuclear medicine technology for cerebral blood flow
determinations after pharmacological interventions. This was achieved through
the split-dose method and dedicated computer programming, which yielded a
successful model with the non-human primate under anaesthesia. The model
was validated with the application of acetazolamide to confirm familiar
cerebrovascular reserve results, indicating that the model is sensitive to CBF
changes. The model was also effectively applied in several pharmacological
intervention studies, whereby cerebropharmacodynamics of selected drugs

were investigated and established.

This unique model of a non-human primate, Papio ursinus for cerebral blood
flow determinations has served pharmacological research successfully during
the past 12 years and could do so in the future, with scope to investigate new

frontiers with improved technologies.

KEY WORDS: Cerebral blood flow, SPECT, split-dose method,
cerebrovascular diseases, non-human primate model, pharmacological

interventions, anaesthesia, radiopharmaceuticals.



Serebrale bloedvloeidinamika is noodsaaklik vir normale brein fisiologiese

instandhouding. Serebrale bloedvloeiafwykings word algemeen by pasiente
met sentrale senuweestelselpatologie, soos byvoorbeeld epilepsie, migraine,
Aizheimer se siekte, vaskulére demensie en selfs MIV/NVIGS, waargeneem.
Daar is toenemend eksperimentele en kliniese bewyse dat serebrale
hipoperfusie tydens veroudering voorkom. Die bepaling van serebrale
bioedvloei is dus ‘n baie belangrike ocogmerk in fisiologiese, patologiese,
farmakologiese en kliniese ondersoeke. Die kennis van regionale serebrale
bloedvloei verskaf voorts nuttige diagnostiese inligting wat bydra tot beter insig
in die komplekse kliniese beeld van pasiénte met neurologiese en psigiatriese
siektetoestande. Verskeie serebrovaso-aktiewe geneesmiddels het gevolglik
kliniese toepassing by die behandeling van serebrovaskulére siektes, soos

migraine en demensie, gevind.

Die strukturele en gedragsooreenkomste tussen die breine van die mens en
die nie-menslike primaat, het verskeie studies moontlik gemaak. Terselfdertyd
het dit tot die ontwikkeling van fisiologiese, patologiese, farmakologiese en
kiiniese modelle vir onder andere Parkinson se siekte en diabetes, gelei. Die
relatiewe grootte van die Kaapse bobbejaan, Papio ursinus met 'n massa van
tussen 27 en 30 kg vir 'n volwasse manlike bobbejaan, maak hierdie primaat
veral geskik vir in vivo breinstudies met gebruikmaking van radiofarmaseutiese
middels en Enkel Foton Emissie Berekeningstomografie (Single Photon
Emission Computed Tomography (SPECT)).

Die primére doeistelling van hierdie navorsing was om ‘n in vivo nie-menslike
primaat (Papio ursinus) model, vir serebrale bloedvioeimetings tydens
farmakologiese intervensies te ontwikkel. Vir hierdie doel is daar gebruik
gemaak  van gepaste radiofarmaseutiese ~ middels (" Te-
heksametielpropileenamienoksiem (HMPAO) of **™Tc-etielsisteiendimeer
(ECD) of '®l-iodoamfetamien (IMP)). Die model se geldigheid is vervolgens

bevestig en in verskeie geneesmiddelstudies aangewend. Die studie-ontwerp
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het van die verdeelde dosis (split-dose) metode gebruik gemaak, waar die
radiofarmaseutiese middel twee keer tydens die studie toegedien is. Die eerste
toediening het kort na die induksie van narkose plaasgevind en is opgevolg
deur SPECT-dataversameling. ‘n Tweede toediening, dubbel die radioaktiewe
dosis van die eerste toediening, het op 'n spesifieke tyd wat die
farmakodinamika van die betrokke geneesmiddel in berekening bring,
plaasgevind. Die tweede SPECT-dataversameling het daarna gevolg. Die

geneesmiddels wat gebruk is, sluit in:  asetasoolamied, n
kooisuursuuranhidrase inhibeerder (gebruik in kerngeneeskunde om serebrale
reserwe te bepaal); sumatriptan, ‘n 5-HT (serotonien) agonis in die behandeling

van migraine; natriumvalproaat (‘n anti-epileptiese middel); nimodipien, ‘n
kalsiumkanaalblokkeerder en nitrogliserien, ‘n vasodilator in die behandeling
van angina. Die arteriéle bloeddrukke is in die femorale arterie bepaal en die

hartslag is vir ondersteunende inligting gemonitor.

Die verdeelde dosis metode is suksesvol aangewend in die ontwikkeling van
die nie-menslike primaat serebraie bloedvioeimodel onder narkose. Die model
was in staat om tussen die verskille in serebrale perfusie, as gevolg van die
onderskeie narkose middels, te onderskei. Die resultate van hierdie narkose
studies was geskik en noodsaaklik om as kontrole/basislyn data te dien vir die
opvolgstudies. Asetasoclamiedtoediening volgens die verdeelde dosis
metode, het vergelykbare bloedvioei effekte soos in mense waargeneem, tot
gevolg gehad en dus die sensitiwiteit van die model in die bobbejaan bevestig.
Hierdie resultaat het die aanwending van die model in verdere farmakologiese
studies gesteun. Opvolgstudies met ‘n enkele dosis nimodipien het 'n
verhoging (25%) in bloedvioei meegebring. Nimodipien het egter in ‘n
geneesmiddelkombinasie studie die verhoogde asetasoclamied-geinduseerde
bioedvioei, onderdruk. Geneesmiddel-geneesmiddel interaksies met
belangrike kliniese implikasies is na studies van nimodipien in kombinasie met

valproaat, nitrogliserien en sumtriptan, aangedui.

Verskille tussen die onderskeie radiofarmaseutiese beeldmiddels (*"Tc-
HMPAOC or #*™Tc-ECD or '?I-IMP) se opname in die brein, het variasies in die

biochemiese hantering van hierdie beeldmiddels bevestig.  Potensiéel
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onvanpaste kliniese afleidings met moontlik verkeerde terapeutiese besluite
kan gemaak word indien die verskille tussen hierdie radiofarmaseutiese
middels nie in ag geneem word nie. In die lig van hierdie bevindinge is
gepoog om met behulp van siklodekstrienkompleksering die effektiwiteit en
‘breinopname van die middels te verbeter.  Hierdie benadering het nie ‘n
beduidende verbeterde biobeskikbaarheid vir ®¥™Tc-ECD meegebring nie, maar
wel duidelike beskerming teen sistemiese afbraak bewerkstellig wat in verdere

studies positief aangewend kan word.

Die studies opgeneem in hierdie proefskrif, het die ontwikkeling en

effektiewe aanwending van ‘n nie-menslike primaat model in
~ kerngeneeskundige tegnologie vir die bepaling van serebrale bloedvloei tydens
farmakologiese behandeling, ten doel gehad. Hierdie studie het, deur midde!
van die verdeelde dosis metode en spesifiek ontwerpte
rekenaarprogrammatuur, daarin geslaag om ‘n suksesvolle model vir die nie-
menslike primaat onder narkose daar te stel. Die model is met behulp van
asetasoolamied en vergelykbare serebrale reserwe resultate in die mens
bevestig. Die model is voorts effektief in verskeie serebrofarmakodinamiese

studies van geselekteerde geneesmiddels aangewend.

Hierdie unieke nie-menslike primaat, Papio ursinus model vir serebrale
bloedvioeibepalings is die afgelope twaalf jaar suksesvol in farmakologiese
navorsing gebruik en kan ook in die toekoms aangewend word om nuwe

horisonne met behulp van verbeterde tegnologie te ondersoek.

SLEUTELWOORDE: Serebrale bloedvicei, SPECT, verdeeite dosis
metode, serebrovaskulére siektes, nie-menslike primaatmodel, farmakologiese

intervensies, narkose, radiofarmaseutiese middels.
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1.1 Background

Cerebral blood flow dynamics play an integral part in the maintenance of
cerebral integrity with respect to physiological and biochemical processes in the
central nervous system. Abnormalities in cerebral perfusion are often seen in
pathological disorders of the central nervous system (Lassen and Ingar et al,
1963; Waldemar et al., 1991, Catafau et al,, 1994a; Kuikka ef al., 1994; Menzel
ef al., 1994; Catafau ef al, 1994h). The determination of cerebral perfusion
has therefore become an important objective in physiological, pathological,
pharmacological, and clinical investigations, in order to establish relevance and
importance of cerebral blood flow in normal and patient subjects. The
assessment of regional cerebral blood flow provides useful diagnostic
information and/or data for a better understanding of the complex clinical
presentations in patients with neurological and psychiatric disorders.
Abnormalities in cerebral blood flow are found amongst others in patients with
epilepsy, migraine, Aizheimer’s disease, vascular dementia, stroke, and even
HIV/AIDS (Holman et al., 1992; Markus et al., 1995; Harris et al., 1994, Herning
et al., 2002; Lojkowska et al., 2002; Sagiuchi et al., 2001; Lindahl ef al., 2002,
Lee et al., 2003; Van Paesschen et al., 2003). There is increasing clinical and
experimental evidence implicating cerebral hypoperfusion during ageing, and
cerebrovascular insufficiency is furthermore a vital component of the
neuropathological progression of dementia (Kawamura et al,, 1991; Farkas et
al, 2002). Several cerebrovasoactive drugs have found application in the
clinical setting, €.g. in migraine, cerebrovascular diseases such as dementia
and in ageing (Dormehl et al, 1999). Recently it was demonstrated that anti-
HIV/AIDS treatment show beneficial effects on cerebral perfusion (Herning et
al., 2001), indicating that improvement in pathology is often accompanied by

changes in cerebral perfusion.
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The non-human primate has already been used for pharmacological and
medical research for more than 100 years, since the documentation of studies
in which monkeys was used by Robert Koch to investigate the pattern of
infection of human trypanosomiasis. Non-human primates are morphologically
and often functionally similar to man, and this is of particular relevance with
respect to the brain, hands and uterus. The susceptibility of the non-human
primate to pharmacological and toxicological effects often resembles that of
man, and several examples exist where drugs are relatively toxic to other
taboratory animals e.g. the rat and dog in comparison to primates and man.
The similarites and importance of the non-human primate in
pharmacological/toxicological studies have been shown in dependence studies,
as early as in the 1960s (Wagenen, 1966; Wilson, 1966). Subsequent recent
studies on alcohol and metamphetamine dependence further supported the
unique similarities between the human and the non-human primate (Davidson
et al.,, 2001; Schmidt ef al, 2001). Similarities as discussed above have
prompted the development of several non-human primate models for
physiological, pathological, pharmacological, and clinical studies. The models
have successfully been applied, amongst others, in the fields of Parkinson's
disease and diabetes. The relatively large size of the Cape Baboon Papio
Ursinus with a weight of 27-30 kg for a large male, makes this primate
especially suitable for in vivo studies (Hill, 1970; Dormehl et al., 1997). This
aspect prompts the use of nuclear medical instrumentation and techniques for
non-invasive in vivo investigations (Connolly, 1960; Dormeh! et al., 1997). The
non-human primate is therefore almost ideally suited for in vivo cerebral bicod
flow investigations using Single Photon Emission Computed Tomographic
(SPECT) imaging and brain perfusion radiopharmaceuticals and may thus be
used with considerable confidence for neuroSPECT purposes.

Radiopharmaceutical technology has developed significantly, to play an
integral part in the diagnosis, prognosis, explanation, as well as monitoring and
treatment of several disease states (Dormehl et al, 1997). Several
radiopharmaceuticals are used in brain studies in nuclear medicine including
amongst others, technetium labelled ligands (HMPAQO and ECD) and iodine
labelled compounds (amphetamine). SPECT technologies using such brain
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imaging agents have been used for the assessment of cerebral perfusion in
neurological and psychiatric diseases, proving that abnormalities are indeed

present in several diseases.

1.2 Aim and Objectives

The main aim of this study was to develop a radiotracer based in vivo
cerebral blood flow model in the non-human primate, specifically the baboon
Papio ursinus, to confirm the model and to apply the model, in various drug

studies for the evaluation of pharmacological interventions.

1.2.1 Specific Objectives

The specific objectives of this study present the course of the research

program, its aim and its eventual fruition:

1. The development and understanding of a cerebral perfusion baboon
model under anaesthesia, specifically induction with ketamine and
maintenance with a barbiturate;

2. The determinations in the model of cerebral perfusion after various
pharmacological interventions, such as studies using single drug or
drug combinations in order to measure;
2.1.The effects of the selected drugs on cerebral blood flow during

anaesthesia in order to determine drug own effects and drug
interaction effects that"may be of clinical importance;

2.2. The differences and similarities in drug effects using different brain
perfusion agents in order to compare the performances of the
different agents and thereby contribute to optimal choice of
specific brain perfusion agents in conjunction with specific drugs;

2.3.The effect of cyclodextrine technology on the disposition and
therefore the performance of the brain imaging agents in order to
improve the bioavailability of brain imaging agents, which has

beneficial cost implications.
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1.3 Study Design

The study desigh made use of radiotracers, such as technetium labelled
radiopharmaceutical ligands, i.e. ¥™Tc -hexamethylpropylene amine oxime
(HMPAO) or **"Tc -ethylcysteinatedimer (ECD) and iodine labelled ' -
iodoamphetamine, and SPECT with a dedicated gamma camera system in the
non-human primate adult male, the baboon Papio ursinus under anaesthesia.
The study design also followed the Split-Dose protocol where the
radiopharmaceutical (radiotracer) was administered twice during each study
(Wyper et al., 1991; Pantano ef al,, 1992). The first injection of the radioligand
was soon after the induction of the anaesthesia, followed by the first SPECT
data acquisition. The second administration of the radioligand, double the first
radioactive dose, was injected at a specific time during the study, to
accommodate the pharmacological properties of the drug, e.g. the response
time of the drug. Subsequently the second SPECT data acquisition followed.
The drugs included in this study as pharmacological interventions of CBF are
amongst others acetazolamide, a carbonic anhydrase inhibitor (used to
determine cerebral reserve); sumaptriptan, a 5-HT agonist used for treatment of
migraine; sodium valproate (an antiseizure drug); nimodipine, a calcium
channel blocker; and nitroglycerine, a vasodilator used for angina (Hardman,
Limbird and Gillman 2001). The arterial blood pressures were recorded from a
catheter in the femoral artery and heart rates were monitored. Drug results

were compared with controls, amongst themselves and with combinations.

These studies were performed after approval by the Ethics Committee of the
University of Pretoria, according to the guidelines of the National Code for
Animal Use in Research, Education and Testing of Drugs and Related
Substances in South Africa. These guidelines are in line with international

standards.

1.4 Presentation of thesis

The reader is reminded that this thesis is presented in the publication format,
whereby the methods, results and discussions of this thesis were incorporated
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into the ten papers (Chapters 4 — 13). Attention is drawn to the fact that the ten
papers have already been published internationally.
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Literature Review of

Primates in Medical Research |Rhka diad

and Cerebral Blood Flow Linked 2
Diseases

2.1 Introduction

In view of the importance, extensive use and suitability of primates in
medicinal research for human diseases and treatments, this chapter focuses on
the primate models and their application in disease and treatment
investigations with particular attention given to cerebral blood flow related
conditions. Some of the work for this study has extensively been covered in
publications presented in this thesis (Chapters 4-13), as well as in a chapter of
a book (Dormehl, Oliver, & Hugo, 1997, See Appendix) and the reader is
consequently referred to those. Therefore, the literature review in this chapter
and the information in Chapter 3 on the methodology for the development of the
experimental primate cerebral blood flow model mainly focus on those details

generally not necessary in the publications as such.

2.2 Animal Models in Medical and Pharmacological
Research

Since the earliest of times, health and disease have been part of human and
other life forms on earth. Improving health or attempts to cure diseases by man
aiso played a significant role in human endeavours for not only survival but also
improvement in the quality of life. To this day, as was the case with early
humans, man exhibits unique observation skills and abilities to observe his
environment, i.e. the human, animal, plant, marine, and sky kingdoms. It is
also of importance to note that the creativity of humans lead to significant
improvements not only for observation but also to plan, organise, design,
manufacture, analyse, evaluate, predict, in the quest for a better life and
sometimes also for a better environment. These investigations have indeed
excelled and accelerated during the last century and in particular the last two
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decades with the dawn of computer technologies. Man’s desire to investigate
its own species has always characterised his creativity as illustrated by early
recordings. The pre-Middle Age period has seen serious investigations into
human biology and anatomy from initial dissections on human corpses and
cadavers, until these fell into disfavour and were subsequently banned. The
research emphasis in medical sciences thereafter moved towards the use of
animals, increasing particularly during the last century with the advent of

modern medicine.

Blood transfusions in animals were a focus in medical science research, with
Richard Lower successfully performing transfusions on dogs in the middle of
the 17" century. France experienced the first blood transfusion on human
when Jean Babtiste Denis transfused sheep’s blood into two boys. Both boys
died subsequent to the transfusion. It was nearly two centuries later that the
importance and impact of early animal research was confirmed and established
with the sound scientific research of the Nobel Prize winner, Karl Landsteiner
{1868-1943) on biood transfusions and as early as the 1800s, the brain
functions were localised by David Ferrier through stimulation of the cortex in

animal brain.

The twentieth ceniury was indeed characterised by an array of animal
models being specifically developed to investigate the pharmacology of the
enormous arsenal of novel structures yielded by synthetic medicinal chemistry.
These animal models in general proved to be useful in drug efficacy and drug
safety (toxicology) evaluations. The earlier models were primarily based on
normal animals and therefore lacked the feature to supply accurate information
on pharmacological efficacy and safety for the pathology in question.
Presently more and more animal models are being developed which would
simulate pathologies in man, in order to give deeper understanding of possible
molecular mechanisms of such disorders. Such models of pathology further
assisted drug development efforts to yield efficacy and toxicology data.
Biotechnology, molecular biology and genomics have found increasing
application in animal models, due to the increasing evidence of the genetic

basis of diseases, resulting in a surge of gene knockout and transgenic cell
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cultures, cell lines and animals. Although animal models on species other than
primates have contributed significantly to the field of pharmacology and
medicine as described above, the dissimilarities between such species and
humans necessitate the development of models from non-human primate

species.

The renewed interest in developing primate models, strongly support the
notion that non-human primate models are of essential importance in
investigations of physiology, pathology and in subsequent drug development for
the treatment of human diseases. Recent developments in non-human
primate models are described in paragraph 2.2.1 below for selected medicinal
fields and in particular those relating to central nervous system disorders that

are often accompanied by changes in cerebral perfusion dynamics.

2.2.1 Motivation for Non-human Primates in Pharmacological
Research

2.2.1.1 Pharmacology and physiology in non-human
primates in relation to humans

Of all the animals, non-human primates are morphologically and functionaliy
the most similar to man. The similarities between human and non-human
primates are reflected in various areas that include superiority of humans and
non-human primates as presented by amongst others their hands, brains and
uteri. The kidney structures of humans and non-human primates are further
both of multi-papitlar nature and microscopic examination in rhesus monkeys
with nephritis showed identical results to those in humans. Pharmacological
and toxicological drug response studies on non-human primates reveal
susceptibility that resembles those in humans, which may not always be seen
in other species (Davidson and co-workers, 2001; Heinz, 2002). The
importance of the non-human primate studies in the field of dependence has
been well documented (Davidson and co-workers, 2001; Heinz, 2002).

In the middle 1980s Harwerth and Smith (1985) proposed that the rhesus

monkey could serve as a model for normal human vision. Siegel and Anderson
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(1988) showed that the rhesus monkey is able to detect 3-D structures from
motion in the same way as human subjects. They showed furthermore that
information is integrated both spatially and temporally for this higher visual

function, being dependent in both species on specific parameters for vision.

The previous century has in particular seen numerous non-human primate
pathological models being developed, with Robert Koch using monkeys in a
human trypanosomiasis model in the early 20" century. The last three decades
have experienced a surge in new models for a wide variety of human diseases
and drug interventions ranging from HIV/AIDS, to central nervous system
disorders. Selected fields and models are presented below to illustrate the

importance of non-human primates in medical and pharmacological research.

2.2.1.2 Dependence

Pathogenesis of schizophrenia as well as drug and alcohol dependence is
associated with the dysfunction of central dopaminergic neurotransmission in
primates (Heinz, 1999; Schmidt et af., 2001). Reinforced drug consumption is
often accompanied by different drugs of abuse that stimulate dopamine release
in the ventral striatum, whereas the increased subcortical dopamine release
has also been associated with the pathogenesis of positive symptoms in
schizophrenia. It was concluded that the role of dopaminergic
neurotransmission in reward anticipation and its dysfunction in different
neuropsychiatric diseases is similar in both humans and non-human primates
(Heinz, 2002). In a recent paper, Davidson and co-workers (2001) reviewed
the neurotoxicity after metamphetamine administration and suggested that
animal models using experimental one-day metamphetamine dosing regimen
protocols also present the acute overdose pathologies seen in humans. The
authors came to the conclusion that both the human and non-human primate
studies show long-term losses in DA (dopamine) and 5-HT (serotonin) function

after chronic metamphetamine dosing.
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2.2.1.3 Parkinson’s Disease

Parkinson's disease is a neurodegenerative disorder that is accompanied by
a loss of nigral dopaminergic neurons leading to a depletion of dopamine in the
striatum. Several models using mice and non-human primate species are

available.

Kolata (1983) and Burns and co-workers (1983) reported monkey models for
Parkinson’s disease. A mouse model was developed soon afterwards by
Heikkila et al. (1984a) and Heikkila and Sonsalla (1987). Strategies aimed at
neuroprotection, via inhibition of the moncamine oxidase enzyme based on the
information from these studies, followed soon (Heikkila et al., 1984b). Currently
there are two neurotoxic compounds available for inducing animal models of
Parkinson's disease, i.e. 6-hydroxydopamine (6-CHDA) and 1-methyl-4-phenyi-
1,2,3,86-tetrahydropyridine (MPTP). A third compound rotenone, which was

recently introduced, still needs further investigations.

Feger and co-workers (2002) recently used MPTP with progressive
unilateral nigrostriatal lesioning on green african monkeys (Cercopithecus
aethiops sabaeus) and provided a reliable model of the idiopathic disease of
Parkinson's Disease. It is concluded from the studies that MPTP administration
results in biochemical and histological changes in mice and monkeys similar to
those reported in humans and that similar effects are also seen in Parkinson's

Disease in humans.

2.2.1.4 Stroke

Kemper and co-workers (1999) investigated microinfarctions due to
hypertension in cynomolgus monkeys in a cerebrovascular disease primate
model. The autopsies of the animals revealed microinfarcts that did not
correspond to usually described lesions in the human brain in hypertension or
in other animal models of hypertensive cerebrovascular disease. The authors
proposed that the infarcts represent the early changes in hypertensive

neuropathology (Kemper et al., 1999).
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Kito and co-workers (2001) reported a model aimed at addressing
thromboembolic stroke in cynomolgus monkeys without intracranial surgery.
This was achieved by delivering an autologous blood clot to the middle cerebral
artery (MCA) via the internal carotid artery in cynomolgus monkeys. Several
parameters and effects were observed post the intervention, such as cerebral
blood flow using positron emission tomography (PET) and hypotonia of the
contralateral upper and lower limbs, as well as mild to severe incoordination.
The authors proposed that this model is applicable to thromboembolic stroke in

humans in neurologic dysfunction and histopathologic brain damage.

Earlier this year, a baboon model for acute stroke was presented that can
be used for the evaluation of potential neuroprotective therapeutic agents for
stroke prior to dlinical trials (Mack et al, 2003). The model involves an
occlusion in the middle cerebral artery followed by reperfusion, and the animals
were evaluated for behaviour and motor function. The model may serve to
increase the functional predictive value of pre-clinical stroke studies in the

future.

2.2.1.5 Learning, Memory, Ageing and Dementia

Several studies aiming at developing non-human primate models to
investigate the physiological and biochemical processes, receptor systems
involved and factors detrimentally affecting the cognitive function, have
contributed to our understanding of, amongst others, mechanisms of cognitive
processes. The pathological disorder of dementia is very complex since the
pathophysiological development of dementias can be of different origins.
Dementia that are currently especially in focus for investigation are Alzheimer's
Disease (AD) dementia, vascular dementia and HIV/AIDS dementia. Early,
accurate detection of these degenerative neurological disorders is essential for

therapies that are to be designed to slow disease progression.
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The studies of Taffe and co-workers (2002) on rhesus monkeys support the
use of this non-human model. Their study involved a touch-screen mediated
visuo-spatial paired-associates learning (vsPAL) task performance test that is
sensitive to Alzheimer's disease in humans, using two pharmacological models

of cognitive impairment.

Similarities and differences between the incidence distribution, progression
and chemical composition of amyloid-beta deposits in the brains of young (5
years) and old (25-30 years) rhesus monkeys were investigated by Sani et al.,
(2003). Their findings display many similarities to those observed in the elderly
human and Alzheimer's disease, suggesting that the old rhesus monkey shows
promise as a model for research of the pathological effects of amyloid-beta in

the primate brain.

The squirrel monkey (Saimiri sciureus) proved to be a valuable model to
study pathogenesis of Alzheimer’s disease as well as the mechanisms involved
in cerebrovascular beta amyloid angiopathy (Walker ef al., 1990; Walker, 1997;
Bading et al., 2002). This monkey model has for more than a decade
significantly contributed to improving our understanding and knowledge of this
important neurodegenerative disorder affecting millions of people over the

world.

2.2.1.6 HIV/AIDS infection and AIDS dementia

Non-human primates have been the focus of several studies in the field of
HIV/AIDS in view of the proportions the epidemic has taken. These studies and
models aim at investigating the pathogenesis of the infection, the progress of
pathologies that may develop subsequent to the infection and the development
of therapeutic strategies, i.e. drug investigation and vaccine development
(Rausch et al., 1999).

Rhesus monkeys have proved to be an indispensable animal model of
experimental HIV infection, to assess the pathogenesis, to validate therapeutic
approaches and to develop vaccination strategies against HIV infection in

humans (Sauerman, 2001).
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Tracey et al. (1997) showed in macaques by using proton magnetic
resonance spectroscopy in brain extracts of control and SlV-infected animais,
that neuronal damage occur upon infection with simian immunodeficiency virus
(SIV), a retrovirus closely related to the human immunodeficiency virus (HIV).
Their results support the applicability of the SIV macague model to study the
mechanisms for the neuropathogenesis of HiV. Mankowski and co-workers
(2002) recently developed another model using macaques. These monkeys
develop clinical manifestations similar to those of HIV-infected humans upon
infection with simian immunodeficiency virus (SIV). This model proved to be
ideal in tracking the viral, cellular, and immunological changes in the brain
during acute and asymptomatic infection and during the progression of the
infection and development of SIV encephalitis. A recent paper addressed AIDS
dementia focusing on potential mechanisms implicated in the pathophysiology
of the AIDS dementia complex (Galicia et al., 2002). This study involved the
HIVgp120-induced behavioural changes as observed in animals and the
correlation with clinical symptoms observed in the HIV infected subjects.
Macaques have also been used to study the effects of HIV in brain disease by
applying an accelerated, consistent simian immunodeficiency virus macaque
infection model (Mankowski, 2002, Zink & Ciements, 2002). This model is
unigue in that it presents a high incidence of CNS disease, giving an
opportunity to correlate host and viral events in the CNS during acute infection,
with the later development of CNS disease. It was found in the SIV-macaque
model of AIDS from studies on the type and severity of cellular damage in the
brain, that neuronal injury occurs soon after infection. The study further
suggested a link between the early response of the central nervous system and
later development of dementia (Gonzales et al., 2002). Furthermore, protection
was recently observed in an immunization study of macaques with live simian

human immuncdeficiency virus vaccines (Kumar et al., 2002).

Sopper and co-workers (2002) concluded that the SiV-infection of macaques
currently provides the best animal model to study pathogenesis, therapy and
prevention of HiV-infection based on the high concordance with the human

system.



Chapter 2 - Literature Review of Primates in Medical Research and Cerebral Blood Flow Linked 18
Diseases

2.2.1.7 Diabetes Mellitus

Insulin-dependent diabetes mellitus was studied in juvenile cynomolgus
monkeys (1999). Diabetes mellitus is accompanied by diabetic nephropathy
and Birrell et al. (2002) investigated primary prevention thereof with
aminoguanidine in a nonhuman primate mode! of Type 1 diabetes over a period
of 4 years using male baboons (Papio hamadryas). They found that the
structural and functional changes in the kidney of the baboons were similar to
those seen in the early stages of diabetes in human and that aminoguanidine
showed beneficial effects. Based on their findings, it can be concluded that the
non-human primate model can effectively be applied in investigating the

pathophysiology of diabetes and potentia!l drug therapies.

Bodkin et al. (2003) studied the mortality and morbidity of more than 100
rhesus monkeys over a period of approximately 25 years in an intensive dietary
controlled investigation. The results indicated that controlled dietary intake is
an essential factor contributing to an increase in the average age at death in
these primates when compared with the non-controlled dietary intake animals.
This increase in the average age at death was associated with the prevention
of hyperinsulinemia and the mitigation of age-related disease (Bodkin et al,
2003).

2.2.1.8 Summary

There is abundant evidence in the literature, supporting the believe that non-
human primates due to their similarities to humans, are essential in the
investigation of human physiology, pathology, and pharmacology aiming at
development of effective and safe drug therapies. The examples indicated
above, although limited in number, strongly support this concept of similarity in
behavioural and non-behavioural, healthy and non-healthy situations between
uniqgue human and non-human primates. A large number of non-human
primate models exists that is currently effectively being used to contribute to the

well-being of man.
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2.3 Cerebral blood flow in neurological and
neuropsychiatric disorders

Cerebral perfusion measurements, utilizing SPECT and PET technologies in
several neurological and psychiatric diseases, as well as with ageing,
demonstrated abnormalities in cerebral blood flow. These abnormalities have
been assessed using various brain imaging SPECT agents, i.e. Xenon-133
(Xe'®), technetium labelled ligands (HMPAO and ECD) and '&I-
iodoamphetamine (Veall and Mallett, 1965; Warkentin et al., 1990; lidaka et al.,
1997, Noda ef al., 2002). Diagnostic information can thus be deduced from
regional cerebral blood flow (rCBF) determinations, and/or provide scientists
and clinicians with data for a better understanding of unique and complex
clinical indications observed from patients with such disorders. Selected

disorders and their cerebral perfusion abnormalities are described below.

2.3.1 Cerebral Blood Flow Dynamics and Cerebrovascular
Reserve

Maintaining regional cerebral blood flow (rCBF) within physiological limits is
regulated by an autoregulation dynamics through cerebrovascular reserve
(CVR) (Buell et al., 1997). The rCBF and regional cerebral metabolic rate for
glucose (rCMRGIc) are associated with functional activity of the cerebral cells.
The cerebrovascular reserve is regulated by the need to supply in the metabolic
demands of cerebral celils. CVR is thus under the control of a multitude of
factors, i.e. carbon dioxide (COZ)-tension, perfusion pressure, cerebral blood
volume, rheoiogical parameters (e.g. hematocrit), metabolic demands,
transneuronal depression, ageing and pathology. With respect to ageing, a
study of Bentourkia et a/. (2000) showed a decline in rCBF- and rCMRGic-
values as a function of age and that CBF and CMRGIc is interdependent.

SPECT is only one of several methods (PET, transcranial Doppler
sonography, Xenon enhanced X-ray computed tomography, magnetic
resonance imaging) to investigate cerebral perfusion and CVR (Yamashita et
al. 1992; Buell et al., 1997; Rempp ef al., 1994).
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CBF-value during the resting state is 50 ml/min/100g and can be increased
by up to 60% depending on the particular stimuli applied (Buell ef al., 1997).
Stimuli that have been used in SPECT studies to determine cerebrovascular

reserve include acetazolamide (the carbonic anhydrase inhibitor with a diuretic
action used for the treatment of glaucoma) and carbondioxide (CO;). These

agents significantly increase cerebral perfusion under various conditions, also
depending on the different radiotracers for perfusion measurements (Buell ef
al., 1997). In particular, acetazolamide has been used to measure CVR in the
presence of pathology. Determination of CVR is a powerful tool for functional
brain imaging in the clinical setting where comparison of CVR from normai
control volunteers to CVR from patients, could have predictive value for
therapeutic outcomes. Abnormalities in CVR and vasoreactivity are often seen
in pathologies (Stoppe et al., 1995; De Reuck et al., 1999, Pavics et al., 1999;
Casadevall et al., 2002). The recent report of Casadevall et al. (2002) suggests
that the loss of cerebrovascular reserve may be implicated as one of the
possible mechanisms for the development of vascular dementia. CVR
determinations are indicated to assess vasoreactivity, haemodynamic balance
and rheologic penumbra in patients. Furthermore, CVR may be employed
amongst others for detection of cerebrovascular disease in the early stages,
evaluation of subarachnoid haemorrhage and differentiation of Aizheimer's

dementia from vascular dementia.

2.3.1.1 Cerebrovascular Ischaemic Diseases (Stroke)

A reduced CBF has already been observed in the 1980s for patients with
chronic cerebrovascular disease (Buell et al, 1984). Inadequate perfusion of
tissues and organs, such as heart and brain with subsequent development of
ischaemia, triggers a cascade of events in the body. The pathophysiociogy of
ischaemic diseases is very complex and the processes as well as endogenous
substances involved during the development of ischaemic disorders have not
yet been fully elucidated. The ischaemia itself may cause damage to the
affected tissues, and the development of shock where there is a widespread
reduction of tissue perfusion may result in death. Events during ischaemia

involve a significant decrease in the ATP concentration to as low as 30% of the
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baseline value. Several ATPases as well as ATP-dependent flipase are important
in maintaining ATP concentrations for cell viability (Post et a/., 1988; Musters ef
al., 1993; Musters et al., 1995; Post et al, 1995). Various intracellular changes
occur, amongst others increased sodium, calcium and hydrogen ion
concentrations that influence the electrical and pH balance of the cell leading to
ireversible damage (Piper ef al, 1998). These events eventually iead to
mitochondrial damage while it was also recently suggested that an increased
sodium influx occurring with ischaemia, may induce irreversible damage to
mitochondria, with decreased ATP-generation activity which may lead to the
development of ischaemia injury in perfused rat hearts (lwai et al, 2002).
Allopurinol was shown to reduce cell death in ischaemia/reperfusion studies
(Post ef al, 1998). Melatonin is another substance that protected against
ischaemic-reperfusion myocardial damage (Lagneux et af., 2000; Salie et al,
2001; Szarszoi el al., 2001).

Understanding the pathophysiclogy of stroke is not only important in the pre-
stroke phase, but also during and in the post-stroke phases. Detailed
knowledge thereof will aid in the management of the post-stroke recovery
phase. Nuclear medicine imaging has played an important role in stroke
management {(Mountz et a/., 2003; Baron, 2002). Physiological imaging of
middle-cerebral artery (MCA) stroke allows the nuclear clinician to differentiate
between the pathological tissue subtypes: i) irreversibly damaged ('core"); i)
severely hypoperfused ("penumbra™), which represents the main target for
therapy; iii) mildly hypoperfused ("oligaemia"), not at risk of infarction uniess
secondary complications arise; and iv} reperfused/hyperperfused. The

99m

importance of © Tc-ECD SPECT was demonstrated in ischaemic stroke as it

successfully localized the infarct core and peri-infarct ischaemia in all lesions in

both the acute and the sub-acute stages (Kim et al, 2002). %}

isopropyliodoamphetamine (1231-!MP) SPECT revealed in patients with
unilateral cerebral infarction, hypoperfusion ipsilaterally in the thalamus and
contralaterally in the cerebellum, while the vasoreactivity is maintained in both
the thalamus and the cerebellum (Sakashita et al., 1993). The difference in the

tracer uptake properties of these brain imaging agents are clearly evident.
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Sperling and Lassen (1997) investigated the application of SPECT in
ischaemic stroke with respect to the CBF measurements and the perfusion
tracers being used, as well as the pathophysiology. The study addressed the
challenges in the choice of tracer in view of the different mechanisms involved
in the retention of the tracer in the brain and the subsequent interpretation of
the SPECT results. Figure 2-1 illustrates the difference in the HMPAO and
ECD SPECT of the same patient showing a masking of the infarct by HMPAO
(arrow) but not by ECD.

Tc99m-ECD - Tc9Sm-HMPRO

Figure 2-1 HMPAO (right) masking the infarct and ECD SPECT (left) showing the
infarct with reduced perfusion (taken from Sperling and Lassen 1997)

Another disorder presenting amongst others with stroke-like episodes,
MELAS, (mitochondrial myopathy, encephalopathy, lactic acidosis) showed
increases in CFB in two siblings during a post stroke-like episode with HMPAO
SPECT (Peng et al., 2000). It was suggested that the particular mechanism in
the pathology of the disease that leads to a decrease in pH due to the increase

in lactic acid, may be implicated in the increased CBF.

2.3.1.2 Migraine

Several observations have been made on abnormalities in cerebral perfusion
in patients suffering from migraine (Cutrer et al,, 2001; Barbour et al., 2001;
Masuzaki et al., 2001; Calandre et al., 2002). Magnetic Resonance (MR)
angiography and perfusion MR imaging on a young girl suffering from migraine,
revealed unilateral dilation of branches of both the middle and posterior

cerebral arteries and hyperperfusion of the ipsilateral hemisphere (Masuzaki et
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cerebral arteries and hyperperfusion of the ipsilateral hemisphere (Masuzaki et
al, 2001). Both magnetic resonance imaging and SPECT on a patient with
hemiplegic migraine during pregnancy showed hyperperfusion of the implicated
hemisphere (Barbour et al., 2001). The authors concluded that hemiplegia was
caused and sustained by hyperperfusion and the case revealed supportive
evidence to a vasodilatory mechanism and hyperperfusion in such hemiplegic
migraine headaches. In a study designed to investigate the effect of treatment
of migraine attacks with a non steroidal anti-inflammatory drug, piroxicam
(complexed with beta-cyclodextrin), it was found that abnormalities in cerebral
perfusion for the parietal or parieto-occipital areas were reversed with piroxicam
treatment (Trucco et al., 1994).

2.3.1.3 Vascular Dementia and Alzheimer’s disease

In all the different types of dementias, cerebrovascular disease is one of the
major causes resulting in vascular dementia (VD) (Starkstein & Vazques, 1997,
Korszyn, 2002). VD is also more prevalent in men and the prevalence

increases with age.

Several studies showed abnormalities in cerebral perfusion in patients
suffering from Aizheimer's disease (Eagger et al.,, 1992; Holman ef al., 1992;
Wyper el al,, 1993; Soininen et al., 1985; Sabbagh et a/, 1997, Starkstein &
Vazques, 1997; Arbizu ef al., 1998). Reduction in CBF in Alzheimer's disease
(AD) was found in the early phase of AD. Hypoperfusion has specifically been
established in the temporo-parietal cortex. The reduction in neuronal activity
due to neurconal cell loss through atrophy and neurodegeneration of synapes
could account for decreased metabolic demand thus contributing to local
hypoperfusion (Holman ef al., 1992; Starkstein & Vazques, 1997 See Figures
2-2 and 2-3). HMPAO SPECT by Sabbagh et af., (1997) revealed decreased
perfusion of left frontal, parietal, and temporal regions relative to right regions in

patients with Alzheimer's disease.
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Figure 2-2 SPECT scan with vascular dementia showing hypoperfusion in the
frontal region (taken from Starkstein and Vazques 1997 )

Figure 2-3 SPECT scans with Alzheimer's disease showing hypoperfusion in the
temporo-parietal regions (taken from Starkstein and Vazques 1997)

Due to the heterogeneousity of Alzheimer's disease (AD) identifying AD
subtypes is of importance to devise specific treatment strategies. One aim is
the design of studies to examine regional cerebral blood flow (rCBF) in AD
subtypes. Two subgroups of AD patients were identified, using a cluster
analysis study design, which includes performance on memory, language,
visuospatial, praxic, and executive functions, as well as rCBF measurement by
HMPAQO SPECT (Soininen et al.,, 1995). The authors also showed several
significant correlations between decreased rCBF and impairment of memory

and other cognitive functions. In a late 1990s study Arbizu and co-workers
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(1998) reported data from a SPECT imaging and neuropsychology study, which
indicated that controls can be distinguished from AD patients with mild and
moderate grades of dementia, presenting strong correlation from the early
stages of AD. In a HMPAQO SPECT study by Nobili ef al., (2002) the effects of
acetylcholine esterase inhibitor treatment (donepezil and rivastigmine) were
investigated in AD patients with respect to regional cerebral blood flow. The
results showed that the CBF was decreased in the cortical regions in those
patients who presented with further cognitive deterioration, as was also
observed in the untreated patients. However, for those patients with stabilised
cognitive performance during therapy, cerebrat perfusion was maintained at the
pretreatment level (Nobili et al,, 2002). The maintenance or improvement of

CBF therefore plays an important role in stabilizing AD patients. -

2.3.1.4 HIV/AIDS

Investigation of the pathologies surrounding AIDS receives significant
attention due to the world-wide impact the epidemic has on many millions of
people.  Several studies on cerebral perfusion and HIV infection and its
secondary pathotogies have been conducted (Tran Dinh ef al., 1980; Holman et
al., 1992; Catafau ef al., 1984b; Rubbert et al,, 1994; Szeto et al., 1998; Ernst
et al, 2002). More than a decade ago Tran Dinh and co-workers (1980}
observed abnormalities in CBF in a **Xenon SPECT study in HIV patients.
This study also included psychometric tests, magnetic resonance imaging
(MR)) and electroencephalography (EEG). The frontal areas were affected in
almost all the patients by decreased perfusion, indicating changes due to
metabolic or vascular lesions. The study also demonstrated defects in CBF at
a very early stage of the HIV infection (Tran Dinh ef al, 1990). Perfusion
defects were noted in HMPAQO SPECT in HiV patients with the presence of
anticardiolipin antibodies {Rubbert et al, 1994). This finding may implicate
autoimmune mechanisms in CBF abnormalities in HIV patients. AIDS dementia
complex (ADC) is another complication of the infection with HIV. SPECT
investigation has shown hypoperfusion in the frontal and parietal lobes while
the degree of the hypoperfusion significantly correlates with the severity of the
dementia complex (Maini et al., 1990; Szeto ef al, 1998). Szeto and co-
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workers (1998) reported in a pilot study that the CBF abnormalities in HIV
patients were reversed upon treatment with atevirdine, suggesting that CBF
monitoring of HIV patients assists in assessing therapeutic responses in
HIV/AIDS dementia complex.

It is weli established that HIV infection may also be a result of intravenous
drug use and that abnormal cerebral perfusion has resuited from cocaine use.
Comparing the HMPAO SPECT of cocaine users to patients with HiV/ AIDS
dementia complex, showed that the perfusion patterns for these groups are
indistinguishable (Holman et al, 1992). The authors however cautioned

against specific diagnosis for these patient cases.

One of the common opportunistic CNS infections that AIDS patients
encounter is cerebral toxoplasmosis. The infection is neuropathologically
characterized by inflammatory infiltrates with polymorphonuclear leucocytes,
lymphocytes, and histocytes. The later stages of the infection include the
development of cysts and areas of necrosis. AIDS patients present with
abnormal HMPAO SPECT CBF patterns which may indicate early stage
development of cerebral toxoplasmosis lesions (Catafau et al., 1994b).

2.3.1.5 Mood Disorders (Schizophrenia, Depression and
Obsessive Compulsive Disorder)

During an Wisconsin Card Sorting (WCST) activation test on a schizophrenic
patient and representative control, the HMPAO SPECT showed (See Figure 2-
4) an increase in prefrontal rCBF in the control patient during WCST, while for
the patient hyperperfusion occurred prefrontally at rest and a decrease in rCBF

during the test in the same region {Catafau ef a/., 1994a).

Although the psychiatric rating scales correlated poorty with HMPAO SPECT
CBF studies, the investigations detected hypoperfusion in the paralimbic region
of depressed patients (Mayberg et al., 1994) (See figure 2-5).
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Figure 2-4 HMPAO SPECT of schizophrenic patient (bottom) and control (top)
during resting (left — A) and Wisconsin Card Sorting Test (right — B) (taken from
Catafau et al. 1994a) -

Control Depressed

Figure 2-5 Transaxial (upper) and sagittal (lower) views of HMPAO SPECT
images from a depressed patient and an age-, sex- matched non depressed
control (taken from Mayberg et al. 1994)

lidaka et al. (1997) investigated a group of patients with bipolar disorder and
major depression for CBF patterns using SPECT. Their findings revealed
decreased mean and regional CBF with respect to the controls and although
the correlation on the severity of the symptoms were not sufficient for clinical
use, this non-invasive technique showed good inter- and intra-observer

reliability. They further reported significant increases in CBF upon drug
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treatment. D’haenen (1997) reviewed numerous SPECT studies in mood
disorders. Although the results in these studies are non-consistent, there are
less discrepancies in the unipolar depression, showing regional hypoperfusion
particular in the frontal and temporal regions. A very recent study in South
Africa on the effects of electroconvulsive therapy on rCBF demonstrated an
improvement in frontal and temporal hypoperfusion (Vangu et al., 2003) in
those patients who responded to the treatment. It appears from this study that
hypoperfusion may serve as a marker in depression. In the field of treatment-
resistant depression, the research of Hornig and co-workers (1997) suggested
that functional abnormalities in limbic circuitry, as noted from the increased
perfusion in hippocampus-amygdala, may contribute to the pathophysiology of
treatment-resistant depression (Hornig et al., 1997).

Obsessive compulsive disorder (OCD) has a complex neurological basis and
is characterized by the presence of either obsessions and/or compulsions.
Chierichetti and co-workers (1997) reported reduced frontal CBF in OCD
patients and concluded that perfusion SPECT assisted in the pathophysiogical
understanding of OCD. Turkish patients with OCD were recently compared with
controls in a HMPAO SPECT study on cerebral perfusion properties (Alptekin
et al., 2001). The study revealed that the right thalamus, left frontotemporal
cortex and bilateral orbitofrontal cortex showed significant hyperperfusion in
patients with OCD.

2.3.1.6 Epilepsy

The functional status of the brain is assessed with SPECT and PET
techniques, and these approaches provide useful information in epileptic
patients under consideration for surgery (Sadzot et al., 1997). In contrast to
the anatomical precision of Magnetic Resonance Imaging (MRI), SPECT and

PET are able to reveal changes in localized function due to the epileptic focus.

Epilepsy is characterized by different states, i.e. ictal, interictal and post-ictal,
with major differences being observed in functional images of epileptic patients
(Kuikka & Berkovic, 1994; Menzel et al., 1994). It was found that in most

patients experiencing unilateral temporal lobe seizures, hyperperfusion occur in
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the particular temporal lobe during the ictal state of epileptic patients (Rowe et
al. 1997). Perfusion studies in epileptic children have shown hyperperfusion
during the ictal SPECT, showing temporal hyperperfusion in a patient with
complex partial seizures in the area of the epileptogenic focus (Denays, 1997)
(See Figure 2-6).

Figure 2-6 Ictal SPECT showing right temporal hyperperfusion in a child with
complex partial seizures (taken from Fenays 1997)

In Figure 2-7 the ictal and interictal patterns are shown of a patient with
suspected left temporal sclerosis and suffering from bilateral foci (Grunwald et
al., 1994). The pattern clearly shows decreased perfusion interictally in the left
temporal lobe with marked hyperperfusion during the epileptic seizure in the left

temporolateral and temporopolar regions.

Pedreka and co-workers (1997) reviewed their findings of video - EEG and
SPECT studies on epileptic patients who were candidates for surgery. Figure
2-8 shows the differences in perfusion interictally, 15 min prior to seizure and
postoperatively. An increase in perfusion is clearly visible for the 15 min prior to
the seizure set (middle set) when compared with the interictal findings (top set).
A significant decrease in CBF was observed postoperatively (bottom set) in
comparison with the pre-seizure data, in closer resemblance to the patterns of

the interictal state.
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Figure 2-7 Ictal and interictal perfusion patterns in a 38 year- old woman with
bilateral EEG foci and suspected left temporal sclerosis (taken from Grinwald et
al. 1994)

Figure 2-8 HMPAO SPECT interictally (top), 15 min before seizure onset (middie)
and post operatively (bottom). Arrows indicate increases (middle) and decreases
(bottom) in perfusion (taken from Pedreka et al. 1997).

It is clear that SPECT and other techniques have provided important
information on marked changes in CBF in epileptic patients for diagnosis,
localization, the different stages of the disease, pathogenesis and subsequent

management of the epilepsy.

2.3.1.7 Summary on cerebral blood flow diseases

From the information on the variety of diseases indicated above, as well as

other data from the literature, it follows that cerebral blood flow is an important
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indicator of several brain pathologies and other disorders such as addiction
(Miller et al., 1992; Jacobs et al., 1994; Ichise et al., 1994; Matsuda et al., 1988,
Lil et al., 1994; Ichise et al, 1993). SPECT has furthermore diagnostic
potential and along with pharmacological interventions, is an important tool in
the assessment of brain disorders and their therapies. Several Studies, some
of which have been referred to above, unequivocally show that reversal of
abnormal CBF occurs upon drug treatment. The importance of these described
abnormalities in cerebral perfusion for such diseases also suggest that models
for cerebral blood flow determinations during pharmacological intervention
would indeed contribute to our understanding of drug therapies, drug

interactions and mechanisms, and treatment progress.

2.3.1.8 Chapter Summary

Animals and their pharmacological and toxicological models have
significantly contributed to medical sciences to the benefit of Homo sapiens in
assuring the health of mankind. Non-human primates have played their part in
the past and will do so in the future to the advancement of human heaith mainly
because of our marked similarities. The large number of diseases that show
cerebral perfusion abnormalities necessitates the development of animal
models, and in particular non-human primate models, for the measurement of
cerebral perfusion. In the following chapters, the thesis focuses on the
development of such a non-human primate cerebral blood flow model and its

application.
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3.1 Introduction

This chapter will address aspects of the methodology, the study design and
model development as applied in the thesis. The experimentation involved in
the thesis, which was deemed necessary for full comprehension but which was
not fully covered in the different published studies was also included.
Components that will be addressed include radiotracers in cerebral blood flow
SPECT studies, the Papio ursinus baboon model as such, and split-dose
procedures. In essence these all together constitute the “Cerebral Blood Flow
Model” of the title as applied in cerebral blood flow studies used in drug

research, and discussed here.

3.2 SPECT and PET

Both the technoiogies SPECT and PET (Positron Emission Tomography,
utilizing the positron emission radionuclides such as 18F, 110, 3N or 15O) are
well established in nuclear medicine with a wide variety of medical and
medicinal applications. PET is a three-dimensional imaging technique
designed to show detailed images of structures and to measure the levei of
metabolic activity within the cell using fluorine-18-labeled fluorodeoxyglucose
("®F-FDG) for brain studies, whereas SPECT is useful to determine functional
cerebral perfusion information. An on-site cyclotron with researchers to
produce PET radiotracers or a distribution centre in close proximity to the PET
facility is a prerequisite in view of the short half-lives (2 min to 2 h) of PET
radiotracers. This adds to the difficult logistics and cost of PET procedures.
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3.3 Radiotracers in Cerebral Perfusion SPECT Studies

Several radiotracers are currently in use in cerebral perfusion investigations
with SPECT, e.g. ®™Tc-hexamethylpropylene amine oxime (*"Tc-HMPAO),
¥mTc- ethyl cysteinate dimer (*™Tc-ECD), '#| lodoamphetamine, and '**Xenon
("**Xe as an inhalation). These radioactive brain perfusion agents differ in

chemical and metabolic properties, their application and brain disposition.

Although these tracers are not ideal, they have been used extensively in
research and nuclear medicine with a significant degree of success. Ongoing
research is continuously searching to optimize the properties of the current
tracers and designing new potential agents. Important characteristics of the
tracers were addressed in the research papers in this thesis and are well
covered in several of the studies. Selected physico-chemical characteristics of
the brain perfusion tracers used in the thesis are presented in Table 3.1. The
poor chemical stability of HMPAO limits the design possibilities of brain studies
and HMPAQ must be used within 30 minutes after preparation. For IMP, where
chemical stability is pH dependent, the preparation is thus also critical. The

newer brain agent ECD exhibits improved characteristics.

Tabie 3-1 Characteristics of brain perfusion tracers

Characteristics ¥MTc.HMPAO »¥mTc-ECD Brmp
Radio half-life 6 hr 6 hr 13.2 hr
Photon energy (keV) 140 140 159
Chemical stability 30 min 6 hr 12 hr*

*dependent on pH

3.3.1 General considerations and properties of CBF tracers

Ideally a brain perfusion agent should have one of the following
characteristics (Amershamhealth 2003):

« Trapped by the perfused tissue in proportion to perfusion,

¢ Remain strictly intravascular, or
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» Diffuse freely throughout the tissue of interest.

Delivery of drugs and other substances are challenged by the presence of
the blood brain barrier. This physiological barrier acts as a diffusion barrier for
amongst others hydrophilic compounds and allows the diffusion of lipophilic
compounds through the endothelium of the parenchymal vessels. The
administered brain perfusion tracers *"Tc-HMPAO, %"Tc¢-ECD, '#
lodoamphetamine give a 'snapshot’ of the cerebral perfusion at the time of
injection due to their delivery reaching steady state as a first-pass perfusion
agent (Abbott et al. 1999; Arano 2002; Amershamhealth 2003).

3.3.1.1 99mTc-HMPAO and 9°"Tc-ECD

‘Both the ligands HMPAO and ECD (See Figure 3-1) are easy to label with
technetium, with HMPAO being chemically less stable and more susceptible to
radiolysis than ECD. In vivo instability of the tracers follows upon contact with
blood, and this effect together with tracer changes in circulating blood, results in

relatively poor brain extraction for the purpose of CBF measurement.

¥MTc-HMPAO is a lipophilic neutral complex obtained after reduction of
%mTe with Sn?* ion during the labelling procedure. The **™Tc-generator loaded
with molybdenum-99 (®**Mo), a radicisotope produced either in a reactor or by a
cyclotron, provides **™Tc continually, through the **Mo decaying process. Mo
decays, with a half-life of 66 hours, to **™Tc which is easily extracted for use.
The presence of radiochemical impurities such as free *"TcO,4 and hydrolysed
9™TC in other ®™Te-labelled complexes in the *™Tc-HMPAO result in poor
quality images due to the high background from the surrounding tissues and
blood emphasizing the importance of quality assurance of these tracer

products.

¥MTc-ECD labelling involves an initial reduction of ®™Tc¢™ to a lower
oxidation state and conversion to *"Tc-EDTA-complex. A ligand exchange
procedure subsequently yields a trans-chelation reaction between EDTA and
ECD producing *™Tc-ECD. The first-pass uptake of **™Tc-ECD by the brain
after intravenous administration is fast with peak activity occuring between 1 to
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2 minutes. Of the injected dose between 5 - 6 % is retained within the brain with

very slow washout (Gopal 1998).

3.3.1.1.1 Quality control of technetium labelled radiotracers

As with all products and in particular for medicinal products, quality
assurance (QA) is an integral part of good manufacturing practice (GMP) to
ensure that the product complies with the specifications of the product. Control
measures are of essence in radiopharmacy and QA of technetium labelled
radiopharmaceuticals has been reported in depth and are well described
(Forsyth 1994, Venter 2003). Typically the QA at the final phase of the
preparation of the technetium labelled HMPAO and £CD requires thin layer
chromatography and is performed to ensure that the product is used with a
labelling efficiency of more than 80 % (manufacturer's specifications).
Radiochemical impurities arise from decomposition due to the action of solvent,
change in temperature or pH, light, presence of oxidising or reducing agents,

and radiolysis.

HyC . CH,
ICoH502C Nf o N\H ‘._.00202H5 | 1
N/ H;C N O N
ﬁ: To J U
PN Q
S S H NN
aC l‘\l fr CHj
O .0
\H °

Figure 3-1 Chemical Structures of *™Tc-HMPAO (right), ®™Tc-ECD (left)

Figure 3-2 illustrates the comparison of *™Tc-HMPAO and *™Tc-ECD with
respect to brain perfusion indices (BPI) (See Figure 3.2; Matsuda et al. 1995)
These brain perfusion indices, which describe the extraction ratios of the brain
tracer with respect to the brain and peripheral dispositions, showed in a patient
study for HMPAO and ECD a highly significant correlation (r = 0.935%5),
illustrating a marked performance similarity between these two tracers.
Groiselle and co-workers (2002) presented an approach for improving the

measurement of the BP| by temporal analysis whereas the method of Matsuda
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computed the ratio of the cumulated counts in the cerebral hemispheres and
aortic arch. It was concluded that this method has advantages over that of
Matsuda with respect to reproducibility particularly for naive observers. A
recent radionuclide angiographic study for the estimation of absolute cerebral
blood flow using **"Tc-ECD by Van Laere and co-workers (2001), provided
reference values for normal perfusion indices assessed by graphical (Patlak-
Gjedde, Kpat) and spectal analysis.
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Figure 3-2 The Brain Perfusion Indices (BPI) of HMPAQ and ECD in patient study
{taken from Matsuda et al. 1995)

A schematic representation of the mechanism for the uptake and
metabolism of HMPAO and ECD are given in Figure 3.3. The brain first-pass
extraction rate for both HMPAO and ECD is cerebral flow-dependent. The
retention of the extracted tracer in brain parenchyma is associated with the
enzymatic reactions with GSH (glutathione) for HMPAO and stereospecific
deesterification to acid derivatives for ECD. The products from both tracers are
hydrophilic, resulting in their trapping or retention in the brain with limited back
diffusion (Lo ef al. 2001). A study by Zerarka ef al. (2001) provided evidence
that the astrocytes is the primary site for the retention of HMPAO by a factor of
approximately 2.5 over neurons. Furthermore, HMPAQ's glial metabolism may
account for flow-independent changes in *"Tc-HMPAO retention as observed
by SPECT in some pathologies. Pathologies influence the conversion due to
changes in the metabolic states of cerebral cells and changes in pH. The
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outcome of this may lead to significant deviations in the trapping of the tracer,
and subsequently the uptake of the tracer is not necessarily representative of
the cerebral blood flow (Moretti et al. 1995, Koyama ef al. 1997, Siennicki-Lantz
et al. 1999). Furthermore there are also cases where the uptake of ®MTe-
HMPAO and %™Tc-ECD differs significantly due to the difference in the
conversion mechanisms of the tracers (Rieck et al. 1998; Huyn et al. 2001).
Some of these differences’ between *™Tc-HMPAO and **™Tc-ECD SPECT are
in fact opposite findings. Rieck ef al. (1998) reported recently in patients with
herpes simplex encephalitis that ¥"Tc-HMPAQO presented unilateral regional
increases whereas " T¢-ECD presented a decrease in uptake in the affected
temporal lobe, and may lead to masking of the pathology.
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Figure 3-3 Schematic representation of the mechanism for the uptake and
metabolism of HMPAO and ECD (taken from Slosman and Magistretti 1997).

3.3.1.2 123] Jodoamphetamine (IMP)

'"Z1IMP is a lipophilic amino compound and has a high first-pass brain
extraction fraction (96%), with a linear relationship between tissue activity and
cerebral blood flow. The retention of IMP in the brain follows a stereo selective

retention mechanism that may involve conversion to hydrophilic metabolites,
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and an affinity to high capacity and relatively non-specific binding sites. The
blood clearance of IMP is very rapid with protein binding less than 10 % and the
brain uptake is about 6-9% of the injected dose with total brain activity peaking
within 20 minutes. The pH of the blood influences the uptake of IMP with a
decreased uptake following a decreased pH, due to amongst others local

lactate production.

'2IMP is prepared by an isotope exchange method by heating isopropyl
amphetamine and 'ZI-Nal at 150 °C for 30 min. Ether extraction procedure and
purification by washing with dilute hydrochloride acid follow to yield an '*I-IMP
containing soltution. The pH of the "®I-IMP solution is critical to ensure chemical
stability and should be between 4 to 6.

3.4 Drug Delivery and Cyclodextrin

A major challenge in developing drugs is to ensure the delivery of the
substance through the membranes of the living body. These barriers are
lipophilic in nature with the blood brain barrier showing even higher lipophilicity
than other bio membranes. Furthermore, the delivery is compounded by the
chemical and physical properties of the drugs themselves. Poor biocavailability
of drugs is frequently a problem and researchers are continuously searching for
novel strategies to improve drug delivery. This also applies to
radiopharmaceuticals. One approach that has successfully been applied
involves the complexation of -a substance with a cyclodextrin to improve the
bioavailability of the substance in SPECT studies (Yaksh et al. 1991;Trucco et
al. 1994, Camargo ef al. 2001; Brewster ef al. 2002).

Due to the chemical and metabolic instability of technetium tracers for CBF
measurements as well as their relatively poor brain disposition, a study was
conducted using cyclodextrin for complexation with the technetium brain
perfusion tracer, ECD. Detailed methodology for this investigation is described
in Chapter 13.
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3.5 SPECT Instrumentation

Since the first reports of scintillation cameras and emission tomography
(Jaszczak et al. 1997; Keyes et al, 1977), SPECT gamma camera systems
have become abundant both for research or clinical purposes The basic
principle of SPECT technology involves the administration of a gamma emitter
tracer to the subject under investigation, followed by in vivo measurement of
the gamma radiation. The determination or counting of the gamma radiation
from the subject by the gamma camera is achieved by stepwise processes
which involve the radiation striking the face of the collimator, which is mounted
on the detector head of the camera. Different collimators are available,
depending on the particular application. A parallel hole collimator (typically low
energy high resolution; LEHR)) allows only those gamma rays which are
travelling in a direction approximately perpendicular to its face to pass through
and be counted. The collimator septa stops most other gamma rays. Parallel
hole collimators consist of a lead shield with a series of holes (or channels)

typically running in parallel straight through it (See Figure 3-4).

Figure 3-4 The parallel hole collimator (LEHR) used in the current study.

Unrejected gamma rays traveling through the collimator produce
scintillations in the Nal(Tl) crystal in a position reflecting a corresponding
position in the subject under investigation (Siemens 1988). These photons
interact through photoelectric process with the crystal and reach the suface of

the crystal facing the adjacent array of photomultiplier tubes (up to 72 tubes),
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where about 30% of them will reach the photocathodes of the multiplier tubes
(See figure 3-5). These scintillations or light photons strike the photocathode,
and photoelectrons will be emitted. The photoelectrons are accelerated to the
immediately adjacent dynode due to the voltage difference between the
electrodes. The accelerated electrons strike the dynode and in addition, more
secondary electrons are emitted, and further accelerated along the
photomultiplier tube. This process of multiplication of secondary electrons
continues until the last dynode is reached, with a subsequent pulse of 10° to
108 electrons being produced. This pulse is finally delivered to the preamplifier
and amplifier after final collection on the anode (Gopal 1998).
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Figure 3-5 Schematic representation of scintillation detection processes in the
crystal and photomultiplier tube (Designed from Bernard ef al.1976)

The pulse information is then converted by an analogue to digital converter
to binary digits, i.e. pixels, which can be displayed through appropriate
computer hardware and software as an image of the subject. Such an image
therefore represents a visualisation of the distribution of the gamma emitter in

the subject, which can by means of mathematical algorithms and computer
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programmes be reconstructed as distinct focal planes or slices through the
subject in three dimensions. SPECT systems generally consist of a typical
gamma camera (See Figure 3.6) with one to three Nal(Tl) detector heads
mounted on a gantry, that rotates around the long axis of the subject at small
angle increments for 180° or 360° angular sampling. For data acquisition and
processing an on-line computer and a display system is used. The data are
stored in a 64 x 64 or 128 x 128, up to 512 x 512 matrixes for later
reconstruction of the images into the planes (slices) of interest presented as

transaxial, sagittal, and coronal images (Gopal 1998).

Figure 3-6 Gamma camera used in the current study.
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3.6 The Cape Baboon, Papio ursinus, in NeuroSPECT

Figure 3-7 The Cape baboon Papio ursinus

The Cape baboon, Papio ursinus is a relatively large non-human primate
with a weight of 27-30 kg for an adult male. Its large size makes the Cape
baboon suitable for in vivo investigations, using nuclear medical technologies
(See Figure 3-7).

The baboon’s brain is likewise relatively large when compared to its weight,
and it is therefore almost the ideal model for cerebral blood flow studies using
SPECT imaging and perfusion radiotracers. The relative sizes of the cerebral
hemispheres, medulla, pons and cerebellum of the Cape baboon are

comparable (Figure 3-8) to those of man (Hill 1970).
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Figure 3-8 The brain of a, Papio and b, Homo (from an Atlas of Primate Gross
Anatomy, Doris R Swindler and Charles D Wood, 1982)

The cerebral hemispheres of the baboon brain are incompletely separated
from each other by a longitudinal fissure. The cerebral cortex spreads over the
surface of the hemisphere, and its surface area is increased by the presence of
gyri, separated by sulci. Several important sulci demarcate the brain into the
four brain lobes, i.e. frontal, parietal, temporal and occipital. The configuration
of the convolutions shows a general increase in complexity in man when
compared to those of the baboon. The relation between the degree of
fissuration and the size of the brain, is further dependant on body weight
{Connolly 1950). Greater detail of fissuration is seen in man due to the
development of secondary and tertiary sulci, yielding the major difference
between baboon and man. The cerebellum of the baboon, similar to man,
consists of three main lobes, i.e. the two floccular lobes and the petrosal lobe.

The anatomical differences between the baboon and human brain are more of
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a quantitative nature, e.g. cell densities, rather than qualitative. Le Gross Clark
(1960) stated that “there is no neomorphic element” that distinguishes man

from baboon.

It is therefore clear from the comparisons between the baboon and the
human brain that the Cape baboon can be used with confidence during in vivo

neuropharmacological SPECT investigations.

3.7 Split-dose Studies in SPECT

The first reports of the split-dose approach in SPECT investigations have
been presented more than 10 years ago in the literature. Wyper and co-
workers (1991) reported the technique to measure cerebral blood flow changes
and this was followed soon after by Pantano et al. (1992).

3.7.1 Split-dose method

The split-dose SPECT method involves the administration of two
consecutive injections of the brain perfusion agent, before and after the
expected induced CBF change, thus allowing the measurement and evaluation
of the change. The method is based on the unique chemical and brain
disposition properties of the tracer that succeeds to cross the blood brain
barrier due to a significant degree of the lipophilicity that these tracers display.
The cerebro-distribution of these tracers is proportional to the regional blood
flow and retention of hydrophilic products that enables snapshots of CBF, as
measured from the two consecutive injections, e.g. before and after the
intervention. The split-dose method can therefore effectively be applied for

intervention studies.

The method is further designed to improve correction for the radioactivity
from background remaining from the first injection by using 2 or 3 times the
original dosage for the second tracer injection. The two injections of the tracer
are each followed by SPECT data acquisition (SPECT-1 and SPECT-2), and
this data will represent the slice dependent rCBF during the conditions at the

time of injection.
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The effect of an intervention on the CBF is measured by the second SPECT
(SPECT-2) data acquisition, based on second tracer injection at such times as
to appropriately reflect at the required response time of the particular
intervention. The data from both the SPECT acquisitions are used to
determine ratios ( R ) based on the count rate data (counts/pixel from the
images) obtained from SPECT-2 with respect to SPECT-1, after the subtraction
of background from SPECT-1, corrected for radioactive decay.

_ (SPECT —-2)—(SPECT —1)*

R
(SPECT —1)

*decay corrected

It could therefore be expected that ideally an R ratio value of 2 would be
observed when a dose twice that of the first tracer dose was injected, in the
absence of any CBF changes due to an intervention. Deviations from this
value would imply a change in CBF, either as an increase (R > 2) or a decrease
(R < 2) in CBF. Deviations from the R ratio value of 2 in non-intervention
control studies as have been reported in this thesis are explained for amongst
others due to back diffusion of the tracers, and the cardiovascular effects of
ketamine. Very recently it was shown that the performance of the
neuroreceptor radioligands was influenced by several anaesthetics (Elfving et
al. 2003). Decreases and increases for the target-to-background ratios of
neuroreceptor tracers were found for ketamine/xylazine and halothane

anaesthetics, respectively.

3.8 The Baboon Cerebral Blood Flow SPECT Model

The main aim of this study involved the design, development and application
of a non-human primate model for CBF determinations. It is of necessity that
the baboon animal model would be under anaesthesia. The conscious baboon
would present logistical problems, including reproducibility and safety and
would be difficult to handle under conscious procedures. It is well known that
anaesthesia in itself may influence cerebral blood flow and would therefore
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have to be taken into consideration and be embedded in the model. The split-
dose method described was ideally suited to incorporate the effects of the

anaesthetic regime on the CBF.

3.8.1 General procedure

Adult male baboons (n=6) (Papio ursinus, average weight 25 kg) were
included in each study. The animals were obtained from Mr. E. Venter,
Vaalwater, Limpopo Province (Republic of South Africa). The studies were
performed after approval by the Ethics Committee of the University of Pretoria,
according to the guidelines of the National Code for Animal Use in Research,
Education and Testing of Drugs and Related Substances in South Africa.

These guidelines are in line with international standards.

A typical time {minutes) schedule of a study is presented in Figure 3-9 with

halothane en thiopentone (table below) anaesthesia.

-

For the control study (Procedure A), each baboon was sedated with
ketamine hydrochloride (10 mg/kg intra-muscular) (Anaket-V® Centaur Labs.,
Bryanston, Gauteng, SA.). This was followed immediately by a maintained and
controlled infusion of thiopentone sodium (70 ml/h of 0.5% solution) (Intraval ©,
Rhone- Poulenc Rorer SA, Midrand, Gauteng, SA.) or halothane or a
barbiturate alternative.  After a 12 minute stabilization period under
anaesthesia, the control study (Procedure A), started at t = 0 with an
intravenous injection of *™Tc-hexamethylpropylene amine oxime (HMPAO) or
¥mTe-ethyl cysteinate dimer (ECD) or '**l-iodoamphetamine (IMP). The latter
was obtained from the National Accelerator Centre, Faure, South Africa. The
HMPAO or ECD was labeled according to the manufacturer's directions. Five
minutes after the tracer injection for Procedure A, the first SPECT acquisition
(SPECT-1) with a Siemens Orbiter gamma camera followed, using 32
projections of 20 seconds per view during a 360° rotation. A period of 5 minutes

is sufficient to ensure that the tracer reaches steady state.
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1* HMPAO 2nd HMPAO
(double dose) SPECT-2
Ketamine SPECT-1
Thiopentaﬂ ‘ ‘ MINUTES ‘ } I
-12 0 B f:i> QT 29 34
Drug A Drug B
min Procedure A Procedure B Procedure C
Ketamine Ketamine Ketamine
-12 Barbiturate Barbiturate Barbiturate
0 1* HMPAO 1" HMPAO 1* HMPAO
5 SPECT-1 SPECT-1 SPECT-1
6 Drug A Drug A
24 Drug B
29 2" HMPAO 2" HMPAO 2" HMPAO
34 SPECT-2 SPECT-2 SPECT-2

Figure 3-9 A typical time schedule illustrating the split-dose procedure

Figure 3-10 Baboon Supine Positioning for Cerebral blood Flow Studies

The baboons were positioned in the supine position with a special headrest
(Figure 3-10 arrow) to ensure reproducible and comparable tomographic slices
for all procedures (See Figure 3-10). Figure 3-11 shows the typical tracer
peripheral biokinetics via the femoral artery to the heart and lungs, immediately

after the intravenous injection of the radiotracer (i.e. first-pass transit). Note
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the tracer presents itself primarily in the peripheral blood compartment during
this first-pass transit and radioactivity is shown in the heart and lungs and the

vascular system.

Figure 3-11 Typical first-pass transit of the tracer from the femoral artery to the
heart and lungs

SPECT- 1 was followed by a second intravenous administration of
radiotracer of double the dose of radioactivity when compared with the first
administration at t = X minutes. The time t = X minutes depended on the
particular intervention, as several aspects may influence this, e.g. the
pharmacokinetic and pharmacodynamic properties of a particular test drug.
After another 5 minutes (at t = X+5 minutes) a similar SPECT acquisition,
SPECT- 2 followed (the split dose method), which, for Procedure A, measured
the anaesthesia related cerebral blood flow (CBF) changes taking place in
between the two radiotracer administrations, without any intervention.
Procedure A became the valuable control study of the model which largely
incorporated anaesthesia effects on CBF.  See Figure 3-8 for a typical time
scale for the tracer and intervention procedures, with Procedure A the control,
Procedure B a single drug intervention and Procedure C a drug-combination
intervention. The intervention procedures allowed for the administration of the
drugs with identical time scales as the controls to make comparisons
meaningful. After back-projection and reconstruction of SPECT-1 and SPECT-
2 data, the brain images in all procedures consisted of transaxial, sagittal and
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coronal slices, representing global and regional CBF (rCBF) information. Four
to eight slices of two to one pixel thickness respectively, each represented the

brain in all three views, as mentioned above (Figures 3-12, 3-13).

BABOON CORONAL SLICES (COMPACTED),
NOT ALIGNED TO BRAIN AXIS, THUS
RESEMBLING TRANSAXIAL SLICES OF
JHE HUMAN BRAIN.

Figure 3-12 Cerebral blood flow slices of the baboon in the coronal view which
resemble transaxial slices of the human brain

The coronal slices of the baboon brain were not aligned to brain axis, so that
different cerebral regions were not properly defined. rCBF in this model refers
to areas defined by particular slices. The coronal slices resembled transaxial
slices of the human brain. Transaxial and coronal slices were aligned
perpendicularly to each other. Regions of interest were placed over the total

brain, in each slice.

Figure 3-13 Typical sagittal (right), transaxial (middle) and coronal (left) views of
the baboon brain

Left: Sagittal slices measured from right to left of the brain.
Middle: Transaxial slices measured from the occipital to the frontal lobes.

Right:  Coronal slices measured from the cerebellum to the dorsal slice of the
cerebrum (see Figure 3-12)
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During all above procedures, arterial blood pressures were recorded from a

catheter in the femoral artery. Heart rates were monitored as well as blood

gasses (CO5 and O5).

in conclusion therefore, the model is a non-human primate under
anaesthesia subjected to CBF measurements using the SPECT split-dose

modified methodology to assess pharmacological interventions.

3.9 Statistical methods

The R-values for eight slices in transaxial, sagittal and coronal views of the
SPECT studies covered in this thesis, were compared between control and
drug interventions and between the various drug interventions themselves, and
in single drug and drug combination studies. A two-tailed Student’s f-test for
paired variables was used, with a 5% level of confidence, to establish statistical

significant differences.

3.10 Studies conducted and discussed in this thesis

e DORMEHL, I, REDELINGHUYS, F., HUGO, N., OLIVER, DW. &
PILLOY, W. 1992. The Baboon model under anaesthesia for in vivo
cerebral blood flow studies using single photon emission computed
tomographic (SPECT) techniques. Joumnal of medical primatology,
21:270-274. Chapter 4

o DORMEHL, I., OLIVER, D.W. & HUGO, N. 1993. Dose response from
pharmacological interventions for CBF changes in a baboon model
using **Tc™-HMPAO and SPECT. Nuclear medicine communications,
14: 573-577. Chapter 6

e OLIVER, D.W., DORMEHL, |, REDELINGHUYS, F., HUGO, N,, &
PILLOY, W. 1893. Drug Effects of Cerebral Blood Flow in the Baboon
Model - Acetazolamide and Nimodipine. Nuklear Medizin/Nuclear
Medicine, 32:292-298. Chapter 6
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e OLIVER, D.W., DORMEHL, I. & HUGO, N. 1994. Effect of
Sumatriptan on Cerebral Blood Flow in the Baboon Model. Arzneimittel
Forschung/Drug Research, 44, 925-928. Chapter 7

¢ DORMEHL, I.C., OLIVER, D.W. & HUGO, N. 1995, Cerebral Blood
Flow effects of Sumatriptan in Drug Combinations in the Baboon
Model.  Arzneimittel Forschung/Drug Research, 45 (9):952-956.
Chapter 8

¢ DORMEHL, I.C., OLIVER, D.W., HUGO, N. & ROSSOUW, D. 1985
A Comparative Cerebral Blood Flow Study in a Baboon Model with
Acetazolamide Provocation: *"Tc-HMPAO vs. '2I(IMP). Nuclear
medicine and biology, 22(3):373-378. Chapter 9

e DORMEHL, L.C., OLIVER, D.W. HUGO, N., LANGEN, K-J. & CROFT,
S. 1997. Technetium-98m-HMPAQO, Technetium-99m-ECD and
lodine-123-IMP  Cerebral Blood Flow Measurements  with
Pharmacological interventions in Primates. The journal of nuclear
medicine, 38(12):1897-1907. Chapter 10

e OLIVER, D.W. & DORMEHL, I.C. 1998. Cerebral Blood Flow Effects
of Sodium Valproate and its Drug Combinations in the Baboon Model.
Arzneimittel Forschung/Drug Research, 48(11):1058-1063. Chapter
11

e OLIVER, D.W. & DORMEHL, I.C. 1999. Cerebral Blood Flow Effects
of the Nitric Oxide Donor, Nitroglycerin and its Drug Combinations in
the Non-Human Primate Model. Arzneimittel Forschung/Drug
Research, 49:732-739 (1999). Chapter 12

e OLIVER, D.W. & DORMEHL, L.C., LOUW, W., MORETTI, J-L. &
KILLIAN, E. 2000. Effect of Cyclodextrin Complexation on the in vivo
Disposition of the Brain Imaging Radiopharmaceutical, ™ Technetium
Ethyl Cysteinate Dimer (**"Tc-ECD). Arzneimittel Forschung/Drug
Research, 50:75-81. Chapter 13

Apart from the studies listed above, and others listed in the Appendix using
the split-dose method, there were several human and non-human studies that

followed this approach since this baboon model was developed. These
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studies include Dormehl ef al. (1993), Hashikawa et al. (1994); Trucco ef al.
(1994); Ohnisshi et al. (1997); Van Laere et al. (2000); Imaizumi ef al. (2002},
and Clauss ef al. (2002). These studies were mainly performed in humans,
except the studies from Dormehl et al. (1993) and Clauss ef al. (2001, 2002),

which were performed in non-human primates.

The reader is also referred to the thesis of Jordaan (1998), and dissertations
of Forsyth (1994), Venter (2003) and Cruywagen (2003) for further reading on
the topics addressed in this chapter.
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Summary

Single photfon emission computed tomography of the brain could be useful in
animal experimentation directed toward cerebral conditions. A well-established
and understood baboon model, necessarly under anaesthesia, could be
especially valuable in such investigations. Six normal baboons were studied
under various anaesthetic agents and their combinations: ketamine,
thiopentone, pentobarbitone, and halothane. Cerebral blood flow (CBF} studies
were performed with $°"Tc-HMPAOQ. CBF effects from various anaesthesia
were detected, requiring careful choice of the anaesthesia for cerebral

investigations.

KEY WORDS: primate model, CBF, SPECT imaging

4.1 Introduction |

Single photon emission computed tomographic {(SPECT) imaging of the
brain to establish cerebral blood flow (CBF) patterns could provide valuable
adjunctive information in those neurological diseases where blood flow imaging
has diagnostic and prognostic value [3,7]. Patients with ischemic brain lesions,

dementia, psychiatric disorders, or other neurological signs or symptoms may

" DORMEHL, I, REDELINGHUYS, F., HUGO, N., OLIVER, D.W. & PILLOY, W. 1992, The Baboon model
under anaesthesia for in vivo cerebral blood flow studies using single photon emission computed
tomagraphic (SPECT) techniques. Journal of medical primatology, 21:270-274.
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be followed up with SPECT for disease progression and for monitoring the
efficiency of pharmacological interventions [10]. Additionally, results of cerebral

blood flow studies and metabolic studies can be matched [4].

The radiopharmaceutical hexamethylpropylene amine oxime (**"Tec-
HMPAOQ) is taken up rapidly in the brain tissue. It exhibits prolonged retention in
the brain because of intracellular conversion to a hydrophilic compound that
diffuses poorly across cell membranes [8, 9]. [t has been validated as a marker
of regional CBF (rCBF) although it is not linearly so dependent, and provides
high-resolution static imaging of brain perfusion [1, 6, 13]. The pattern of its
distribution is representative of the blood flow conditions during its injection,

with no redistribution taking place.

The purpose of this study was the standardization of a baboon mode] for in
vivo CBF studies using SPECT and *™Tc-HMPAO. The baboon model
necessitates the use of anaesthesia for the duration of the investigation. First
and foremost then would be to establish the influence of various forms of
anaesthesia on CBF patterns, bearing in mind the essential procedure of initial
darting with ketamine hydrochloride and subsequent maintenance of the animal
on long- or short-acting anaesthesia depending on the duration of the study.
Ketamine, producing so-called dissociative anaesthesia, does not serve the last
purpose well because of ensuing hallucinations, which result in undesirable
involuntary movement. An established baboon model with the effects of
anaesthesia determined and understood can be used to assess surgical and

pharmacological interventions by SPECT imaging.
4.2 Materials and methods

Six adult male baboons (Papio ursinus, average weight 27kg) were selected
for this study. Anaesthesia was induced in each by darting with ketamine
hydrochloride (Ketalar®, Parke-Davis, S.A; 10mg/kg) and was followed
immediately by an intravenous injection of ®*™Tc-HMPAQO (148 MBq), the
distribution of which would then represent the effect of ketamine. Five minutes
later the baboon was intubated, maintained, and controlied for the duration of

the study under a second anaesthetic agent, which was alternatively
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thiopentone sodium (Intraval®, Maybaker, S.A.), pentiobarbitone sodium
(Sagatal® Maybaker, S.A.), or halothane (Fluothane®, Maybaker, S.A.).

The subsequent SPECT acquisition to obtain the HMPAQ distribution in the
brain during ketamine was done with a Siemens Orbiter gamma camera
coupled to an A® MDS computer using 32 views and 360° (10 sec / view).
Following the first acquisition, the baboon was reinjected with *"Tc-HMPAO
(296 MBq) and tomographed to detect the radionuclide distribution during the
anaesthesia of the second agent. Care was taken to administer the two
HMPAO injections at its latest within 30 minutes after reconstitution with *°™Tc.
Baboons were viewed in a supine position with a special headrest to ensure a

reproducible position for comparable tomographic slices.

Tomographic procedures took place for all six baboons, with the following
combinations of anaesthesia. A) thiopentone-thiopentone, B) ketamine-
thiopentone, C) ketamine-pentobarbitone, and D) ketamine-halothane, with
thiopentone (in A} and ketamine ( in B, C and D) being designed as baseline
studies and thiopentone ( in A and B), pentobarbitone (C) and halothane (D) as
interventions. In the case of thiopentone-thiopentone the anaesthesia was first
induced by darting with ketamine and was then immediately followed by, and
maintained by a controlled i.v. infusion of thiopentone (70mithr of a 0.5%
solution) using an administration (drip) set. After 30 minutes when the
thiopentone blood levels predominated, **™Tc-HMPAO was injected to obtain,
through SPECT, a distribution in the brain under the influence of thiopentone.
The baboon remained on thiopentone anaesthesia for the second HMPAO
administration and subsequent tomography. This study (A) formed a baseline
reference to evaluate the effect of ketamine as would occur in procedures B, C,
and D.

For procedure B thiopentone was maintained as described above. The
pentobarbitone was maintained during procedure C with an infusion pump
(30ml/hr of a 9 mg/ml solution). For the halothane procedure (D) 2% halothane

/ oxygen (Boyle's machine) was used for maintenance of anaesthesia.
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Figure 4-1 Typical tomographic brain slices in the coronal (a), sagittal (b), and
transaxial (c) view, indicating the position of the regions of interest (ROI), i.e., the
total brain between solid lines.

During all procedures the blood pressures (BP), heart rates (HR) and blood

gases were monitored.

After backprojection and reconstruction the brain images consisted of
transaxial, sagittal, and coronal slices representing CBF information during
conditions prevailing under the various forms of anaesthesia. Sixteen
transaxial slices represented the whole brain, of which every second slice was
considered for count rate evaluation by the region of interest (ROI) feature.
Similarly six sagittal slices and five coronal slices were selected to cover all of
the brain. In subsequently placing the respective ROl's (Fig. 4-1, a, b, c) for
count/pixel values of the brain slices care had to be taken to avoid the baboon

sinus cavities and salivary glands.

Count rate data were then inserted into the following equation to obtain the

ratio R

_ (Intervention 2nd anaesthesia) — (Baseline 1st anaesthesia)

R

Baseline(1st anaesthesia)

which is an indication of the level change of the rCBF during the second
anaesthesia (“intervention”) with respect to that during the first anaesthesia
(“baseline”) allowing for substraction of retained activity form the first
anaesthesia. For all three views graphs were plotted of R versus slice numbers

starting at the occipital to frontal lobes transaxially, form right to left sagitally,
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and from the cerebellum to the dorsal slice of the cerebrum coronally (see Fig.
4-2, a, b, c). The coronal slices were not aligned to the axis of the brain (Fig. 4-
3), and they largely resemble transaxial slices of the human brain. The brain
was then divided into four equal, not anatomically specific, regions or segments
using the curves described in Figure 4-2 (divided into four segments along the
abscissa) as guidelines. Relating to these representatives, regional blood flow
values were obtained. Radioactive decay corrections were made throughout.

Figure 4-2 The position of the four coronal slices of the baboon brain, in this
study not aligned to brain axis, and resembling transaxial slices of the human
brain.

4.2.1 Statistical methods

Mean ratios and standard deviations (SD) were evaluated for similar regions
and for the total brain in the various projections as obtained from the baboons
for the different procedures, and these were compared for procedural as well as
regional effects. The comparisons were assessed for significant differences

using Student’s two-tailed t-test for paired observations.

4.3 Results

Tables 4-1, 4-2, and 4-3 present the mean (n = 6) ratios (R) and SD obtained
from the four brain regions as from Figure 4-2, and the total brain viewed
respectively transaxially, sagitally, and coronally under the various conditions of

anaesthesia.
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Figure 4-3 A set of typical curves of ratio (R) versus slice number starting at the
occipital lobes to the frontal lobes transaxially (a), from right tot left of the brain
sagitally (b}, and from the cerebellum to the dorsal slice of the cerebrum coronally

(c).
The total brain ratios for the anaesthesia procedures A, B, and C to a large
degree tend to approach, but not reach, the value 2, which would correspond
with the second doubie dosage of #*"Tc-HMPAO and also agree to small CBF

changes due to intraprocedural anaesthesia variations. For these three
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procedures there are, furthermore, no statistically significant differences
between the intraprocedural regional ratios (P > 0.05), thus indicating no

influence from A, B, and C on rCBF.

The values from ketamine-thiopentone and ketamine-pentobarbitone are
significantly similar (P > 0.05) as is to be expected since only the
pharmacokinetic properties of thiopentone and pentobarbitone differ, with the

latter the long acting barbiturate.

Procedure A ratios tend to be larger regionally and also for the total brain
than those from procedures B and C, but the difference do not reach statistical
(P > 0.05).
thiopentone during this last procedure could possibly account for the ratios
distinctly larger than 2. The barbiturates (BP 95, HR 108, pCO, 38, pO. 96)

accumulate in the muscle and subsequently in the fatty tissue and an enhanced

significance The prolonged maintenance (30 minutes) under

pCO- effect could result from their release during a prolonged study, leading to
increased cerebral blood flow from additional vasodilatation (seen in the
interventional phase of procedure A) in the absence of controlled ventilation [4].

Table 4-1+ Mean (+ SD) ratios from transaxial views of four equal cerebral regions
and from the total brain region as obtained from different anaesthesia procedures

Region 1 Region 2 Region 3 Region4  Total Brain
Procedure A 2270862 217+0.36 216 +0.33 213+022 2181006
Procedure B 1.73+ 087 1.88+0.18 1.86 +0.37 195+036 1.86+£009
Procedure C 182+ 052 206 +0.35 1.92 £ 0.29 2184036 20020186
Procedure D*® 2.21+0.50 3.04 ¢ b.18 282+028 274+031 270x035

* Statistically significant changes (P < 0.05) between region 1, and regions 2 and 3 for
procedure D,

® Statistically significant changes (P < 0.05) between procedure D, and procedures A, B, and C.
Ketamine hydrochloride, however, is known and was shown here to increase
arterial blood pressure and heart rate (BP 145, HR 130, pCO; 38, pO, 61),

leading to augmented CBF [5, 11], which in this study is indicated by ratios
lower than 2 as obtained from procedure B and C (see tables).
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Table 4-2 Mean (£ SD} ratios from sagittal views of four equal cerebral regions
and from the total brain region as obtained from different anaesthesia procedures *

Region 1 Region 2 Region 3 Region4  Total Brain
Procedure A 235083 225036 230029 256+067 237+x014
Procedure B 1.84 £ 0.29 210+0.18 1.87+03% 183+054 194:013
Procedure C 2.06 + 049 2.06 £ 042 182+055 1621038 1891021
Procedure D ° 243+ 0.70 290022 25891019 2861032 2801025

® No regional statistical significant differences (P > 0.05)

® Statistically significant changes (P < 0.05) between procedure D, and procedures A, B, and C.

Procedure D yields markedly higher ratios for the total brain and mostly also
regionally, especially with respect to procedure B and C (P < 0.05), but also
with respect to procedure A, especially for the transaxial viewing. |n addition,
there is a decidedly regional influence from the halothane with statistically
significantly increased ratios (P < 0.05), between the first, second and third
regions transaxially, and the first, second and third regions coronally. The
transaxial results point to increased blood flow under halothane to the temporal
lobes of the cerebrum compared to the frontal lobes.

Table 4-3 Mean (x SD) ratios from coronal views of four equal cerebral regions
and from the total brain region as obtained from different anaesthesia procedures

Region 1 Region 2 Region 3 Region4  Total Brain
Procedure A 2181048 208027 2.71+0.90 247+048 2361029
Procedure B 1811032 1.83+£0.23 1.892+028 1.73+058 1871010
Procedure C 196+024 2043035 209+045 230£052 210%015
Procedure D™® 2204037 299+034 299+022 266+051 2711037

? Statistically significant changes (P < 0.05) between region 1, and regions 2 and 3 for
procedure D.

b Statistically significant changes (P < 0.05) between procedure D, and procedures A, B, and C.

This redistribution of activity with procedure D is clear in Figure 4-4, which
compares transaxial slices of the procedures B and D. In the coronal viewing
the result also confirms an increase in CBF in the temporal lobes predominantly
visible in the region 2 compared to the cerebellum, pons and medulla

oblongata, which are viewed in region 1.
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Figure 4-4 Corresponding transaxial slices indicating the baseline HMPAO
distribution (L) and the HMPAO distribution due to only the second anaesthesia
(R), i.e., after baseline subtraction, in (a) for the ketamine-Intraval® combination

(procedure B), and in (b) the same for the ketamine-halothane combination
(procedure D). Note the changed distribution in (b) especially with respect to the

enhanced temporal lobes (see arrows).

Hypotension and negative chronotropy are known often to result from
halothane [2, 12] as also observed in this study (BP 100, HR 95, pCO; 33.3,
pO, 454). Inhibition of the autoregulation of CBF in response to blood pressure
changes leads to the vasodilatory effects of halothane with changed blood flow
distribution to various organs and specifically decreased cerebral vascular

resistance, which explains the increase CBF measured here.
4.4 Conclusion

Brain SPECT with **"Tc-HMPAO in the baboon model confirms, and is
therefore sensitive to, the effects of anaesthesia on CBF. In any animal
experimentation involving cerebral drugs and/or surgical intervention, it is
therefore imperative to do baseline investigations with the animals maintained
only under the chosen anaesthetic agent for a time equal to experimental
duration as part of the protocol. The effects of the ketamine-barbiturate
combinations on cerebral blood flow have been explained in this experiment,
and the conclusion is that these could be good selections of anaesthesia for the

baboon model in cerebral experimentation.
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Summary

This study assesses the sensitivity of the baboon model under anaesthesia
to determine by single photon emission computed tomography (SPECT) and
%mTe-hexamethylpropylene amine oxime (HMPAOQ) dose responses from drugs
(acetazolamide) with known regional cerebral blood flow (rCBF) effects on
humans. Three dosages of acetazolamide were chosen: 250, 500 and 750 mg.
The effects of these were studied by conventional SPECT § min after
intravenous (i.v.) administration and compared to previous studies of rCBF with
the baboons under anaesthesia only. An additional study concerned the effect
of 500 mg acetazolamide at 15 min after administration. Haemodynamic
parameters and blood gases were also monitored. No statistically significant
regional effects were noted (P > 0.05). The largest increase in CBF (39%) was
observed from 500 mg acetazolamide after 5 min. This was statistically
significantly different from control values only at a 10% level of confidence; then
followed a 27% increase above control values after 750 mg (5 min). At 15 min
500 mg yielded values lower by 10% than the high dose. No effects were
observed from 250 mg acetazolamide,; only pO2; showed changes which largely
confirm the CBF findings. The model did not give significant results at a 5%
level of confidence but large fluctuations were observed, also in the
haemodynamic and blood gas values. At a 10% level a significant dose

response was confirmed for acetazolamide.

" DORMEHL, I, OLIVER, D.W. & HUGO, N. 1993. Dose response from pharmacological interventions for
CBF changes in a baboon model using **Tc¢™-HMPAO and SPECT. Nuclear medicine communications,
14: 573-577.
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5.1 Introduction

A baboon (Papio ursinus) model has been developed to assess in vivo the
effect of drugs on cerebral blood flow (CBF) and to an extent on regional CBF
(rCBF) using **™Tc-hexamethylpropylene amine oxime (HMPAQ). This model
[1], of necessity under anaesthesia, confirmed the influence of anaesthetic
drugs on CBF, and prompted the use of anaesthesia by induction with ketamine
hydrochloride and subsequent maintenance on a long- or short-acting
barbiturate in a prerequisite control study for each experimental brain blood
flow investigation. The success of the model to detect, over and above the
anaesthesia, the effects of drugs with known CBF influences in humans,
(acetazolamide, nimodipine) has likewise been established [2]. For
pharmacological investigations the sensitivity of the model for allowing dose
response determinations becomes important. This study therefore concerns
the efficacy of the model for yielding a sensitive dose response to the
administration of acetazolamide (Diamox®, S.A. Cyanamid {Pty) Ltd), a drug
chosen for its present day wide application as a provocative intervention in
nuclear medicine to facilitate diagnosis of stroke in patients and for its
therapeutic use in patients with glaucoma and to a limited extent epilepsy [3].
In cases of glaucoma, acetazolamide inhibits the carbonic anhydrase to reduce
the intraocular pressure [4]. Three dosages of acetazolamide were chosen for
the investigation: 250, 500 and 750 mg. The effects of these were studied 5
min after intravenous (i.v.) administration. An additional study concerned the

effect of 500 mg acetazolamide at a time interval of 15 min after administration

[5].
5.2 Materials and methods

Six adult male baboons (average weight 27 kg) were used for the
investigation. Each animal was subjected to five different procedures (A to E)
with at least a 6-week interval between the consecutive procedures. Procedure
A was the control study under anaesthesia only [1] in which induction was with
ketamine hydrochloride (10 mg kg™ i.v) (Ketalar®, Parke-Davis, Cape Town)
followed immediately by an iv. injection of 148 MBg **Tc™-HMPAO. Five
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minutes later the animal was put on an infusion of thiopentone sodium (70 ml h’
! of a 0.05% solution) (intraval®, Sandos S.A., Randburg) with the first single
photon emission computed tomography (SPECT) acquisition (SPECT-1)
following after five more minutes. The data of SPECT-1 represent the HMPAO
distribution (uptake and retention) in the brain resulting form CBF during
ketamine sedation [6, 7]. This acquisition, using a Siemens Orbiter gamma
camera with 32 projections during a 360° rotation and allowing 10 s per view,
was immediately followed by a second i.v. administration of **T¢™-HMPAO (296
MBq, i.e. double the first dosage), the split-dose method [8, 9] and 5 min later
by the second SPECT acquisition (SPECT-2) as before. These data represent
a CBF pattern of HMPAO under thiopentone anaesthesia, but with a
background from the first HMPAO distribution under ketamine.

Procedures B to D followed the same protocol until the completion of the first
SPECT acquisition (SPECT-1), but this was immediately followed by an i.v.
injection of acetazolamide. For procedure B, 250mg acetazolamide was
administered, for procedures C and D, 500 and 750mg, respectively. The
protocol was continued for all three procedures 5 min later by a second
HMPAOQ injection (296 MBg), to be followed after another 5 min by SPECT-2, of
which the acquired data now also represent the effect on CBF patterns of the
various doses of acetazolamide at a time 5 min after their administration [6-9].
Procedure E differed from the above acetazolamide procedures in that the
second HMPAO injection (296 MBqg) was administered 15 min after the
acetazolamide injection (500 mg). The SPECT-2 data here represent the CBF
pattern of HMPAO 15 min after the administration of 500 mg acetazolamide.

The split-dose method is based on the chemical properties of the tracer that
crosses the blood-brain barrier and is trapped in brain cells. Radiochemical
purity of HMPAQ was consequently checked before its first application (within 5
min of preparation with a fresh eluate) for each procedure, and the lipophilic
complex was never found to be below 90%. The second injection of HMPAQ
following the first by 15 to 30 min (depending on the procedure) was
accompanied on a count down by a dynamic data acquisition (15 s per image

for 4 min). The shape of the time-activity curve reflected the reduction of
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lipophilic **Tc™-HMPAO, and was a determining factor for proceeding with
SPECT-2.

Reproducible positioning of the animal for SPECT procedures allowing

eventual comparisons was ensured by a special headrest with the baboon in

the supine position.

Arterial blood pressure (BP), heart rates (HR) and blood gases (pCQO; and
pO;) were also measured during each procedure (i.e. immediately before the
administration of the acetazolamide ant then again 5 min thereafter for

procedures B, C and D, and after 15 min for E).

Figure 5-1 Typical tomographic brain slices in the (a) coronal, (b) sagittal and (c)
transaxial views indicating the position of the regions of interest, i.e. the total brain
between solid lines.

Following backprojection and reconstruction the brain images consisted of
two sets each of the following bdmpacted slices: eight transaxial slices, six
sagittal slices and five coronal slices, the two sets representing rCBF patterns,
respectively, form SPECT-1 (ketamine related) and SPECT-2 (related to
thiopentone without or with the various dosages of acetazolamide). Regions of
interest (ROIs) were placed on the brain slices form SPECT-1 and SPECT-2
data, in each view, for all the procedures, and count per pixel obtained form
each slice (Fig. 5-1). These values for each slice were inserted into the

following equation.

R = {SPECT - 2)(counts ! pixel)~[SPECT —11*(counts / pixel)
SPECT - (counts | pixel)
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where R represents the level of change of rCBF during the second
anaesthesia, thiopentone (without or with acetazolamide), with respect to that
during ketamine (the first anaesthesia) after subtraction of the background

(indicated by *), having corrected for decay.

Not much anatomical structure was noted from the various slices. Further
compacting of the slices led to their consolidation into four equal brain regions,
1 to 4, in each view, and to subsequent R-values relating to the regions. From
the individual baboon values mean regional and total brain ratios with standard
deviations (SD) were evaluated in each view for each of the procedures A to E,
and compared for possible regional as well as procedural éffécfs (Fig. 5-2).
The comparisons were assessed for significant differences using Student's two-

tailed t-test at 5 and 10% levels of confidence.
5.3 Results and discussion

The results are summarized in Tables 5-1 to 5-3 and in Fig. 5-2. Table 5-1
presents mean regional and total brain ratios, R £ SD in each view for all the
procedures. In Table 5-2 the mean percentage increases (z SD) in R-values
are given between the various procedures, indicating percentage CBF changes

because of the drug interventions.

No statistically significant regional effects were noted in any of the
procedures (P > 0.05). This is well illustrated in Fig. 5-2 where none of the

curves showed any notable shape change.

Values of two (i.e. 2) for R would indicate no difference in rCBF observed
between SPECT-1 and background corrected SPECT-2 data, assuming that
CBF is the largely dominant factor in the HMPAQ cerebral distribution [6, 9, 10].

The average total brain values of R approximating 1.9 in all views for the
procedure A control study indicate possibly only a slight increase in CBF
because of the ketamine hydrochloride [1]. This does not change with the iow
dose of acetazolamide (procedure B, Fig. 5-2) confirming no statistically
significant effect (P > 0.10) on CBF from such a low dose measured 5 min after
its injection (Table 5-2).
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Figure 5-2 Curves of ratio (R) versus region number starting at frontal lobes to
the occipital lobes transaxially, from right to left of the brain sagittally, and from the
cerebellum to the dorsal slice of the cerebellum coronally. The largest standard
deviations for each procedure are correspondingly indicated.

Increased CBF as indicated by values of R larger than 2 was observed from
procedure C (500 mg acetazolamide at 5 min post injection; Table 5-1, Fig. 5-
2). The average percentage increase measured from the total brain in all views
was 39 + 7% with respect to the control study values. This result is in

accordance with our previous observations [2]. Although substantiai, this
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increase in CBF was only statistically significant (P < 0.05) in the coronal view.
At a 10% level of confidence, however, all three views transaxial, sagittal and
coronal, had R-values for procedure C significantly higher than the control
values. This observation is aiso true for comparisons between effects of
procedure C with the low dose procedure B, where the average increase
because of the 500 mg acetazolamide amounts to 37% (Table 5-2).

Table 5-1 Mean (n = 6) regional and total brain ratics and standard deviations (R
+ SD) obtained in the three tomographic views from the various procedures.

Transaxial regions Sagittal regions

Total Total

Procedure 1 2 3 4 brain 1 2 3 4 brain
A R 173 1.88 1.86 194 1.85 1.84 210 197 163 1.88
SD 0.87 019 0.31 0.36 0.36 029 080 039 051 0.41

B R 1.52 204 203 1.94 1.87 158 189 182 172 1.80
SD 028 054 041 053 0.33 072 062 055 058 0.46

c R 237 258 250 271 2.57 223 258 256 223 2.40
SD 094 072 058 061 0.66 057 057 064 053 0.49

D R 209 259 241 242 2.37 1.9 245 224 212 2.30
SD 005 039 051 044 0.40 092 074 074 064 0.59

E R 1.93 236 226 243 224 190 229 213 170 2.00

SD 046 060 048 050 0.45 033 060 056 067 0.33

Coronal regions

Total

Procedure 1 2 3 4 brain
A R 191 193 192 173 1.87
SO 032 023 028 059 0.30

B R 161 194 198 180 1.88
SD 058 046 067 029 0.41

c R 223 280 272 266 2.63
SD 052 0.83 084 034 0.51

D R 193 236 267 290 2.46
SD 072 050 066 099 0.59

E R 1.80 241 220 229 2.21

SD 056 056 0668 0.77 0.51
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Table 5-2 Mean percentage cerebral blood flow {CBF} (total brain changes) and

{SD) due to the various procedures.

With respect to

Dose -dependent

Time and dose-

baseline effects dependent effects
Procedures % Procedures % Procedures %
AtoB 2.0£1.7 BtoC 37.0¢1.5 BtoE 20.0£3.0
AtoC 39.0+7.0 Bto D 27.622.0 CtoE -13.0£3.2
AtoD 27.024.5 CtoD -8.611.5 EtoD 10.3¢5.0
AtoE 18.3+10.7

High R-values were also observed for procedure D (750 mg acetazolamide

at 5 min; Table 5-1, Fig. 5-2). These were likewise elevated with respect to the

control values pointing to an average CBF increase of 27 + 4.5%, i.e. not to the

same extent as caused by procedure C. The CBF changes induced by

procedure D do not differ statistically significantly from either control values,

procedure B values or procedure C values (P > 0.05). However, at a 10% level

of confidence the increase of 27% in the CBF above the control values as

obtained from procedure D was statistically significant, as was the difference

with regard to the low dose values.

Table §-3 Mean (n = 6) haemodynamic and blood gas values (+SD) obtained
from the various procedures respectively before (1) drug administration and as

close to 5 min (or to 15 min for procedure E) after administration (2).

Heart rate  Blood pressure pCO; PO,
Ay 106110 192142 46.73+2.31 69.50+2.33 (n=86)
Ag 107112 118+39 4517+2.33 75.93+6.77
B, 121423 114131 45 83+4.63 70.07+8.50
B> 122427 122+38 44 67+5.15 76.41+11.08
Cy 11713 117+ 4 41.60£2.07 56.3524 91 (n=4)
C, 112117 110+ 5 40.08+4.87 76.4317.47
D, 117421 131132 45.47+3.84 67.82+4.24
D, 116424 133439 47.95+2.05 70.75+9.86
E, 118410 111127 41.2316.70 66.8316.65
= 114420 110115 42 00+4.50 82.37+3.29
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Although the effects from 500 mg acetazolamide at 15 min post injection
(procedure E) were lower by 13% than those from procedure C, i.e. when
measured at 5 min, the changes were not statistically significant (P > 0.10).
These effects were also not statistically significantly different from control
values (+18%; P > 0.10), and lower than procedure D values (10%) from the

high dose of acetazolamide (750 mg) 5 min post injection.

The effects of acetazolamide used during the different procedures on the
heart rate, blood pressure, pCO; and pO, in the arterial line are summarized in
Table 5-3. The heart rate and pCO; values remained constant for all the
procedures. Previously it was observed that acetazolamide initially induced a
decrease in blood pressure followed by a subsequent increase after 25 min of
acetazolamide administration [2]. In the present study no significant changes
were observed for procedure E either (the late, 15 min, study). Acetazolamide
increased the arterial pO; parameter. This increase was, however only
statistically significant for procedure C (500 mg, 15 min) (P < 0.05) and
procedure E (500 mg, 5 min} (P < 0.05). At a time 5 min after administration no
significant differences in the pO, were observed for procedures B and D.
These results support previous suggestions that acetazolamide may have an
effect on local cerebral oxygen metabolic rate [11, 12]. The pO; effects are
also dose dependent when the effects of the different dosages are compared.
It was previously [5] reported that the maximum increase in CBF of humans
was achieved 25 min after acetazolamide administration. However, the present
study in the baboon indicates a maximum increase in CBF after 5 min, although
the effect on the pO; was found to last much longer. This further strengthens
the suggestion that the vasodilatory properties of acetazolamide are unrelated

to the inhibition of carbonic anhydrase [11, 12].
5.4 Conclusion

In the current study the baboon model previously described by us was
evaluated for time-dose effect sensitivity on CBF using the drug acetazolamide.
Although acetazolamide, an acidic drug, binds strongly to plasma albumin (85-
95%), no measurable displacement of any albumin bound HMPAO is foreseen,
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so as to change the availability of the lipophilic **™Tc-HMPAO [5].
Acetazolamide is further tightly bound to carbonic anhydrase. Cells that are
rich in carbonic anhydrase such as the erythrocytes and glial cells contain a
higher concentration of acetazolamide than the plasma. Any possible
acetazolamide-induced changes in blood cell labelling can only lead to smail
changes in blood radioactivity in the brain [13] since the volume of blood in the
brain is small with respect to the total blood volume. Furthermore, no changes
in blood-brain barrier permeability and cardiac output have been reported for
acetazolamide that could account for the observed increase of HMPAO level in
the cerebrovascular system. The study is therefore describing a model
sensitive to monitoring dose effect interventions of CBF. In particular it was
noted for acetazolamide that a low dosage (250 mg) show no effect while the
high dosage (750 mg) induced changes in the CBF lower than those observed
for a 500 mg dosage at 5 min after administration. The model also confirmed
that this last procedure has an optimal effect since 15 min post injection the

effect from 500 mg acetazolamide was again reduced.

5.5 References

1. DORMEHL IC, REDELINGHUYS IF, HUGO N, OLIVER D, PILLOY W.
1992. The baboon model under anaesthesia for in vivo cerebral blood
flow studies using SPECT techniques. Joumal of Medical Primatology
21:270-274.

2. OLIVER DW, DORMEHL IC, REDELINGHUYS IF, HUGO N, BEVERLY
G. 1993. Drug effects on cerebral blood flow in the baboon model.
Acetazolamide and Nimodipine. Nuklear Medizin 32:292-298.

3. GOODMAN LS, GILMAN AG. 1990. The pharmacological basis of
therapeutics. (8" Edition. /n: Gilman AG, Rall Tw, Nies AS, Talor P, eds.
New York: Pergamon, 716-717).

4. MITHOEFER J, MAYER P, STOCKS J. 1957. Effect of carbonic
anhydrase inhibition of the cerebral circulation of the anaesthetized dog.
Fed Proc 16: 88-89.



Chapter 5 - Dose response from pharmacological interventions for CBF changes in a baboon 94

model using *T¢™HMPAQ and SPECT.

10.

11.

12.

BONTE FJ, DEVONS MD, REISCH JS. 1988. The effect of
acetazolamide on regional cerebral blood flow in normal human subjects
as measured by single photon emission computed tomography.
Investigative Radiology 23: 564-568.

BACCIOTTINI L, PUP A, FORMICONI AR, DE CRISTOFARO MTR,
MELDOLESI U. 1989. Regional cerebral blood flow measurement in rat
with HM-PAO and the indicator fractionation technique. Journal of
Cerebral Blood Flow Metabolism 9:5414.

PUPI A, BISI G, SIAGRA R, SANTORO D, DE CRISTOFARO MTR,
FORMICONI AR, MELDOLESI U. 1989. The comparison of brain
distribution of HM-PAQO and microspheres in humans. Journal of Cerebral
Blood Flow Metabolism 9:5411.

WYPER DJ, HUNTER R, PATTERSON J, GOODWIN G, McCULLOCH J.
1991. A split-dose technique for measuring changes in cerebral blood flow
patterns. Journal of Cerebral Blood Flow Metabolism (Suppl 2) 11 :S449.

HOLM S, MADSEN PL, RUBIN P, SPERLING B, FIRBERG L, LASSEN
N. 1991. Tc-99m HM-PAO activation studies: validation of the split-dose,
image subtraction approach. Joumnal of Cerebral Blood Flow Metabolism
(Suppl 2} 11 :S766.

PANTANO P, DI PIERO V, RICCI M, FIESCHI C, BOZZAO L, LENZ! GL.
1992. Motor stimulation response by technetium-99m HMPAO split-dose
method and single photon emission tomography. European Journal of
Nuclear Medicine 19:939-945.

VORSTRUP S, HENRICKSEN L, PAULSON OB. 1984. Effect of
acetazolamide on cerebral blood flow and cerebral metabolic rate for

oxygen. Journal of Clinical Investigation 74:1634-1639.

LAUX BE, RAICHLE ME. 1978. The effect of acetazolamide on cerebral
blood flow and oxygen utilization in the rhesus monkey. Journal of Clinical
Investigation 62:585-592.




Chapter 5 - Dose response from pharmacological interventions for CBF changes in a baboon 95
model using ®T¢™-HMPAQ and SPECT.

13. NEIRINCKX RD, CANNING LR, PIPER IM, NOWOTNIK DP, PICKETT
RD, HOLMES RA, VOLKERT WA, FORSTER AM, WEISNER PS,
MARRIOTT JA, CHAPLIN SB. 1987. Technetium-99m d,I-HM-PAO; a
new radiopharmaceutical for SPECT imaging of regional cerebral blood

perfusion. Joumal of Nuclear Medicine 28:191-202.



Summary

The sensitivity of the baboon model under anaesthesia for single photon
emission computed tomography (SPECT) of the brain with *"Tc-HMPAO, as
recently developed by us fto study cerebral blood flow pattems, was
investigated using drugs that are known to increase cerebral blood flow, e.g.
acetazolamide, the carbonic anhydrase inhibitor and nimodipine, the calcium
channel blocker. Increases in cerebral blood flow for both acetazolamide and
nimodipine were obhserved that correspond well with other studies. Stafistically
significant regional specificity was noted for acetazolamide and nimodipine.
Interestingly, a combination of these drugs did not enhance cerebral blood flow
but rather decreased it in comparison with the individual drug responses. The
results were correlated with arterial blood pressure, heart rate, pCO; and pQ..
A blood pressure decrease was noted for both drugs, while acetazolamide had
a marked influence on pO.. The results indicate that the baboon model is

sensitive for evaluation of drug effects on cerebral blood flow.

KEY WORDS: SPECT, acetaz_olamide, nimodipine, blood flow, baboon

model
6.1 Introduction

Single photon emission computed tomography (SPECT) has fully
established itself as a useful technique for brain perfusion imaging [21]. **"Tc-

labelled radiopharmaceuticals are experiencing an ever-increasing role in the

’ OLIVER, D.W., DORMEHL, I, REDELINGHUYS, F., HUGO, N., & PILLOY, W. 1993. Drug Effects of

Cerebral Blood Flow in the Baboon Model - Acetazolamide and Nimodipine. Nuklear
Medizin/Nuclear Medicine, 32:292-298.
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non-invasive diagnosis of cerebral diseases (cerebral ischemia, dementia,
epilepsy) and find application for subsequent monitoring of pharmacological

interventions [18,21].

The design and development of new pharmaceuticals that cross the blood
brain barrier and show cerebral vascular smooth muscle and regional selectivity
still pose a challenge. Animal models have been useful in the evaluation of
promising novel structures for efficacy and toxicological information, particularly
those that act on the central nervous system influencing cerebral blood flow
(CBF) patterns. Results form such in vivo animal studies can provide important
information in the development of new pharmaceuticals. Non-human primates
are phylogenetically close to man and consequently facilitate meaningful
extrapolation of results [8]. A baboon model for SPECT brain imaging with
¥9mTe-HMPAO has been developed and found to be sensitive to the effects of
anaesthesia on CBF [4]. Anaesthesia is necessary for restraining the baboon
during prolonged scintigraphy. The combination of ketamine and a barbiturate,
with the ketamine used for darting of the animal, proves to be the anaesthesia
of choice in CBF and regional CBF (rCBF) studies [4].

The purpose of the current study was to evaluate the sensitivity of the
baboon model under anaesthesia using drugs that are known to increase
cerebral blood flow, e.g. Acetazolamide [1-3, 7, 16] and nimodipine [6, 11, 12,
19]. Additionally, with the effects from these established, the cerebrovascular
dilatory response from a combination of acetazolamide and nimodipine was

evaluated for possible beneficial implications.
6.2 Materials and methods

Six adult male baboons (Papio ursinus, average weight 27kg) were selected
for this study. Anaesthesia was induced in each by darting with ketamine
hydrochloride (Ketalar®, Parke-Davis, S.A;; 10 mg/kg) and was followed
immediately by an intravenous injection of *™Tc-HMPAO (148 MBg), the
cerebral distribution of which would then represent the effect of ketamine with
no redistribution taking place. Five minutes later the baboon was intubated,

maintained and controlled for the duration of the study under sodium
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thiopentone (Intraval® Maybaker, S.A.; 70 ml/h of a 0.5% solution). The
subsequent SPECT acquisition to obtain the HMPAQO distribution in the brain
during ketamine was done with a Siemens Orbiter gamma camera coupled to
an A® MDS computer using 32 views and 360° (10 sec/view). Following the
first acquisition the baboon was reinjected with *™Tc-HMPAO (296 MBq) and
tomographed to detect the radionuclide distribution attained during what was
then thiopentone anaesthesia. Care was taken to administer the two HMPAQO
injections at its latest within 30 min after reconstitution. Baboons were viewed
in a supine position with a special headrest to ensure a reproducible position for

comparison of tomographic slices.

The above procedure of two successive tomographic scans representing the
effects of the two different forms of the anaesthesia in each baboon constitutes

the control studies, and is calied procedure A.

The effects of acetazolamide (Diamox ® SA; Cyanamid (Pty) Ltd) on
cerebral blood flow were investigated (procedure B) in the following manner.
The directions for the anaesthesia follow those for procedure A but the first
SPECT acquisition was followed by an intravenous injection of 5 ml of
acetazolamide (100 mg/ml), and only after another 5 min was the second
double dose (296 MBq) administration of **"Tc-HMPAO given, allowing
adequate blood levels of acetazolamide to be reached. The animal was
subsequently tomographed, according to procedure A, to obtain a tracer
distribution representaﬁve of the effect of acetazolamide when compared to

procedure A.

Procedure C tested the effects of nimodipine (Bayer, Leverkusen) on the
CBF of the baboon in a similar way as performed in procedure B, except that
the first SPECT acquisition of the ketamine related cerebral distribution of
¥MTe-HMPAO (148 MBq) was followed by a very slow infusion (over 15 min) of
nimodipine (1 pg/kg/min) [15] taking care to use only PVC-free tubing or a
stainless steel needie in the administration to avoid any absorption resulting in
a decrease in the concentration of nimodipine [10]. After 10 min of nimodipine
infusion the second injection of **"Tc-HMPAO (296MBq) foliowed, and
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tomography started after another 5 min at the time that the infusion was

terminated [14, 15].

Procedure D investigated the effect of a combination administration of 5 mi
acetazolamide (100 mg/ml) and nimodipine (1 pg/kg/min). The first SPECT
acquisition was, as with procedure C, followed by a very slow infusion (over 15
min) of nimodipine. Five minutes after starting the infusion the acetazolamide
was injected, and the *™T¢c-HMPAO injection followed after yet another 5 min.
Tomography began 5 min later when the infusion was stopped, and the
HMPAQ distribution then is, as in procedure B, representative of a combination
situation 5 min after the injection of acetazolamide, and 10 min after the start of
the nimodipine (see procedure C). The arterial blood pressures were recorded
during all the procedures from a catheter in the femoral artery. Heart rates

were also monitored as well as blood gases form an arterial line.

In order to check the possible influence of the two drugs on the *™Tc-
HMPAO input, a dynamic scintigraphic study was done on a count-down of
isotope administration during ketamine anaesthesia (the control), again after
acetazolamide, and eventually after nimodipine, before the above described
SPECT acquisitions in each case were performed. Sixteen images of 15 sec
were acquired in 64 x 64 word mode, and the subsequent time activity curves

compared for differences (Fig. 6-1).
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Figure 6-1 Time-activily curves from the dynamic acquisition on count-down
indicating uptake of *"Tc-HMPAO under anaesthesia only (control), under
acetazolamide, and nimodipine {the latter two from double dosages of HMPAQ).
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Figure 6-2 a,b,c Typical tomographic brain slices in the coronal (a), sagittal (b)
and transaxial {c) view indicating the regions of interest (ROI} i.e. the total brain
between solid tines

6.2.1 Statistical methods

Mean ratios (n = 6) and standard deviations (SD) were calculated per
procedure for similar regions and for the total brain in the various projections.
These were compared for interprocedural effects as well as regional effects for
a particular procedure. The comparisons were assessed for significant

differences using Student’s two-tailed t-test.
6.3 Results

After backprojection and reconstruction the brain images consisted of
transaxial, sagittal and coronal slices representing CBF and rCBF information
during conditions prevailing under the procedure of anaesthesia only and under
various drug interventions. Eight transaxial slices represented the whole brain,
each of which was considered for count rate evaluation by die RO! (region of
interest) feature. Similarly six sagittal slices and five coronal slices covering all
of the brain were selected and analysed. In subsequently placing the
respective ROIs (Fig. 6-2a, b, ¢) for count rate/pixel values of the brain slices,
care had to be taken to avoid the baboon sinus cavities and salivary gland.
Count rate data were then inserted into the following equation to obtain the ratio
R,

Interventionl(2™ tracer injection) —[ Baseline(1" tracer injection) *
_ y y

R

Baseline(1" tracer injection)
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which is an indication of the level change of the CBF during the drug
intervention with respect to that attained during ketamine anaesthesia
(baseline). The equation allows for subtraction of retained activity originating

from the baseline study, (after decay correction [*]).
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—a—Procedure D —=—P rocedure A

Figure 6-3a,b,c Curves of mean ratios (n = 6) vs. slice number starting at the
occipital lobes to the frontal lobes transaxially (&), from the right to the left of the
brain sagittally (b) and form the cerebellum to the dorsal slice of the cerebrum
coronally (c).
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For all three views graphs were plotted of R vs. slice numbers starting at the
occipital lobes to the frontal lobes transaxially, form right to left sagitally, and
from the cerebellum to the dorsal slice of the cerebrum coronally (see curves in
Fig. 6-3a, b, ¢). Contrary to human data the coronal slices were not aligned to
the axis of the brain (Fig. 6-4). The brain was subsequently divided into four
equal regions using the curves (Fig. 6-3) and equal segments taken along the
abscissa. Representative regional blood flow ratios were thus obtained for
these regions for each procedure. Ratios thus became available for the control
(anaesthesia only) study (procedure A) and for the pharmacological procedures
B, C and D.

The input functions for *™"Tc-HMPAO, from the dynamic studies under
ketamine, acetazolamide and nimodipine do not differ (Fig. 6-1). Tables 6-1,6-
2 and 6-3 present the mean (n = 6) ratios (R) and SD obtained for the 4 brain
regions as derived from Fig. 6-3, and for the total brain viewed respectively
transaxially, sagittaly and coronally under anaesthesia only, and after the

various drug interventions.

The effects of acetazolamide (carbonic anhydrase inhibitor), nimodipine
(calcium channel blocker) and a combination on the heart rate, blood pressure,
pCO; and pO; in the arterial blood are summarized in Table 5 for pre-injection
and post injection (10 min) values. The heart rate remained constant for all
procedures. Table - & indicates a decrease in blood pressure from
acetazolamide (P < 0.05) and nimodipine (P > 0.05) but the combination
showed no effect. The pCO; values indicate no influence from any of the
procedures. Acetazolamide and the drug combination procedure significantly
increased the arterial pO, (P < 0.05, for both).
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Figure 6-4 The position of the coronal regions (slices) of the baboon brain in this
study not aligned to the brain axis, and resembling transaxial slices of the human
brain.

Figure 6-5 Corresponding sagittal slices for baseline (a) and intervention (b)
acquisition obtained from the anaesthesia only experiment (procedure A: top) and
(bottom) from the nimodipine experiment (procedure C). Note for the latter
procedure enhanced cerebellum (arrow) after nimodipine administration. This
effect is not shown with procedure A (top).

6.4 Discussion

The dynamic **"Tc-HMPAO results (Fig4. 6-1) clearly show a consistency in
the uptake function which allows us to draw conclusions on the isotope
distribution in the brain and cerebral blood flow under the various drug

interventions.



Chapter 6 - Drug Effects on Cerebral Blood Flow in the Baboon Model - Acetazolamide and
Nimodipine.

104

Failure of the total brain and regional brain ratios to yield a value 2, which
would correspond to the second double dose of " Tc-HMPAO point to CBF
and rCBF changes due to intraprocedural anaesthesia variations as in
procedure A, and additionally to the effect of the drugs as in procedures B, C
and D.

Ketamine hydrochloride is known and was shown here to increase arterial
blood pressure and heart rate (Table 6-4) leading to augmented CBV [4], which
is in this study indicated by lower ratios than 2 as were obtained from

procedure A (see Tables 6-1 to 6-3).

For procedures A and B there are no statistically significant differences
between the intraprocedural regional ratios (P > 0.05), thus indicating no
influence from procedure A and B on rCBF. Procedure B ratios tend to be
larger regionally as well as for the total brain than those from procedure A
(Tables 6-1 to 8-3); differences do not reach statistical significance (P > 0.05)
except for region 4 in the coronal view which is mainly a dorsal representation.
The percentage increases (Table 6-4) corresponded well with Bonte et al. [2],
but in addition a high percentage increase in coronal region 4 was noted.
Procedure C demonstrates a significantly higher ration (P < 0.05) for the
cerebellum, represented in the transaxial region 1, than for any other region
(Table 6-1).

Table 6-1 Mean (SD) ratios from transaxial views of four equal cerebral slices and
from total brain

Region 1 Region 2 Region 3 Region 4 Total brain
Procedure A 1.73+087 | 1.88+019 | 1.86+£0.37 | 195+£036 | 186+ 045
Procedure B 237+084 | 258+0.72 | 256+064 | 2232061 | 2441073
Procedure C 3302073 | 231+063 | 2332060 | 2552077 | 262+ 068
Procedure D 251+096 | 214+£047 | 213+046 | 250+0.71 | 2324065

Statistically significant differences for procedure C between region 1 and regions 2,3,4. Also
between procedure A and C for region 1, (P < 0.05)

Ratios form procedure C also tend to be consistently higher regionally, and

for the total brain than for the anaesthesia only procedure A. However only
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region 1 transaxially (cerebeilum) show a significantly and quite dramatically

higher value (P < 0.05) (Tables 6-1 to 6-4, and Fig. 6-3 and 6-5).

Table 6-2 Mean (SD) ratios from sagittal views of four equal cerebral siices and
from total brain

Region 1 Region 2 Region 3 Region4  Total brain
Procedure A 184+£029 | 210018 | 1.97+0.39 | 183+ 054 | 194+ 035
Frocedure B 2232057 | 258+057 | 256+064 | 2234053 } 240+ 058
Procedure C 2732088 | 246+063 | 230+053 | 225092 | 244 +£0.75
Procedure D 2061147 | 199+047 | 231+067 | 283+187 | 231+1.12

No statistically significant differences

Table 6-3 Mean (SD) ratios from coronal views of four equal cerebral shices and
from total brain

Region 1 Region 2 Region 3 Region 4 Total brain
Procedure A 161+£032 | 193+023 |1 1922028 | 1.73+x0.59 1.8+0.38
Procedure B 235+052 | 280+083 | 2752084 | 2661034 | 264 + 063
Procedure C 268+1.00 | 234+060 | 240+£053 | 2694£0.78 | 253+ 073
Procedure D 224+100 | 199+063 | 210+0.76 | 1.96+0.73 | 207+ 0.78

Statistically significant differences between procedures A and B, region 4 (P < 0.05)

No significant differences could be demonstrated between procedures B and
C (P> 0.05). Procedure D ratios can be seen from Tables 6-1 to 6-3 and from

the curves (Fig. 6-3) to be predominantly depressed with respect to procedures

B and C, occasionally taking on a value in between.

Table 6-4 Mean percentage (%) changes of ratios from the four brain regions (n =
4) for the three views, comparing the different procedures with each other

Procedures Transaxial Sagittal Coronal
Procedures A-B 32 24 41 (4:54%)
Procedures A-C 42 {1:91%) 26 36
Procedures A-D 25 20 11
Procedures B-C 9 2 -3
Procedures B-D -4 -3 -21
Procedures C-D -10 -4 -18

The parentheses contains the region number which had statistically significantly changed (P <
0.05); the corresponding percentage change is also indicated. Negative values point to a CBF
decrease.
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Although the regional ratios from procedure D are higher than from the
anaesthesia only (procedure A), indicating some effect, no statistically
significant difference can be demonstrated (P > 0.05).

The percentage changes in Table 6-4 indicate that the three drug
procedures increase the mean regional ratios, less so for the combination drug,
and that amongst themselves the drug procedures do not produce different
results. None of these regional and total brain values differ statistically
significantly, but it is interesting that the combination drug does not enhance
CBF or rCBF at all, or proportionally to the effects of the drugs individually.
Rather, the R-values from the combination drug seem to follow the regional
pattern obtained from nimodipine only, which is again different from the regional
distribution pattern obtained from procedure B {Fig. 6-3).

Table 6-5 Effects of procedures B (acetazolamide), C (nimodipine) and D
{combination) on heart rate, blood pressure, pCO; and pO; in arterial blood in

baboons
Measurement Heart rate Blood pressure pCO, pO,

B, 116.25£ 12.74(4) |118.00 £ 2.58(4) 141.10 £ 2.37(4) [66.35 + 4.91(4)
B, 111.50 £16.84(4) 110.25 £ 4 50{4) [40.08 + 4.87(4) 76.43 £ 7.47(4)*
C, 11533 £ 22.38 132,50+ 29.93 4285+755 61.12 £+ 4.39

C, 116.33 £ 24.58 11286 £20.26 4050+ 1.27(2) ©68.50+5.37(2)
B, 113.83 £ 1895 10850+2440 |4285+7.55 61.12+4.39

D)) 117.83 £ 16.29 106.50 £ 3249 (3890335 75.06  9.23(5)"

Each value indicates the mean t SEM of six experiments unless where indicated in
parentheses. Subscripts 1 and 2 refer to the measurements respectively before and 10 min
after injection of the drug. * P < 0.05 for post injection vs. corresponding pre-injection values.

Nimodipine was previously reported to increase the cerebral blood flow
without significant influence on the blood pressure and arterial blood gases [14]
and it was suggested that the cerebrovascular autoregulation is resistant to
nimodipine {14]. Niashikibe ef al. [17] showed that the blood pressure is dose-

dependently decreased by nimodipine (1 — 10 ug/kg).

It was previously shown that neither nimodipine nor acetazolamide
significantly influence the pCO; [7, 10, 14, 17]. Acetazolamide is known to

produce metabolic acidosis due to its carbonic anhydrase activity, giving rise to
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increased CO; tensions in the expired gas [5]. However, the current dose and
time scale of the determination of pCO, showed no significant change in the
intravascular CO, tension, indicating that the increase in the cerebral blood flow
observed for acetazolamide is unrelated to the principal local effect from a raise
in the intravascular CO, tension. In accordance with other authors nimodipine
showed no significant effect on the pO; (P > 0.05); only sporadically was the
pO; increased in some animals [14, 17]. Table 6-5 indicates that the increase
in pO; due to acetazolamide alone (35%) is greater when compared to the
acetazolamide-nimodipine combination (23%) suggesting that nimodipine
attenuates the effect of acetazolamide. Hyperventilation was observed under

acetazolamide treatment that could account for the higher Po; values.

It is interesting to note that the increased cerebral blood flow observed for
acetazolamide and nimodipine alone individually is greatly diminished when the
drugs are combined. These results strongly support the suggestion that
acetazolamide may have an effect on the local cerebral metabolic rate for
oxygen [13, 20]. They may further indicate that the cerebral vasodilatory
properties of acetazolamide are unrelated to its carbonic anhydrase inhibition.
Also interesting is that although there is an initial decrease in blood pressure
with acetazolamide the blood pressure was subsequently observed to increase
to a maximum after 25 min. This time response was also observed for the Po,,
coinciding with the maximum increase in cerebral blood flow preciously
reported [2].

6.5 Conclusion

The current study has shown that the baboon model previously described [4]
is sensitive to monitoring pharmacological interventions and to evaluate drug
candidates for cerebral diseases. Some of the observations of this study will
even add to the information available for the two drugs under consideration. It
also becomes clear that a combination of acetazolamide and nimodipine used
under the currently described time scheduling has no beneficial effects on
cerebral blood flow pattern. The combination actually diminishes the positive
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effects of the individual drugs via a mechanism that cannot be readily explained

at this time.
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Summary

Changes in cerebral blood flow are implicated to be important in the
pathophysiology of migraine. Furthermore, serotonin (5-HT) is known to be the
most important substance in the etiology of migraine. Sumatriptan (CAS
103628-46-2), a 5-HT,p receptor agonist was recently introduced in the
treatment of migraine. In the present study a baboon model was used to
investigate the changes in cerebral blood flow due to anaesthesia and
pharmacological interventions using **™Tc-labelled hexamethyipropylene amine
oxime (*"Tc-HMPAO) and single photon emission computed tomography
(SPECT). The effect of sumalriptan on cerebral blood flow was investigated
after 10 min and again after 23 min, with the animal under anaesthesia, ie.
induction with ketamine and maintenance on thiopental. Sumatriptan did not
alter the cerebral blood flow during the 10 min procedure. However,
sumatriptan reversed the increased cerebral blood flow due to the prolonged
anaesthesia (23 min), lowering the cerebral blood flow by more than 20%. No
significant changes in the biochemical parameters (blood pressure, heart rate,
pO, and pCO;) were observed. These results also suggest that sumatriptan
reverses the increased cerebral blood flow most likely via 5-HTp receptor

stimulation.

KEY WORDS: Antimigraine drugs, CAS103628-46-2, Cerebral blood flow,
Serotonin, Sumalriptan, pharmacology.

" OLIVER, D.W., DORMEHL, |. & HUGO, N. 1994 Effect of Sumatriptan on Cerebral Blood Flow in the
Baboon Model. Arzneimittel Forschung/Drug Research, 44, 925-928.
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7.4 Introduction

Migraine significantly affects the lives and productivity of about 10 to 15% of
aduit population [1]. The development of effective treatment of a migraine
attack has for many years been the focus of many researchers. An aura
consisting of transient visual, sensory or motor symptoms may precede a
migraine attack or may be absent. A focal reduction of regional cerebral blood
flow (rCBF) initiates a migraine attack associated with an aura while the
neurological symptoms or the aura have been implicated in the reduction of
tissue perfusion [2 — 8]. Serotonin (5-HT), a mono-amine, exerts its
physiological effects via stimulation of several 5-HT receptors. The role of
serotonin in the pathogenesis of migraine attacks is now well accepted [9, 10;
11].  Sumatriptan (CAS 103628-45-2) a new 5-HTip receptor agonist has
recently been added to the therapeutic arsenal in the treatment of acute
migraine [12]. The antimigraine affect of sumatriptan appears to be via its
stimulation of the 5-HTyp receptors. Friberg et al. recently reported that
sumatriptan reversed the migraine pain that is associated with middle cerebral
artery dilatation [13]). Diener et al. further reported that sumatriptan did not
significantly change the blood flow and velocities of the middle cerebral and
basilar arteries and suggested that its action is mediated via mechanisms other
than the weli-established vasoconstrictor actions on cerebral arteries [14].
Furthermore, sumatriptan was shown to selectively constrict the carotid arterial

bed of anaesthetized dogs and cats [15].

We recently developed a baboon model under anaesthesia to study the
effects of drugs on the cerebral blood flow [16]. In continuation of our interest
in drugs that exhibit cerebroconstrictor and dilatory effects we here report the
study of the effects of sumatriptan on the cerebral blood flow in the baboon
model using photon emission computed tomography (SPECT) and the

radiopharmaceutical hexamethylpropylene amine oxime (*"Tc-HMPAO).
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7.2 Materials and methods

7.2.1 The animal study

Six adult male baboons (Papio ursinus, average weight 27 kg) were selected
for this study. Each baboon was subjected to four different procedures on
different days, at least one month apart. Because of the necessity of handling
the animals under anaesthesia, the first procedure, A, concerns a control CBF
study with ®™Tc-HMPAO and SPECT under only the standard anaesthetic
conditions of anaesthesia induction with ketamine hydrochloride (Ketatar ©,
Parke-Davis, S.A.; 10 mg/kg), followed by maintenance on thiopental sodium
as previously described by us (Intraval ® 10 mih Maybaker, S.A.).

Procedures B and C investigated the CBF changes due to the sumatriptan
(Imigran ®, Glaxo, S.A.; 6 mg subcutaneous) at 10 and 23 min, respectively,
after administration. Procedure D was a second control to evaluate the CBF
during prolonged thiopental sodium anaesthesia after the ketamine blood levels

had reached insignificant values, which was the case during procedure C.
7.2.2 Procedure A (control study)

After anaesthesia induction with ketamine chloride, each baboon received an
i.v. injection of ¥™Tc-HMPAO (148 MBq), the cerebral distribution of which
would then represent the effect of ketamine on CBF. During the subsequent 5
min waiting time until the start of SPECT the baboon was intubated and the
anaesthesia changed to a thiopental i.v. infusion (70 mi/h of a 0.5% solution),
using an administration (drip) set. The following SPECT acquisition to obtain
the HMPAO distribution in the brain during ketamine (SPECT-1) was done with
a Siemens Orbiter gamma camera, coupled to a Sophy 250G computer, using
32 vies, 360° (10s/view), in 64 x 64 word mode. Following the first acquisition,
which with camera and computer readjustment took approximately 8 min, and
in addition a waiting time of 5 min, the baboon was reinjected with *™Tc-
HMPAO (296 MBq) and tomographed as above (SPECT-2) to detect the
radionuclide distribution after 18 min of thiopentone anaesthesia. This is the
split-dose method of HMPAO application in CBF studies [17]. Ketamine,
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producing so-called dissociative anaesthesia is inappropriate during SPECT
acquisitions because of undesirable involuntary movements of the animals.
Procedure A is therefore the approach to expedite the start of an experiment
and to aliow correction for the influence that the ketamine might still have of
CBF. The baboons were viewed in a supine position with a special headrest to

ensure a reproducible position for comparable tomographic slices.
7.2.3 Procedure B (sumatriptan effect after 10 min)

The procedure B is similar as for procedure A, except for a delayed switch to
thiopental anaesthesia after the first HMPAO injection in order to attain an 18
min duration of thiopental infusion at 10 min after the administration of
sumatriptan immediately after SPECT-1, when the second (double dose)
HMPAO injection is administered. This distribution of HMPAO as obtained from
SPECT-2 will reflect on the effects of 18 min of thiopental anaesthesia as in the
control study as well as the effect of sumatriptan after 10 min. Control

ketamine-thiopental conditions were therefore maintained.
7.2.4 Procedure C (sumatriptan effect after 23 min)

Measuring the effect of sumatriptan after 23 min required a separate
experiment as well as a changed procedure in order not to exceed the
maximum interval of 30 min between reconstitution of *™Tc-HMPAO and its i.v.
injection because of degradation of the radiopharmaceutical. The problem was
overcome by comparing the effect of sumatriptan after 23 min to that after 10
min which follows from procedure B. After darting with ketamine the baboon is
immediately placed on thiopental sodium as before and thus maintained for 20
min before the administration of sumatriptan (6 mg, s.c.). 10 min later (i.e. after
30 min of thiopental) the first HMPAO injection (148 MBq) was given and
SPECT-1, as previously, followed 5 min later. These results will represent CBF-
influenced by 30 min of thiopental anaesthesia and after 10 min of sumatriptan.
The second double dose of HMPAQO (296 MBq) was injected directly at the
completion of SPECT-1; this was 23 min after the sumatriptan injection and the
subsequent distributions from SPECT-2 reflected on the effects of 43 min of
thiopental and after 23 min of sumatriptan. Procedure C can obviously not yield
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results which could be compared to the control study procedure A, because of
changed anaesthesia conditions: Therefore a second control study, was

devised to take these changes into account (procedure D).

7.2.5 Procedure D (cbntrol study with prolonged thiopental

sodium)

Immediately after the ketamine induction the baboon was placed on sodium
thiopental for 30 min at which stage the thiopental blood levels predominated.
¥MTc-HMPAO was injected at this stage to obtain, through SPECT-1, a
distribution in the brain under influence of thiopental (30 min duration, as in
procedure C). The baboon remained only on thiopental anaesthesia for the
second double dose of HMPAO (after SPECT-1) at 43 min of thiopental. Thus
the subsequent SPECT-2 would yield results according to the time scale of
procedure C.

7.2.6 Data processing

After backprojection and reconstruction the brain images in all procedures
consisted of transaxial, sagittal and coronal slices representing CBF and rCBF
related information during conditions prevailing during various forms of
anaesthesia and due to time dependent effects of sumatriptan. Eight slices of
two pixels thickness represented the brain in all three views. Regions of
interest (ROIs) were placed on the total brain (Fig. 7-1) and count rate date
(counts/pixel) thus obtained were inserted into the following equation to obtain
the ratio R:

_ (SPECT -2)-(SPECT ~1)*
(SPECT —1)

R

where * refers to decay corrected data from SPECT-1, present during SPECT-2
and which has to be subtracted from the SPECT-2 data , as background: and R
is an indication of the level change of rCBF due to the changed conditions
prevailing during the second HMPAOQO injection with respect to that of the first

injection.
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Figure 7-1 Typical tomographic brain slices in the transaxial, coronal and sagittal
views, with the position of the regions of interest (ROI), i.e. the total brain indicated
within the rectangles.

For procedure A the ratio R will reflect the change in rCBF during the
anaesthesia change from ketamine to thiopentone. A value of R = 2 (due to the
double second dose of *™Tc-HMPAO) will indicate no rCBF change during
procedure A due to changed anaesthesia. R for procedure B will additionally
reflect on changes due to the sumatriptan 10 min after administration and was
compared to R (procedure A) to assess the effects of the sumatriptan. For
procedure C the ratio R will compare the effects of sumatriptan after 10 min and
23 min if the R-value for prolonged thiopental anaesthesia prevailing during
procedure C is known. This value was available from procedure D.
Comparisons of R-values between procedures A and B and between
procedures C and D were done by a Student’s two-tailed t-test on a 5% level of
confidence.

Blood pressure, heart rate and blood gases (pO; and pCO;) were measured
before each HMPAO injection during each of the procedures to determine the
effects of the different interventions and anaesthetic procedures on these

parameters.

7.3 Results

The R-values for each of the eight slices in each view are presented in Fig.
7-2 and 7-3: Fig. 7-2 (a, b, c) compares the control R-values of procedure A
and the R-values of sumatriptan at 10 min after the injection, and Fig. 7-3 (a, b,
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c) compares the R-values from procedure C (23 min post sumatriptan) with
those from the prolonged thiopentone anaesthesia, procedure D. From the
maximum and minimum standard deviation bars indicated in the figures no
statistically significant (P > 0.05) differences were found between the various
slices in any one particular procedure, indicating no obvious regional effect on
CBF during any of the four procedures. The values for the three views also do
not differ statistically significantly, which confirms a lack of regional influence on
the CBF. It therefore becomes sufficient to measure the effects of the four
procedures by global or total brain CBF changes (rather than the slices), in
which manner the information will aiso improve statistically.

Table 7-1
Procedure Mean CBF and SD {n = 6)
A 1.89+£0.12
B 196+ 010
C 1.82 £ 0.08
D 230027

Global CBF as a mean (n = 6) and SD for each procedure appears in Table
1. No statistically significant difference is found between procedures A and B
(P > 0.05), but procedure C significantly lowers the R-values which otherwise
follow from the control study under prolonged anaesthesia (procedure D) (P <
0.05).

The blood pressure, heart rate and blood gases (pO; and pCO;) were
monitored for any influence during the different procedures. Transient marginal
increases were cbserved for blood pressure, heart rate and pCO; at the 10 min
interval {procedure C)} of the sumatriptan intervention. A non-significant
increase in the pCO, level was observed at the 23 min sumatriptan

intervention.
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7.4 Discussion

The R-values for the ketamine-thiopentone control study (procedure A) are
lower than the value 2, i.e. they relate to an augmented CBF during ketamine
(from the equation) which corresponds to the increase in arterial BP and HR
[16, 18, 19].

The prolonged maintenance of the animals under thiopentone in procedure
D could account for the ratios R in this case being distinctly larger than 2. The
barbiturates are known to accumulate in the muscle and subsequently in fatty
tissue and an enhanced pCO; effect could result from their release during a
proionged study, leading to increased CBF from additional vasodilation (seen in
the interventional phase of procedure D) in the absence of controlled ventilation
[20].

The effect of sumatriptan after 10 min (procedure B) does not change the
control values from procedure A significantly (P > 0.05) although the values
tend to be somewhat higher, pointing towards an increased CBF from the
sumatriptan at 10 min. 23 min after the administration of sumatriptan, R-values
(procedure C) are obtained which differ statistically significantly from the contro!
value from procedure D. However, the R-values of procedure B and procedure
C, i.e. 10 min and 23 min sumatriptan respectively are not significantly different.

This means that the relationship:

sumatriptan related count at 23 min
sumatriptan refated count at 10 min

introduces a factor into the R-values from procedure D which reduces these
significantly. This factor has to be less than 1, and thus points to a higher CBF
at 10 min than at 23 min. Aiso the effect of sumatriptan at 23 min is enhanced
compared to the 10 min study. At 10 min after sumatriptan there was indeed
no effect observed with relation to control R-values, (procedure A), whereas at
23 min a significant change (reduction) of 22% was measured (procedure D).
This result suggests that sumatriptan returns the CBF to normality.
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A transient slight increase in the peripheral blood pressure [21] and
marginally lower heart rate, were observed at 10 min, which was not present at
the 23 min interval. Slightly, but non-significant increases in pCO2 and pO;
levels were recorded for the procedures B and C under sumatriptan. No

correlation is implicated in these slight changes in biochemical parameters.

This study shows that a substance with cerebrovasoconstrictor activities
such as sumatriptan is beneficial in normalizing the effect, i.e. the increased
CBF, of the anaesthetic regime used in this baboon model. It was recently
demonstrated that the dilatation of the middie cerebral arteries, during a
headache phase of a migraine attack, was reversed by sumatriptan [13, 22].
The present results may indicate that the serotonin, 5-HTp receptors are likely
to be involved in the normalization of the cerebral blood flow during our

anaesthetic procedure with the sumatriptan intervention.

Investigation of other agents acting on the cerebrovascular serotonergic
receptors can give further insight on the changes in the cerebral blood flow that
occur during a migraine attack and the changes that were observed during the

anaesthesia in our baboon model.
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Summary

Sumatriptan (CAS 103628-46-2, Imigran® has established itself as an
important therapeutic agent in the treatment of migraine. Although considerable
understanding of, in particular, the vascular pathophysiology of migraine has
been gained during the past decade, the pathophysiology and mediators
involved in the pain experience during migraine are not yet fully explained. The
mechanisms behind the pharmacological effects of sumatriptan are still only
partially understood. In the present study the effects of sumatriptan on drug
induced cerebral blood flow increases in the baboon model were investigated
using ¥ Te-HMPAO (hexamethylpropylene amine oxime) and SPECT (single
photon emission computed tomography). Sumatriptan selectively reduced drug
induced cerebral blood flow increases. The effects of halothane anaesthesia
and acetazolamide on cerebral blood flow were not reversed by sumatriptan,
while the effect of nimodipine was attenuated by 47% (to the level of cerebral
blood flow below the normal flow baseline). These results support multiple
mechanisms for sumatriptan involving vascular neurotransmission and
neurbgenic inflammatory responses via serotonin receptor stimulation and Ca®*

mobilization. Drug-drug interactions are further implicated through this study.

KEY WORDS: Acetazolamide, Antimigraine drugs, CAS 103628-46-2, Cerebral
biood flow, Halothane, Imigran ®, Nimodipine, Sumatriptan, pharmacology.
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Model

8.1 Introduction

Sumatriptan (CAS 103628-46-2) has effectively been used in the treatment
of acute migraine and is furthermore a useful tool to investigate and illucidate
drug mechanisms 'in migraine and related cerebrovascular headaches. We
have recently successfully utilized a baboon model in the monitoring of
pharmacological interventions [1-4], using **™Tc-labelled hexamethylpropylene
amine oxime (HMPAQ). Increased cerebral blood flow (CBF) was observed
after treatment with the carbonic anhydrase inhibitor, acetazolamide, and the
calcium channel blocker, nimodipine [2, 3]. Sumatriptan reversed the increased
cerebral blood flow induced by the prolonged anaesthesia [4]. It was also
observed that a combination treatment of acetazolamide and nimodipine had
no significant beneficial effect and showed a lower increase in the cerebral
blood flow when compared with the individual drug responses. The current
study focussed on the effects of combination drug treatment of sumatriptan with
acetazolamide and sumatriptan with nimodipine in the baboon model, using
single photon emission computed tomography (SPECT) techniques, specifically
concentrating on the increases and reductions in CBF previously observed {2,
3, 4]. The objective of the present study was to determine and evaluate
possible drug interactions of these combinations in the clinical application and
from these results to further gain insight into the pharmacology of these drugs.
In addition to the above-described procedures the effect of sumatriptan on the
increased CBF, which has been observed during halothane anaesthesia [1],
was aiso assessed in order to establish if sumatriptan is able to reverse this
effect of halothane and to gain further information on specificity of the
pharmacological action of sumatriptan and the interaction with specific

anaesthesia regimes.
8.2 Materials and methods

Twelve adult male baboons (Papio ursinus, average weight 27 kg), divided
into two groups of six each, were used for the investigation. The ages of the
baboons are uncertain but they are mature adults of similar age, which have

been in captivity for four years. They are housed, maintained and cared for
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according to the guidelines laid down in the National Code for Animal Use in
Research, Education, Diagnosis and Testing of Drugs and Related Substances

in South Africa. These guidelines are in line with international standards.

Each animal was subjected to four different procedures (A to D for the one
group and E to H for the second group) (Fig. 8-1), with at least a six-week

interval between the consecutive procedures.
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15t HMPAQ {douths dose}
{:fsdmjcwuon it Minutes _
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P :
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Figure 8-1 Time schedule for the various procedure protocols indicating time of

each intervention

Procedure A was the control study under anaesthesia only [1] in which
induction was obtained with ketamine hydrochloride (10 mg/kg™ i.v.) followed
immediately by an i.v. injection of 148 MBq of *™Tc- HMPAO.

The animal was then maintained on an infusion of thiopentone sodium

(70mi/h of a 0.05% solution), followed after 5 min by the first single photon
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emission tomography acquisition (SPECT-1). The data of SPECT-1 represent
the HMPAOQO distribution (uptake and retention) in the brain, resulting from CBF
during ketamine sedation [5, 6]. The acquisition with a Siemens Orbiter
gamma camera in 64 x 64 word mode, used 32 projections during a 360°
rotation, allowing 15 per projection, i.e. about 12 min per rotation. 12 min after
the end of tomography, a second i.v. administration “*™Tc-HMPAO (296 MBq -
double the first dose) followed, i.e. the split-dose method {7, 8}, and 5 min later
the second acquisition (SPECT-2) as before. These data represent a CBF
pattern of HMPAO under thiopental anaesthesia, but with a background from
the first HMPAO distribution under ketamine. After backprojection and
reconstruction (Hamming/Hamm) the brain images consisted of two sets
(SPECT1 and SPECT-2), each of four compacted transaxial, sagittal and
coronal slices. The two sets represented CBF patterns respectively related to
ketamine and to thiopental anaesthesia. Regions of interest (ROls) were
placed on the SPECT-1 and SPECT-2 data, in each view, and counts per pixel
obtained form each slice. These values for each slice were inserted into the

following equation.

(SPECT —2)(counts/ pixel) ~[SPECT —1]* (counts! pixel)

R=
SPECT —Wcounts/ pixel)

R represents the level changes of rCBF during the second anaesthesia,
thiopentone with respect to rCBF during ketamine (the first anaesthesia) after
subtraction of the background (*), having been corrected for decay.

Procedure B followed the same protocol as above, except for an additional
i.m. injection of sumatriptan (Imigran®, Glaxo S.A., Midrand, South Africa), 1
min into the SPECT-1 (ketamine related)} acquisition. The double dose of
HMPAO administered 12 min after the end of SPECT-1, will therefore represent
the rCBF distribution due to sumatriptan (23 fnin p.i.}, when compared to
procedure A. Also for procedure C the protocol of the baseline procedure A
was followed, but 7 min after completion of SPECT-1, i.e. 5 min before the
second double dose of HMPAQ, 500 mg of acetazolamide (100 mg/ml) was i.v.
administered. Thus SPECT-2 reflected the rCBF 5 min after acetazolamide

injection. In procedure E, the drug intervention was by nimodipine, which
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started as an infusion (1 pg/kg/min) 10 min before the second HMPAO
injection, and 2 min after the completion of SPECT-1, and continued for 5 min
until SPECT-2 started. SPECT-2 would then reflect on rCBF after 10 min of

nimodipine.

Procedures D and F concerned the two drug combinations, respectively
acetazolamide plus sumatriptan and nimodipine plus sumatriptan as follows:
For procedure D a combination protocol of procedure B and C is followed, i.e.
an injection of sumatriptan 1 min into SPECT-1, and an injection of
acetazolamide 7 min after SPECT-1, so that by the time of the second double
dosage of HMPAO, 23 min will have passed after sumatriptan administration
and 5 min after acetazolamide. Therefore SPECT-2 will reflect rCBF due to a
drug combination along the lines of the protocols of the single drugs in

procedure B and C.

Similarly procedure F (procedure B and E combined) will have SPECT-1
information on rCBF related to the ketamine anaesthesia as do all other
procedures, but SPCET-2 will reflect on the effect of the 10 min nimodipine
infusion which will start 2 min after SPECT-1 had ended, plus the effect of
sumatriptan after 23 min, having been injected 1 min into SPECT-1.

The last two procedures G and H concerned the possible role of the
halothane anaesthesia and the interaction with sumatriptan. The animals were
placed on halothane (2% halothane/oxygen, Boyle’'s machine), immediately
after having been immobilized by ketamine. The first injection of *™Tc-HMPAO
under halothane was followed five minutes later by SPECT-1, as above. 12
min after SPECT-1 another injection of HMPAO (double dose) was given and
SPECT-2 followed 5 min later. This procedure was the baseline for procedure
H, which followed the same course but with an injection of sumatriptan 1 min
into SPECT-1 and 23 min before the second HMPAO injection.

During all procedures the blood pressure (BP), heart rates (HR) and blood
gases were monitored before each drug intervention and before the second
HMPAQ injection.
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8.2.1 Statistical methods

Mean ratios R (n = 6) and standard deviations were calculated per procedure
for similar regions (slices). An average R-value was obtained for the total brain
for a particular procedure by considering all slices of all views. These were
compared for interprocedural effects and the comparisons assessed for
significant differences, using Student's two-tailed t-test for paired variables on a

5% confidence level.
8.3 Results

The results are presented in Fig. 8-2 to 8-4, where the mean ratio (xSD) (n =
6) for each slice is depicted in each procedure.

Fig. 8-2 displays procedure A (control), and procedures B, C and E, which
are the single drug interventions respectively of sumatriptan, acetazoiamide
and nimodipine, in the transaxial (a), sagittal (b), and coronal (¢} views. In Fig.
8-3 the single drug sumatriptan intervention (procedure B) is also compared to

the combination drug intervention, procedures D and F.

.04 transaxial (2l 4.0 sagittal bl 4.0+ coronal o)
354 35+ 35+
301 3.04 304
= 251 251 254
o 20 204 201
%15 o5 T 15
- 104 101 10 1
054 O.SJ 05-
L T S S SR A B S A
slices slices slices

Figure 8-2 Curves of mean ratio (R) (n = B) vs. slice number frontal to the
occipital lobes transaxially, from right to left of the brain sagittally, and from the
cerebellum to the dorsal slice of the cerebrum coronally. B Procedure A; x
Procedure B; &4 Procedure C; ® Procedure E. This figure compares single drug
interventions with anaesthesia (ketamine-thiopental) baseline. The largest
standard deviations for each procedure are indicated.

The possible role that the anaesthesia can play is illustrated in Fig. 8-4,
where the two control studies without interventions viz the ketamine-

thiopentone study (procedure A) and the halothane study (procedure G) are
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compared to corresponding studies with the sumatriptan interventions, i.e.
procedures B and H.

h0q transaxial  (a) &.01 sagittal (b} h.D] coronal ()
351 35 is
30 30 301
g 254 25 251
2 204 20- . :: 4 | /
w154 154 ) - — -—
aRTE 10- 10 —
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3 5 i 1 H § 1 ? 3 4
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Figure 8-3 As in Fig 8-2. ® Procedure B; & Procedure D: ® Procedure F; x
Procedure C; ® Procedure E. This figure illustrates drug interactions and
comparative changes with respect to singie drug effects.

In Table 8-1 means (n = 6) +SD of the ratio R are presented for the total
brain (obtained by averaging R from all slices and all views in a procedure),
with percentage changes between procedures, as well as (when applicable)
significant changes in HR, BP, pCO; and pO..

From Fig. 8-2 and Table 8-1 it is clear that the sumatriptan intervention did
not change control R-values statistically significantly (1.87 + 0.36 vs. 1.82 +
0.55, P > 0.05); also not with halothane anaesthesia (2.18 + 0.32 vs. 2.23 +
0.28, P> 0.05); Fig. 8-4).
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Figure 8-4 Asin Fig 8-2 and 8-3. x Procedure A; ® Procedure B; A Procedure
G; ® Procedure H. The influence of the nature of anaesthesia is illustrated here.

Single drug interventions with acetazolamide and nimodipine increased CBF,

as reflected in the R-values, by 32% and 35%, respectively, with respect to the
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control values of procedure A. These increases are statistically significant (P <
0.05). The drug combinations of sumatriptan plus acetazolamide (procedure D)
and sumatriptan plus nimodipine (procedure F), influenced CBF in different
ways. According to procedure D the sumatriptan had no statistically significant
effect (P > 0.05) on the acetazolamide-induced increases obvious from
procedures C and A. However, the sumatriptan administered in procedure F
reduced the nimodipine induced increases in CBF from procedure E statistically
significantly (2.53 + 0.4 vs. 1.34 + 0.35, P < 0.05). These reduced R-values
from procedure F are even significantly below the control values of procedure A
(P < 0.05).
Table 8-1 Mean (x SD) ratios R for total brain as averaged from all slices and all

views for all procedures, percentage changes of these R-values and parameter
changes when statistically significant {P < 0.05)

R+ SD [% ChangeinR| HR | BP |pCO, PO,

Procedure A
(Baseline) 1.87+0.36 - - - -
Procedure B
{Sumatriptan) 182+ 022 - - - -
Procedure C
(Acetazolamide) 2491034 - -7 - +20
Procedure D
(Acetazolamide + Sumatriptan) 2.54+032 - - - +7
Procedure E
(Nimedipine) 2.53+0.40 - |18 - -
Procedure F |
{Nimodipine + Sumatriptan) 1.34 £ 0.31 - -5 - -
Procedure G
{Halothane Baseline) 218+ 032 - - - -
Procedure H
(Halothane + Sumatriptan) 223+028 - - - -
Procedure Ato C +32
Procedure Ato D +36
Procedure Ato E +35
Procedure Ato F -28
Procedure Bto D +40
Procedure Bto F -26
Procedure Eto F -47
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No significant changes occurred for any of the interventional procedures in
HR and pCO, taken just before drug administration and just before the second
HMPAO injection. Significant reductions (P < 0.05) in BP occurred with the
acetazolamide intervention {procedure C; ABP = -7), as well as with nimodipine
(procedure E; ABP = -18), and the combination procedure F of sumatriptan and
nimodipine (-55). pO; increased significantly with acetazolamide (+20), and

also when in combination with sumatriptan (+7).
8.4 Discussion

The results clearly indicate that sumatriptan had no effect (potentiation or
antagonism) on the increased cerebral blood flow induced by acetazolamide
within the current time scale and dose regimes. Similarly, sumatriptan did not
influence the halothane anaesthesia, even though halothane pointed to
increased CBF, when compared to the ketamine-thiopental alternative [1)].
Conversely sumatriptan significantly influenced the increased cerebral blood
flow induced by nimodipine. The increased blood flow effect of nimodipine was
attenuated by 47% (P < 0.05) by simultaneous treatment with sumatriptan. The
reduced CBF-values noted in this procedure were also statistically significantly
lower than the control values without drug treatment (P < 0.05). These results
clearly indicate that sumatriptan is a potent antagonist of nimodipine and that
the pharmacological reversal of the induced increase in the CBF occurs not for
all drug combinations. These results may further suggest that cerebral blood
flow attenuation (vascular mechanism) is but one component of the
pharmacology of sumatriptan as was previously outlined by Moskowitz [9]. The
current data may give further insight into other mechanisms of action of

sumatriptan and the pathological mechanisms in migraine.

The current research protocols for acetazolamide and halothane
anaesthesia indicate no drug-drug interactions with simultaneous administration
of sumatriptan. The increased CBF due to the action of acetazolamide and
halothane was maintained. The blood pressure and oxygen (pO;)} changes for
the single drugs procedures are similar to those previously observed [2, 3].

Interesting is the marked drop in blood pressure in the sumatriptan-nimodipine



Chapter 8 - Cerebral Blood Flow Effects of Sumatriptan in Drug Combinations in the Baboon 132
Model

combination study, while a drop in cerebral flow is observed. Compensation

responses could explain this occurrence.

Nimodipine, a dihydropyridine calcium channel antagonist has been shown
to dilate cerebral arterioles and to increase cerebral biood flow (see review of
nimodipine [10]). It has been suggested that nimodipine at a dose of 120
mg/day can effectively be used in the prophylactic treatment of migraine [11].
The potent antagonism by sumatriptan of the nimodipine-induced increase in
CBF argues against simultaneous treatment of these two drugs. The
combination could result in attenuation or diminishing of the effects of
nimodipine. This result is however of importance to gain further knowledge on
the actions of these drugs in the treatment of migraine.

Serotonin (5-HT) and some specific 5-HT-receptors are implicated in
migraine (see reviews of 5-HT and the classification of receptors of 5-HT [12,
13]). Sumatriptan exhibits agonist activity at the 5-HTip- and 5-HT, like-
receptors [13]. 5-HTp-receptors have been demonstrated in human cerebral
arteries [14, 15] and to be of the type 5-HTps. Activation of these receptors
results in the inhibition of foskolin-stimulated adenylyl cyclase activity [16].
However these receptors have been found to link positively and negatively to
adenylyl cyclase depending on the cell line use for the expression of these
receptors. Zgombick et al. have recently observed inhibition of adenylyl
cyclase and stimulation of calcium mobilization [17]. The marked effect of
sumatriptan to reduce the increased CBF due to nimodipine supports the
involvement of Ca®* in the pharmacology of sumatriptan. This result suggests
that sumatriptan is able to normalize the cerebrovascular bed via multiple
mechanisms that include amongst others vasoconstriction and influencing Ca*
mobilization that might be important in the inflammatory and pain responses
that occur through mediators such as nitric oxide (NO), histamine and other

neurotransmitters and —peptides.

Moskowitz et al. have researched the neurogenic and vascular mechanism
of sumatriptan in the migraine [18-25]. It was concluded that sumatriptan
blocks the vascular headaches through blockade of neural transmission and

neurogenic inflammatory responses and that post- and prejunctional 5-HT4p-
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and 5-HT, like-receptors are implicated in the pharmacology of sumatriptan. [t
has been suggested that perivascular neurogenic inflammatioh around the
dural and meningeal arteries could account for the migraine pain and that the
process is associated with release of neuropeptide transmitters from
perivascular trigeminal nerve endings [18]. Olesen et al. [26] have recently
suggested that nitric oxide (NO) may play an important role in migraine and
other vascular headaches. It was observed that glyceryl trinitrate (which can be
regarded as a pro-drug for NO [27]) causes a reduction in the blood velocity in
the middle cerebral artery [28]. No effect on regional cerebral blood fiow was
observed after glyceryl nitrate treatment, indicating an increased dilatation of
the middle cerebral artery in migraine sufferers [29]. Furthermore, histamine-
induced headache occurs most likely due to the formation of NO in the cranial
blood vessels [30, 31]. NO through guanylate cyclase coupling has been
postulated to trigger a chain of events that induce smooth muscle relaxation via
decreases in cytosolic Ca®* concentrations [28, 29]). Sumatriptan apart from its
vasoconstrictor effects might exert its therapeutic effects on the pain
component of migraine via other mechanisms that might involve Ca®*
mobilization. The findings that NO couid be involved in migraine through
vasodilatation and the induction of migraine-like headaches could be an
important mechanism to explain pharmacology of sumatriptan. An inhibitory
effect of sumatriptan on NO would result in the antagonism of both the
vasodilatation and the possible effects on perivascular sensory nerves of NO.
The effect on the calcium concentrations resulting in dilatation of cerebral blood
arteries upon NO release could be antagonize by sumatriptan as was observed

during the nimodipine combination procedure.
8.5 Conclusion

The current study strongly suggests that sumatriptan is able to reverse
induced increases in cerebral blood flow due to pharmacological interventions.
However, this reversal clearly does not occur in all the cases and is more
specific than initially anticipated. The inability of sumatriptan to influence the
acetazolamide and the halothane increases in CBF supports the specificity of

sumatriptan, particularly in view of the marked effect on nimodipine. This study
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was able to establish possible drug-drug interactions involving sumatriptan.
The data clearly supports multiple mechanisms of action for sumatriptan during
the treatment of migraine that involves both direct action on cerebral blood
vessels via stimulation of amongst others 5-HTp-receptors and effects of Ca®*
mobilization.  Sumatriptan’s action could also involve the inhibition of
endogenous substances, such as NO, histamine and other mediators, that are
active in vascular neurotransmission and neurogenic inflammatory responses
during migraine. The effect of sumatriptan on these substances is currently

being investigated.
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Summary

Pharmacological interactions are important when nuclear medical
procedures are applied to patients under drug therapy, or drug provocation.
This study compares in baboon models (regional) cerebral biood flow (rCBF)
results from **"Te-HMPAO and '?l-iodoamphetamine, [Z{JIMP, each with and
without acetazolamide, the latter a suggested drug for testing cerebrovascular
reserve. Expected differences in cerebral uptake were observed between the
two radiotracers without acetazolamide. The increase in tracer uptake resulting
from acetazolamide is significantly enhanced for ['PIJIMP, which could have

diagnostic implications.
9.1 Introduction

Drug combinations when administered simultaneously have the potential to
interact with each other on two main pharmacological levels, viz
pharmacokinetically and/or phamacodynamically (Stockley, 1991}. Interactions
are, therefore, also to be expected for radiopharmaceuticals when administered
with drugs. This should be considered when nuclear medical procedures are
applied to patients under drug therapy, when drugs are use provocatively to
facilitate nuclear medical diagnosis (e.g. acetazolamide and cerebrovascular
reserve, Devous et al, 1992), and also when used to evaluate drugs in

pharmaceutical development and for pharmacological responses.

" DORMEHL, LC., OLIVER, D.W., HUGO, N. & ROSSOUW, D. 1995. A Comparative Cerebral Blood
Flow Study in a Baboon Model with Acetazolamide Provocation: *” Te-HMPAO vs. "“I(iMP}. Nuclear
medicine and biology, 22(3).373-378.
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Provocation: ®"Tc-HMPAQ vs. '21(IMP)

Comparisons of the  drug-induced behaviour of  different
radiopharmaceuticals during the above procedures are important in order to
interpret differences in radiopharmaceutical responses, to understand and
anticipate possible interactions and to acquire and quantify datasets obtained
from different radiopharmaceuticals for practical diagnostic applications. With
the above in mind a study was done to assess the results obtained from
regional cerebral blood flow (rfCBF) measurements using *"Tc-
hexamethylpropylene amine oxime (HMPAO) and N-isopropyl-p-(1123)-
iodoamphetamine, '2*|(IMP), with and without acetazolamide (Diamox ®, S.A.
Cyanamid (Pty) Ltd) in a baboon model. Differences are explained in terms of

induced metabolic acidosis, and alkaline urine, following from acetazolamide.
9.2 Materials and methods

Six adult male baboons (average weight 27 kg) were used for the
investigation. The studies were performed after approval by the Ethics
Committee of the University of Pretoria, according to the guidelines of the
National Code for Animal Use in Research, Education Diagnosis and Testing of
Drugs and Related Substances in South Africa. Each animal was subjected to
four different procedures (A to D), with at least a six-week interval between
consecutive procedures. Procedures A and C were control studies under
anaesthesia only (Dormehl et al., 1994) in which induction was performed with
ketamine hydrochloride (10 mg/kg i.v.) (Ketalar ® Parke-Davis, Cape Town)
and immediately followed by a maintained controlled infusion of thiopentone
sodium (Intraval ® Sandoz S.A., Randburg) (70 ml/hr of a 0.5% solution) using
an administration (drip) set. After a 10 min stabilization period under
thiopentone, procedure A continued with an i.v. injection of 148 MBq of *"Tc-
HMPAOQO. Five minutes later the first SPECT acquisition (SPECT-1) followed
with a Siemens Orbiter gamma camera, using 32 projections during a 360°
rotation (10 sec per view). The baboons were viewed in a supine position with
a special headrest to ensure a reproducible position to compare tomographic
slices (Dormeht ef al., 1992). SPECT-1 was immediately followed by a second
i.v. administration of " Tc-HMPAO (296 MBq, i.e. double the first dose), and 5
min later by the second similar SPECT acquisition (SPECT-2): the split-dose
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method (Holm et al., 1991; Wyper ef al., 1991). The data from SPECT-1 and
SPECT-2 represent HMPAO distributions (uptake and retention} in the brain
resulting from CBF at two different times of prolonged thiopentone anaesthesia
(Bacciottini et al., 1989; Pup et al, 1989). SPECT-2 data also contain
background from the first HMPAO distribution. |

Procedure C differed from procedure A by replacement of the two
administrations of *™Tc-HMPAQO by, respectively, 148 and 296 MBq of
['"®IIIMP at corresponding times (as in procedure A) during the thiopentone

anaesthesia.

Procedures B and D followed the same protocols, respectively, as
procedures A and C until compietion of the first SPECT acquisition (SPECT-1)
but then this was immediately succeeded by an intravenous injection of 500 mg
of acetazolamide (Cliver et al., 1993; Dormehl et al., 1993). Procedures B and
D were continued 10 min later by, for procedure B, a second HMPAO injection
(296 MBq), and similarly for procedure D, 296 MBq of ['2I]JIMP, to be followed
after 5 min by SPECT-2 in both cases. Procedures B and D will, therefore,
reflect on the effect of acetazolamide (10 min post administration) with respect
to anaesthesia-only baselines using the two tracers HMPAO (procedure A) and
amphetamine (procedure C) (Oliver ef al., 1994).

The split-dose method is based on the chemical properties of the tracer that
crosses the blood-brain barrier and is trapped in brain cells. With HMPAQ it
becomes important to check radiochemical purity before its first application
(within 5 min of preparation with a fresh eluate}. For kit preparation each vial of
HMPAO was reconstituted with 1110 MBq (30 mCi) of saline diluted **™Tc in a
5 ml syringe. The lipophilic complex which determines the required lipophilic
character and subsequent high brain retention (Ell et al., 1985a, b; Homes et
al., 1985; Nowotnik et al., 1985) was never found to be below 90%. This was
checked in each case using chromatography on ITLC SG strips with
methylethylketone (MEK) and saline as solvent. *™Tc-HMPAO as a lipophilic
complex runs with the solvent front in MEK but remains at the origin in saline.
With time it could convert to a secondary complex which remains at the origin in

both systems. The second injection of HMPAO following the first by 20-30 min



Chapter 9 - A Comparative Cerebral Blood Flow Study in a Baboon Model with Acetazolamide 140
Provocation: ®"Te-HMPAO vs. 'Z*I(IMP)

(depending on the procedure) was from the same **™Tc-HMPAQ preparation
as the first and was accompanied on a count down by a dynamic data
acquisition (15 sec per image for 4 min). Such a dynamic acquisition was also
done with the first injection of HMPAOQ (Fig. 9-1). The shape of the time-activity
curves thus obtained would reflect on the possibility of reduction of lipophilic
$MTe-HMPAO. A tendency to wash out would prompt the termination of the
study. Unchanged input functions with respect to the first HMPAO injection for
SPECT-1 as seen in Fig. 9-1 for the second double dose injection (with and
without Diamox ®) permitted continuation with SPECT-2.

2,09 Acetazolamide - 2nd  injection

Control— 2nd  Injection
1.54

-
>

Control - 18t Injection

COUNTS X 10°

e
[ ]

T 2 .

0 60 120 180
SECONDS

Figure 9-1 Time-activity curves representing input functions form the dynamic
acquisition on countdown of the first *"Tc-HMPAQ injection {control anaesthesia,
first injection), of the second ™ Tc-HMPAO injection with acetazolamide, the latter

two from double dosages of the tracer.

The efficacy of ['Z*I]IMP is also a consequence of its lipophilicity, the initial
uptake being a measure of perfusion while progressive brain accumulation is
probably a combined sequence of intravascular/extravascular intracerebral pH
gradients, favourable brain lipid/aqueous partition coefficients, and the affinity
for high-capacity, relatively non-specific binding sites for amines located in the
brain and/or brain capillary endothelium. High levels of brain activity are

maintained for several hours (Winchell et al., 1980a, b).

Following back projection and reconstruction, the brain images consisted of

two sets of four compacted slices in the transaxial, sagittal and coronal views,
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the two sets representing rCBF patterns from SPECT-1 and SPECT-2 for each
procedure. Regions of interest (ROIs) were placed for the brain in the slices
from SPECT-1 and -2 data in each view, for all the procedures, and counts per
pixel obtained form each slice (Fig. 9-2). These values for each slice were

inserted into the following equation, for each procedure:

R = [SPECT - 2Y(counts / pixel) —[SPECT —1]* (counts / pixel)
SPECT —(counts / pixel)

R represents the level of change of rCBF during prolonged anaesthesia as a
baseline, or during prolonged anaesthesia and acetazolamide intervention.
[SPECT-1]* decay is corrected (Dormehl et al., 1892).

Figure 9-2 Typical tomographic brain slices in the coronal (a), sagittal (b), and
transaxial (c) views, indicating the regions of interest (ROI), i.e. the total brain.

From the individual baboon values mean regional and total brain ratios R
were evaluated in each view for each of the procedures A-D, and compared for
possible regional as well as procedural effects. The comparisons were
assessed for significant differences using Student's two-tailed f-test at 1 and/or
5% level of confidence. The regional information refers to the tomographic

slices rather than to anatomical structures.
9.3 Results

The results are summarized in Fig. 9-3a-c, where the mean (n = 6) ratios R,
indicating level changes in HMPAQO and IMP uptake and retention during
prolonged thiopentone anaesthesia, and because of the administration of
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acetazolamide are shown for four compacted slices of the brain in three views:
transaxial, sagittal, and coronal. The smallest and largest standard deviations

are given for each procedure.
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Figure 9-3 Curves of the mean ratio (n = 8} vs. slice number (region) starting at
the frontal lobes to the occipital lobes transaxially (a), from right to left of the brain
sagittally (b), and from the cerebellum to the dorsal slice of the cerebellum
coronally (c). For each procedure the smallest and largest standard deviations are
indicated. Ratio R represents the level of change of rCBF during prolonged
anaesthesia as a baseline, or during prolonged anaesthesia and acetazolamide
intervention.
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Since no statistically significant regionai differences (P > 0.05) became
apparent form the data (i.e. no statistically significant relative region-related
changes in the curves), also not for procedure B in the dorsal region, Fig. 9-3c,
the uptake and retention of the tracer in each procedure was equated to the
average R-value from all the slices in all views, and referred to as the total brain
vaiue for that procedure. Changes in these average total brain R-values are
summarized in Table 9-1 as percentage differences due to the various

procedures.

It becomes apparent from Table 9-1 that the cerebral uptake of ['Z*[]IMP is
higher than of *™Tc-HMPAO by about 13% (P > 0.05), which agrees well with
known data (Winchell ef al., 1980a, b; Dormehl ef al., 1994). No meaningful
regional differences appear in the intraprocedural distribution of the two tracers,
also not interprocedural.

Table 9-1 Percentage changes* in total brain uptake of HMPAQ and IMP
because of the various procedures.

Procedures Percentage change Statistical significance P-values
AtoC +13 % 1 P>005
AtoB +37+8 P <001
CtoD +52+3 P<0.01
BtoD +26 + 8 P>0.05
AtoD +74 + 4 F<0.01
CtoB +2116 P <0.05 P>0.01

* Percentage changes are expressed with respect fo the procedure mentioned first

The influence of acetazolamide on rCBF when using ¥*™Tc-HMPAO as a
tracer is one of a 37% increase (Table 9-1; Fig. 9-4a). This is significant (P <
0.01) and in line with previous observations (Dormehl, 1993; Oliver et al.,
1993). Interesting is, however, the tendency of elevated rCBF (although not
statistically significant, P > 0.05) owing to acetazolamide in slice number 4 of
the coronal view (Fig. 9-3c). This region is a dorsal representation of the brain
and the observation has previously also been made (Dormehl, 1993), but

remains unexplained, and maybe meaningless.
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The increased CBF owing to acetazolamide, when using ['Z’l]IMP is
enhanced (52%; P < 0.01), with respect to *™Tc-HMPAO (Fig. 9-4b). The
difference 37 vs. 52% is statistically significant (P < 0.01). Regional patterns do

not seem to be present.

Figure 9-4 Sample images in the sagittal view for procedure B, with i 7
HMPAO (a) and for procedure D, with [ 3I]IMP (b). The firstimage in each pair,
from the split-dose method, represents the distribution in the brain from the first

injection (SPECT-1). The second image represents the subtracted image

(SPECT-2 —SPECT-1), to illustrate the effect of acetazolamide.

9.4 Discussion

Amphetamine-like drugs are all basic compounds that are able to penetrate
the blood-brain barrier owing to their fairly high degree of lipophilicity. Drugs of
this type are primarily excreted by the kidneys and re-absorption through the
kidney tubules can occur which is dependent on the urinary pH. In acid urine
these basic compounds are ionised (lipid insoluble) and are unable to diffuse
back, and are subsequently excreted in the urine. Conversely alkaline urine
would result in an increase of the serum levels of basic drugs owing to increase
in the re-absorption with subsequent higher concentrations in the central
nervous system compartment. Acetazolamide, a carbonic anhydrase inhibitor,

is known to induce metabolic acidosis and alkaline urine (Gerhardt et al., 1969).
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It has previously been reported that the interaction between acetazolamide and
quinidine may lead to quinidine intoxication due to increased serum levels
because of the alkaline urine induced by acetazolamide (Goodman and Gilman,
1990). A similar mechanism could account for the higher values cbserved for
IMP. IMP is, therefore, more susceptible to possible drug interactions (in
particular those with marked influences on systemic and urine pH) than
technetium-labelled HMPAO, and this could explain the enhanced CBF-effect
with IMP and acetazolamide.

The mean R-values for the two acetazolamide procedures B and D
respectively using HMPAQO and IMP to measure rCBF, differ by about 26% (P >
0.05). Procedure D yield the higher values and the percentage change
exceeds that found between the baseline procedures A and C, i.e. 26 vs. 13%,
which is statistically significant. This corresponds with the enhanced effect of

acetazolamide on rCBF when measured with IMP.

In the light of these observations greatly over- and under-estimated changes
in CBF can be expected, respectively, between procedures A and D, and C and
B. This would logically argue against dual-isotope studies [**"Tc-HMPAO and
21(IMP)] in brain-stress testing after pharmacological intervention with

acetazolamide for evaluating vasodilatory reserve.

Furthermore, the extent and reason for the acetazolamide-induced effect on
CBF, which differ for *™Tc-HMPAQ and {'®I]IMP, should also be considered
when selecting the appropriate tracer for the diagnostic investigation or for

experimental investigative purposes.
9.5 Conclusions

The current study clearly illustrates the importance of comparative nuclear
medical studies in order to gain better insight into pharmacodynamical and
pharmacokinetical interactions between drugs and radiopharmaceuticals.
These data further emphasize that drugs that influence metabolic parameters
systemically and urinary could indeed alter the bio distribution of
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radiopharmaceuticals. Even when such changes are subtle they could still be

meaningful and important.
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Summary

Technetium-99m-bicisate ethyl! cysteinate dimer (ECD) presents a different
pattemn from cerebral blood flow (CBF) in the sub acute phase of cerebral
infarction, as measured by PET, perhaps due to lack of oxygen and enzyme
activity; this pafttern is contrary to that of hexamethylpropylene amine oxime
(HMPAO) but similar to that of N-isopropyl-{'2[] f-iodoamphetamine (['**IJIMP).
This study explores possible CBF differences among HMPAQO, ECD and IMP,
with various relevant drug interventions. METHODS: Anaesthetized adult
baboons were used in these SPECT studies. Four studies (n = 6 baboons for
each study), one control study and three intervention studies involving
intravenous acetazolamide, nimodipine infusion and intramuscular sumatriptan,
were followed with " Tc-HMPAO, *"Tc-ECD and [**IIMP. The split-dose
method was used as follows: For each tracer, intervention data from the second
SPECT (SPECT-2) after the second tracer injection (444 MBq) reflected a
change in CBF with respect fo the baseline SPECT (SPECT-1) data from the
initial infection (222 MBq). These changes as a ratio, R (R = SPECT-2/SPECT-
1), for each study, and the R-values for each tracer were compared to R-values
from the corresponding control studies, yielding a quantitative estimate of drug
effects. RESULTS: There were no significant differences (P > 0.05) between
HMPAQO and ECD for the control, acetazolamide and sumatriptan studies, but

" DORMEHL, 1.C., OLIVER, D.W. HUGO, N., LANGEN, K-J. & CROFT, S. 1997. Technelium-99m-
HMFAQO, Technetium-99m-ECD and lodine-123-IMP Cerebral Blood Flow Measurements with
Pharmacological interventions in Primates. The joumal of nuclear medicine, 38(12):1897 - 1901,
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there was indeed a difference between the two for the nimodipine study,
indicating a nimodipine-dependent underestimation of CBF with ECD (and also
with IMP), with respect to HMPAQ. A further significant difference was that
larger CBF increases were observed with acetazolamide, as measured with
[Z1IMP. CONCLUSION: This is a crucial observation for the clinical
interpretation of CBF SPECT data and should direct the choice of tracer for a

specific examination.

KEY WORDS: drug-tracer interaction, CBF SPECT, baboon model.
10.1 Introduction

There is considerable interest in the development of tracers to measure
cerebral blood flow (CBF) with SPECT. Such tracers should be trapped in the
brain long enough so that their distribution can be quantitated and should

demonstrate goaod spatial resolution.

Among the tracers that have been found useful are the iodine-labeled
amines, e.g., N-isopropyl-['*®l] B-iodoamphetamine (['2°l] IMP) [1]. Its uptake
linearly corresponds to a wide rage of flow, as assessed by microspheres [2].
The brain retention of IMP will be a balance of washin and washout, which in
turn will be influenced by blood flow, a retention mechanism that is stereo
selective, and by metabolism of the tracer [3]. Despite its widespread use as a
cerebral blood perfusion agent, IMP appears to redistribute in the brain with
time [4]. Of several *™Tc-abelled compounds synthesized as cerebral
perfusion agents, %*"Tc-hexamethyl-propyleneamine oxime (¥™Tc-HMPAO)
has been used extensively in spite of its unfavourable stability after preparation.
Its retention in the brain is limited to the enzymatic reactions with glutathione, of
which there is a high prevalence [5, 6]. The CBF agent N,N’ — 1,2-ethylene-di-
yl-bis-L-cysteinate diethyl ester, labeled with **™Tc-bicisate ethyl cysteinate
dimer (ECD), has a high initial brain extraction with a slow clearance [7]. The
retention in the brain is associated with stereo specific deesterfication to
hydrophilic acid derivatives [8, 9. As a CBF agent in healthy subjects, it
corresponds well with '**XE [10], although ECD underestimates higher flow

rates, as HMPAO is also known to do. However, in cases of sub acute stroke,
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ECD failed to show reflow hyperaemia in the infarct area, contrary to the action
of HMPAO [11, 12] but similar to the known action (albeit to a lesser extent) of
['21IMP [13).

It is important to know and understand quantitative and qualitative
differences that are related to CBF, as measured by the various CBF agents.
Such differences between the tracers may occur during various pathological
conditions, as well as after relevant pharmacological interventions. Changes in
the metabolic states of the brain appear to influence the kinetics and net
accumulation of *"Tc-HMPAO at the cellular level by modifying the uptake, the
backdiffusion or both [14] Studies comparing these tracers under
pharmacological intervention conditions have not yet been reported, and these

comparisons were the aim of this study.

The drugs used for this purpose was chosen from previous studies reported
in the literature. Acetazolamide has been used frequently in neuro-SPECT
studies to evaluate cerebrovascular reserve. The recently developed lipophilic
dihydropyridine calcium channel blocker, nimodipine, demonstrates the
superiority in its influence on CBF compared to other caicium channel blockers
and has been used for migraine and dementia [15]. The recent introduction of
the 5-HT.p —agonist, sumatriptan, for the treatment of migraine has been a
therapeutic breakthrough, with its undoubtable influence on abnormal CBF.

Drug intervention on CBF can ideally be investigated by the split-dose
technigue, whereby two doses of the tracer are administered within a one hour
interval [16, 17}, with the scan after the first administration acting as a control
for the scan after the second administration, which is made with the subject at
the appropriate response time of the drug to be evaluated. The baboon model,
together with the split-dose method used in this study, has repeatedly proven to
be ideally suited to the investigation of pharmacological interventions [18, 21].

- This study reports the results of the above-mentioned pharmacological
interventions on CBF as measured by the tracers *"Tc-HMPAO, ®*™Tc-ECD
and ['21]IMP, using the baboon model and split-dose SPECT.
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Procedure B was the same as procedure A until the completion of SPECT-1,
which was then succeeded by an intravenous injection of 500 mg of
acetazolamide (Diamox ®, Cyanamid (Pty) Ltd, South Africa), at 24 min, i.e., 5
min before the second tracer administration. Thus, SPECT-2, which again
followed 5 min after the second **™Tc-HMPAO/ECD injection, as in procedure

A, reflected the influence of acetazolamide (5 min response time) on CBF.

Procedure C had the same protocol as procedure B, but the intervention was
an infusion of nimodipine (Nimotop IV ®, Bayer (Pty) Ltd), at 1 pug/kg/min, which
started 10 min before the second tracer injection and continued as an infusion
for a total of 15 min. SPECT-2 as before, began at this stage.

During procedure D, the effect of sumatriptan (Imigran ® Glaxo (Pty) Ltd),
was investigated. A response time of 23 min was chosen to permit (because of
stability limitations) the use of the same vial of HMPAO for the second injection
at 29 min. The intramuscular administration of sumatriptan, therefore, took
place at 6 min, i.e., 1 min after SPECT-1 had commenced. SPECT-2 thus
reflected the effect of sumatriptan at the 23 min response time, which is close

to the time that leads to optimal effect.

Figure 10-1 Typical coronal (a and b) and sagittal (c and d) views, representing,
in each view, baseline and chan%ed post nimodipine CBF patterns obtained with
*"Tc-HMPAO.
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After backprojection and reconstruction of SPECT-1 and SPECT-2 data, the
brain images in all procedures consisted of transaxial, sagittal and coronal
slices, representing CBF- and regional CBF-related information. Eight slices of
one pixel thickness represented the brain in all three views [Fig. 10-1, coronal

(a and b) and sagittal views (c and d)].

Regions of interest were placed on the total brain, as viewed in each slice,
and counting rate data (count/pixel) thus obtained were inserted into the

following equation to obtain the ration R:

_ (SPECT -2)-(SPECT -1)*
(SPECT -1)

R

where * refers to decay-corrected data form SPECT-1 that is present during
SPECT-2 and has to be subtracted from the SPECT-2 data as a background
correction. R is an indication of the level change of regional CBF during
extended anaesthesia or in addition, because of the drug interventions, as
measured with ®*"Tc-HMPAO or ®"Tc-ECD. A value of R = 2 indicates no
change during the procedure. The arterial blood pressures (BPs) were
recorded during all the procedures from a catheter in the femoral artery. Heart

rates were also monitored, as were blood gases form an arterial line.

Procedures A — D were repeated using ['®IJIMP (National Accelerator
Center, Faure, South Africa) as tracer for both injections (i.e., 148-296 MBq) in

the protocols described above.

The R-values for eight slices in transaxial, sagittal and coronal view could be
compared between control and interventional studies for each tracer and also
between tracers for similar procedures. A two-tailed Student's t-test for paired

variables was used, with a 5% level of confidence.
10.3 Results

The results are summarized as curves of mean (n = 6) R-values vs. slice
number in the transaxial view for all procedures and tracers (Fig. 10-2). Values

from the sagittal and coronal views in all cases confirm the measured drug
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effects, as represented by the transaxial view, and were, therefore, not included

in the figure.
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Figure 10-2 {A-D} Mean ratio’'s R (n = 8) vs. fomographic slice number in the
transaxial views (occipital to frontal) comparing *™Tc-HMPAQ, *™T¢c-ECD and

['#1]IMP for the control (A) and each intervention, acetazolamide (B), nimodipine
(C) and sumatriptan (D).

Regional effects are only crudely represented by the slice-related information

of the method. No such regional effects could be established from any of the

mean R vs. slice number curves as being meaningful interslice differences,

except for nimodipine-induced changes, as measured by *™Tc-HMPAO. In

this case, the increased CBF was significantly more pronounced in the

cerebellum [Fig. 10-1, sagittal view (¢ and d)].

Average R-values were thus

calculated using all slices to represent total brain R-values and are presented in

Table 10-1.
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Table 10-1 Mean ratios form the total brain region as obtained from various
interventions and percentage change from each with respect to its own control.

Mean ratio (R) + SD {n =8) % difference with respect to control

Intervention T Tc-HMPAO " Tc-ECD [ZIIMP " Tc-HMPAO ™" Tc-ECD [ Z1]IMP

Control 179013 207+0.24 1952005

Acetazolamide 253015 278013 3.02+0.06 41.30% 34.30% 54.90%
Nimodipine 251+014 1674013 1482034 40.20% -19.3% -24.1%
Sumatriptan 174+ 010 209+0.08 1.90+ 0.06 -3% 1% -2.5%

Percentage differences based on the R-values are presented for each
procedure with respect to the control of that particular tracer (Table 10-1). For
all three tracers, CBF increases were noted after acetazolamide intervention.
Technetium-99m-HMPAO measured a CBF
intervention, but *™Tc-ECD and ['?®(]IMP measurements showed decreases in

increase after nimodipine
CBF under similar conditions. Changes in the physiological parameters due to
the drug interventions are presented in Table 10-2. The only statistically
significant changes (P < 0.05) were seen in pO; and BP for acetazolamide (+20
and -8, respectively).

Table 10-2 Effects for Procedures B (Acetazolamide), C (Nimodipine) and D
(Sumatriptan) on heart rate, blood pressure, pCO; and pQ; in arterial blood in

baboons
Procedure Heart rate Blood pressure pCoO, PO,
B1 116.25 £ 12.74 118.00£2.68 4110 £ 2.37 56.36 + 4.91
B2 111.60 £ 16.84 110.25 + 4 50" 40.08 £4.87 76.43 £ 7.47*
C1. 115.33£22.38 132.50 £ 29.93 4285+755 61.12+4.39
c2 116.33 ;1-;24.5'8 112.89 + 20.26 40.50 £ 1.27 68.50 £ 5.37
D1 115.31 £ 11.05 119.20 £ 8.90 41.91+7.60 59.17 £+ 8.38
D2 114.31 £ 1413 112.13 + 8.81 39.83+533 66.556 + 9.32

* P < 0.05, for postintervention compared to corresponding preintervention values. Each

value indicates the mean t SD of six experiments.

Subscript 1 and 2 refer to the

measurements before the intervention and at the chosen response time, respectively.

10.4 Discussion

To date, various comparisons have been drawn between cerebral perfusion

imaging agents for SPECT [13, 22-24], but the general conclusion remains that

all currently available radiopharmaceuticals, including **T¢-HMPAO, *™Tc-
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ECD and ['?I]IMP, are far from ideal. Although all three of the above tracers
are neutral and lipophilic, their kinetic behaviour and trapping mechanisms
differ. Consequently, there are certain conditions where they have been found
to give different images; among these are cases of stroke and
neurophysiological stimulation [11, 25]. From this study, it appears that
interpretation of data from pharmacological interventions could also be a

challenge and should be treated with caution.

R-values, as defined in this study, should ideally reach the value of 2 [18], to
confirm the second double dose of tracer if no change in CBF or influencing
metabolism had occurred before the second tracer injection. R-values from the
interventional procedures can be compared to their corresponding controls to
establish the effect of each intervention, which will be CBF- and/or metabolism-

related, while controlling for common anaesthesia effects and tracer effects.

Of the mean control R-values obtained in this study, those obtained by
%™Tc-ECD and ['?*1]IMP reach the value 2 more closely and are also not
significantly statistically different (P > 0.05) form each other. Neither do they
differ statistically significantly from the mean control R-value obtained by the
¥MTc-HMPAO studies (P > 0.05), although the last appears to be lower. By
now, this low R-value has been repeatedly reproduced with this experimental
model and can be explained in terms of backdiffusion of the tracer [26] and the
ketamine hydrochloride anaesthesia, which leads to increased BP (+30) and
heart rate (+15) during the first *™Tc-HMPAO administration and is not
maintained during the second barbiturate phase of the study [18].

The lower **™Tc-ECD back-flux from the brain leads to a higher retention of
¥MTc-ECD than ®"Tc-HMPAO, which may contribute to the higher control R-
values obtained with **™Tc-ECD (2.07 + 0.24 compared to 1.79 + 0.13) [26].
The time to reach the steady state is the same for these two tracers and will not
contribute to the difference {26].

All three tracers measure the familiar increase of CBF by acetazolamide [12,
21, 27, 28). In comparison the highest increase (+54.9%) is measured by
['1IMP, which has preciously been reported [19] and has been partly
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attributed to a pH effect. Alkaline urine, which results form a carbonic
anhydrase inhibitor such as acetazolamide (ApCO3 =), ApO; = +20; ABP = -8)
[21], leads to reabsorption and an increase of the serum levels of basic drugs,
with subsequent higher concentration in the central nervous system
compartment [29, 30]. N-isopropyI-B;iodoamphetamine as a basic compound
is, therefore, more susceptible to possible drug interactions (in particular, those
with marked influences on systemic and urine pH) than are *"T¢c-HMPAO and
$¥mMTc-ECD, explaining the significantly enhanced CBF effect with ['2*1]IMP and
acetazolamide. N-isopropyl ['?®l] B-iodoamphetamine could, thus, be the more
sensitive tracer to assess cerebrovascular reserve through acetazolamide

intervention.

The underestimation of acetazolamide-induced CBF increases, which would
normally have been expected with **™Tc-HMPAO due to high flow, was not
obvious in this study (41% compared to 35%) [26, 31] but was indicated with
¥MTC-ECD (34.3%) [32]. The first-pass extraction rate is flow-dependant for
®MTc-ECD and ®™Tc-HMPAO, and back-flux affects *™Tc-HMPAOQ retention
more than it does *™Tc-ECD retention. Therefore, the question arises of
whether a certain degree of saturation of enzymatic reactions had occurred that
might have accompanied the high rate of bioavailability of **™Tc-ECD, as
follows with a high CBF from acetazolamide. Protein binding plays an
important role in the distribution of drugs, and the difference in binding between
#¥MTe HMPAO and *™Tc-ECD could contribute to different concentrations of
un-ionised hydrophobic metabolites so that a metabolic parameter, such as
saturation, becomes a factor, particularly at higher flow rates. Saturation is not
expected with ™ Tc-HMPAO [11].

The Ca®*-blocker nimodipine was shown to increase CBF by 40.2% for
®MTc HMPAO and decrease it by 19.3% and 24.1% for *™T¢c-ECD and
['"*1IMP, respectively; all changes were statistically significant (P < 0.05) (Fig.
10-2). The larger effect measured by ['>I]IMP as compared to that of *"Tc-
ECD was not significantly different (P > 0.05). The difference in R-values
among the tracers after the nimodipine intervention especially with **™Tc-

HMPAOQ, immediately warns that drug-tracer interaction must be considered
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and allowed for when measuring CBF with SPECT. The role of cofactors in
metabolism, such as magnesium cations, is well established, and drugs that
influence such factors could indeed contribute to changed accumulation of
compounds that are dependent on these factors for their metabolism.
Nimodipine, as a calcium-channel blocker, may exert its effects through such a
mechanism, resulting in unexpected blood flow patterns that manifest as being
tracer-selective. It is unclear why nimodipine should influence the transport of
®mTe HMPAC across the blood brain barrier differently than it does the
transport of **"Tc-ECD and ['Z1]IMP.

It should, however, be noted that, for nimodipine, not only have CBF
increases been measured [33] but also, at higher doses than those in the
present experiment, CBF reductions have been accompanied by reduced BP
[34], suggesting a loss of autoregulation at high doses. Studies indicate that
even low doses of nimodipine can inhibit the autoregulatory adjustment to
altered BP [33, 35], depending on the size of the BP stimulus. The large SD,
which is more obvious for nimodipine, suggests a contribution in this study from

biological variability of BP responses to the results.

The intervention with sumatriptan had no effect on normal CBF, as

measured by all three tracers (P > 0.05).
10.5 Conclusion

The most obvious observations noted in the CBF values, as measured by
['2%1]IMP, are the close approximation to R = 2 in the control study and the high
R-values with acetazolamide.  Furthermore, ['*IJIMP measures, after
nimodipine intervention, a reduction in CBF, as does **Tc-ECD, contrary to
9MTc-HMPAO. It is known that ['ZIJIMP follows a pattern linearity with flow
over a wider flow range than do **"Tc-HMPAO and *™Tc-ECD, and it could,
therefore, be regarded the truer CBF agent. On the other hand, as a basic
drug, amphetamine uptake is influenced by urinary and intracellular pH, as is
seen when it is used with acetazolamide (increased uptake) and in sub acute
stroke (decreased uptake), respectively. Technetium-99m-ECD  also

demonstrates hypoactivity in sub acute stroke, which is linked to ailtered
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esterase function in hypoxia, and its low CBF values, measured after the
nimodipine intervention (which ['*{]IMP also measures), could, therefore, be
seen as relating to a drug-tracer interaction, in which metabolic processes play
a role. Technetium-99m-HMPAQO shows a focal area of hyperactivity during
sub acute stroke. The inclination to caution due to drUg-tracer interactions with
CBF SPECT measurements is, therefore, not unfounded. The familiar
differences of back-flux and, possibly, saturation between *"Tc-HMPAO and
$9MTc-ECD were also observed, which could influence the diagnostic sensitivity

of the particular tracer.

It is, in addition, an interesting finding that sumatriptan does not appear to
change normal CBF.

This study confirms that the interpretation of CBF SPECT data after
pharmacological interventions could be a challenge and should be viewed with

cognisance of tracer and drug characteristics.
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Summary

Sodium valproate (CAS 1069-66-5, Epilim®) has been used in the
management of epilepsy during the last three decades. Although important
information on the pharmacological actions and efficacy of sodium valproate
has accrued to date, limited research has been conducted on its effects on
cerebral blood flow. In recent years, with the aid of SPECT (single photon
emission computed tomography) and PET (positron emission tomography) it
has been shown that marked cerebral blood flow changes occur in epileptic
patients. Furthermore it was established recently that sodium valproate
influences the cerebral blood flow in children by decreasing the flow
significantly. The present study investigated the effects of sodium valproate on
the cerebral blood flow, using *°"Tc-HMPAO (hexamethylpropylene amine
oxime) and SPECT, in a primate model, as well as the effects of its drug
interactions with therapeutic agents that influence cerebrovascular dynamics,
e.g. sumalriptan, nimodipine and acetazolamide. The current study using single
dose freatment with sodium valproate did not detect a decrease or increase of
the cerebral blood flow when compared with control baseline results. Drug
interaction between sodium valproate and nimodipine may occur as a reduction
of 25% in cerebral blood flow from the baseline control was observed in this
case. The effects observed for the combinations of sodium valproate
respectively with sumatriptan and acetazolamide are aftributed to the influences

of the sumatriptan {decrease) and acetazolamide (increase) alone. The

) OLIVER, D.W. & DORMEHL, 1.C. 1998. Cerebral Biood Flow Effects of Sodium Valproate and its Drug
Combinations in the Baboon Model. Arzneimittel Forschung/Drug Research, 48(11):1058-1063.
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cerebral blood flow effects of these drugs and possible interactions during an

acute epileptic seizure need to be investigated.

KEY WORDS: Acetazolamide, CAS 1069-66-5, Epilim ® Nimodipine, Sodium
valproate, cerebral blood flow effects, drug interactions, primate model,

Sumatriptan.
11.1 Introduction

Sodium valproate (CAS 1069-66-5) has been introduced in Europe into the
arsenal of anti-epileptic drugs about three decades ago and was approved by
the Food and Drug Administration in the United States in 1978 [1]. Its
effectiveness as an anti-epileptic drug is well established and it has been
shown to inhibit seizures in a variety of models. Also its modes of action are
well documented [1-5]. Recently an intravenous preparation of sodium
valproate has been developed and is currently been marketed in South Africa
as Epilim®, R&C Pharmaceuticals, Merebank, Republic of South Africa) and
was obtained from the manufacturer for this study. Drug interactions of sodium
valproate with significant clinical implications have been demonstrated:
amongst others the plasma concentration of phenobarbital may rise by as much
as 40% when valproate is administered concurrently, which may involve
inhibition of the metabolism of phencbarbital [1]. Valproate also competes for
plasma protein binding sites with subsequent increased plasma concentration
of free (unbound) tolbutamide. The development of cerebral blood flow tracers
such as technetium labelled *"Tc-HMPAO and *™Tc-ECD has made it
possible to investigate the cerebral blood flow dynamics under various
conditions, e.g. during pharmacological drug interventions, anaesthesia and in
drug combination studies [6-11]. A non-human primate model developed by us
(6], has proven to be adequately sensitive for measuring the effects of
anaesthesia, pharmacological interventions, and drug combinations on CBF
using single photo emission computed tomographic techniques and the above

mentioned cerebral blood flow tracers.

It has recently been reported that there is a significant (although slight)

reduction in cerebral blood flow in children upon treatment with sodium
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valproate and carbamazepine [12]. Several studies have indicated that
cerebral blood flow abnormalities are present in epileptic patients [13-18]. The
monitoring of cerebral blood flow of epileptic patients during therapy as well as
during drug combination administrations is becoming more important for our
understanding of the mechanisms involved in epilepsy. The objective of the
current study was to investigate the possible drug interactions of sodium
valproate with other cerebrovasoactive drugs, i.e. sumatriptan (CAS 103628-
48-2) (used during the treatment of migraine), nimodipine (CAS 66085-59-4)
(the calcium channel blocker) and acetazolamide (CAS 59-66-5) (the standard
drug for investigating cerebrovascular reserve, a carbonic anhydrase inhibitor).
Clinical important information on the influence of these combinations on
cerebral blood flow could be gained from these studies. They could aiso add to
the knowledge of the pharmacology of these drugs.

11.2 Materials and methods

Adult male baboons (Papio ursinus, average weight 27kg) were used for this
study. The animals were obtained from Mr. E. Venter, Vaalwater, Northemn
Province, Republic of South Africa. The studies were performed after approval
from the Ethics Committee of the University of Pretoria, according to the
guidelines of the National Code for Animal Use in Research, Education and
Testing of Drugs and Related Substances in South Africa. These guidelines are

in line with internattonal standards.

Five different procedures (A-E) with six animals per procedure were carried
out (Fig. 9-1). Procedure A was a control study where changes in CBF that
occurred during anaesthesia of 29 min were measured. This was also the
duration of the anaesthesia used for procedures B-E when CBF changes were
measured after sodium valproate (obtained from the manufacturer) only (B)
and after various double drug interventions at appropriate response times. The
drug interventions studied were: sodium valproate (100 mg/ml/min i.v. infused
over 10 min;, procedure B) at response time t = 15min; and then drug
combination interventions which consisted of sodium valproate (100 mg/mi/min
i.v. infused over 10 min) with one of either acetazolamide (100mg/ml i.v. [5 ml];
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procedure C), nimodipine {1ug/kg/min infused over 10 min; procedure D), and
sumatriptan (6mg i.m.; procedure E), each injected so as to allow measurement
at the appropriate response time t = 15 min for sodium valproate, t = 5 min for

acetazolamide, t = 10 min for nimodipine; t = 23 min for sumatriptan.

151 HMPAC fé‘&?»’;";ﬁ?e;
elaming ! .
&Ejﬁ%@'@ 0 [5 !s g:f mutesjﬂ 24 £ 34
;
ii Sumsalrigtan i Nisodiping §
SPECT-1 3;;;3;;::& Acttazoiomide SPECY.2
min | Procedure A | Procedure B | Procedure C Procedure D Procedure E
Ketamine Ketamine Ketamine Ketarine Ketamine
-12 Thiopentone | Thiopentone Thiopentone Thiopentone Thiopentone
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Figure 11-1 The time schedule for the various drug interventions procedure
protocels indicating the time of each intervention

For each study the baboon was sedated with ketamine hydrochloride
(10mg/kg i.m.) (Anaket-V® Centaur Labs, Bryanston, Gauteng, SA). Was
followed immediately by maintained and controlled infusion of thiopentone
sodium (70 ml/r of 0.5% solution) (Intraval® Rhéne-Poulenc, Rorer, S.A.,
After a 12-min
stabilisation period under thiopentone, procedure A, the control study under
anaesthesia, started with an i.v. injection of 222MBq of ¥*™Tc - HMPAO at time
t = O (see Fig. 9-1). Five minutes later the first SPECT acquisition (SPECT-1)
followed with a Siemens Orbiter gamma camera, using 32 projections of 20

Midrand, Gauteng, S.A.) using an administration (drip) set.

seconds during a 360° rotation.
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The baboons were always positioned in the supine position with a special
headrest to ensure reproducible and comparable tomographic slices for all
procedures. A second i.v. administration of ¥"Tc - HMPAO (444 MBgq, i.e.
double the first dose) was administrated at t = 28 min taking care not to exceed
the 30 minute time limit of use after reconstitution and allowing for
pharmacologically appropriate response times as described above. Five
minutes later a similar SPECT acquisition, SPECT 2 followed (the split dose
method), which measures anaesthesia related changes in CBF taking place in
between the two HMPAQO administrations. Procedure B is similar to procedure
A described above but includes an intervention with sodium valproate at t = 14
minutes. Procedure C, D and E describe combination drug interventions with
sodium valproate (t = 14 min), vs. acetazolamide (t = 24 min) (procedure C),
nimodipine (t =19 min) (procedure D) and sumatriptan (t = 6 min) (procedure
E). The arterial blood pressures were recorded during all the procedures from

a catheter in the femoral artery. Heart rates were monitored as well.

After back projection and reconstruction the brain images consisted of
transaxial, sagittal and coronal slices representing CBF and rCBF information
during conditions prevailing under the procedure of anaesthesia only, and
under the various drug interventions. Eight transaxial slices represented the
whole brain each of which was considered for count rate evaluation by the RO!
(region of interest) feature. Similarly eight sagittal and eight coronal slices

covering all of the brain were selected and analysed.

Count rate data for each slice in each view were then inserted into the

following equation to obtain a corresponding ration R, for each procedure:

_(SPECT -2)—(SPECT -1)*
(SPECT -1)

R

R is an indication of the level change of the CBF during the thiopentone
anaesthesia (procedure A), or, in addition, due to the drug interventions
(procedures B to E), measured by SPECT - 1 and SPECT - 2, at the selected
response times. The equation allows for the subtraction of retained activity
originating from the SPECT - 1 study after decay correction (*). For all three
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views graphs were plotted of R vs. slice number starting at the occipital lobes to
the frontal lobes transaxially, from right to left sagitally and from the cerebellum

to the dorsal slice of the cerebrum coronally (Table 11-1a-c).
11.2.1 Statistical methods

Mean ratios R (n = 6) and standard deviations were calculated per procedure
for similar regions (slices). An average R-value was obtained for the total brain
for a particular procedure by considering all the slices of all the views. These
were compared for interprocedural effects and the comparisons assessed for
significant differences using Student’s two-tailed f-test for paired variables on a
5% confidence limit.

11.3 Results

The curves of R-values (mean £ SD) vs. slice number in all three views are
plotted for each procedure in Table 11-1a-c for procedures A to E respectively.
With no intraprocedural regional, slice dependent differences statistically
significant, mean R-values were obtained and used to represent the total brain
for each procedure (Table 11-2). Percentage changes with respect to the
control anaesthesia only study (procedure A) are compared in Table 11-2.

Table 11-Ta The mean R ratios (£SD) (n = 6) from transaxial views of eight equal

cerebral regions and total brain for the five different procedures with the slice
number starting form the frontai tot the occipital lobes

Procedure | Region 1 Region 2 Region 3 Region 4 Region §
A 2254032212018 | 210+0.13 | 2.1420.08 2.13+0.06
B 219+024|212+017 | 205+016 {1 208+013 209x0.16
C 279+048[276+£035[2734£030 (2812034 294+039
D 167+040; 1592032 {1.53+031 [ 1.53+x0.29 155+0.29
E 205+017] 1934014 | 194+£015 | 1.96+0.14 1.96+0.14

Region 6 | Region?7 Region 8 j Total brain
A 209+008[209+008[200£0.19|211+0.08
B 2140187214018 {214+ 012 | 213 +£0.03
C 288:+044.288+044 {285+046 ;288 +0.11
D 1.54+034| 154+034 | 1.54+0.32 | 1.56+0.03
E 201+014}1 2012014 1199+£0.14 | 1.9910.04
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Table 11-1b The mean R ratios (+SD) (n = 6) from sagittal views of eight equal
cerebral regions and total brain for the five different procedures with the slice

number from left to right of the brain

Procedure | Region1 | Region2 | Region3 | Region4 Region5
A 225+ B-32) 212+0.18 | 210013 | 214+ 0.08 213006
B 240+044| 226 « O.25 220+£017 | 2132018 2071012
C 315+£072| 294050 (2931042 1291+£043 289+039
D 178+ 0327 163+031 [155+£030 (1.52+£029 1541029
E 193+026)193+018 1 195+0.16)1952£0.14 1.96+0.15

Region6 | Region? Region 8 | Total brain
A 209+£011|209+008 |200+£018|211+£0.08
B 204013, 201+019(197+0.26 | 213 +£0.09
Cc 283+040|276+0.31|266+2042[288+0.11
D 1.56+0.31]163+£034 | 165+033|161+£0.02
E 202+017[ 204017 | 2102023 [ 199+£0.04

Table 11-1c The mean R ratios (+SD) (n = 6) from coronal views of gight equal
cerebral regions and total brain for the five different procedures with the slice

number from the cerebellum to the dorsal slice of the cerebrum

Procedure | Region 1 Region 2 Region 3 Region 4 Region 5
A 206+033 | 210£019 (2122011 208+0.14 214+0.23
B 201+028| 2056+0.24 {206+£0.17| 209+£0.12 211+0.13
C 265+020| 270+x0.28 |272+031| 282+0.37 286+042
D 1.57+044 | 152+£037 |1.52+033] 1512029 1.60+0.27
E 188+017 1 192+0.14 [196+011| 2022016 2.00+0.17

Region 6 Region 7 Region 8 Total brain
A 2172024 | 219+036 (231+076¢ 214019
B 2112014 | 214+£017 [223+0.38] 2101008
Cc 29110471 289+048 }295+070] 281+£0.13
D 160+0271165£030 (1.71£034| 159+0.05
E 200+017 | 203+£021 1210£036) 189+007

Haemodynamic changes for procedures A - E appear in Table 11-3. The
control R-value for cerebral blood flow under thiopentone anaesthesia obtained
during the current study is similar to previous data [6] vz. R = 2.13 (Table11-1a

- ¢). From Table 11-1a - ¢ and Table 11-2 it is clear that the sodium valproate
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did not change the control R - values at all and therefore did not influence the
cerebral blood flow.
Table 11-2 The mean R-value = 8D (n = 6) for total brain as averaged from alf

slices and all views for each procedure, percentage changes of these R-values
with respect to control and significance.

Procedure R-value |% Change]| Significance”
Procedure A (controf) 213012
Procedure B (Sodium vaiproate) 213012 0 P>0.05
Procedure C (Sodium valproate + Acetazolamide)| 2.84 + 0.38 +34% P<0.05
P<0.1
Procedure D (Sodium vaiproate + Nimodipine) 1.59 + 0.31 -25% P<0.05
P <001
Procedure E (Sodium valproate + Sumatriptan) | 1.90x 0.14 -11% P>0.05
P<0A1

¥ With respect to control.

The drug combination interventions with sodium valproate and sumatriptan,
or acetazolamide, or nimodipine reveal that the cerebral blood flow is differently
influenced by these combinations. The combination (procedure C) of sodium
valproate and acetazolamide (Table 11-1a - ¢ and Table 11-2) yielded total
brain R-values which were statistically significantly increased (34%) when
compared to both the control and the single sodiumn valproate drug intervention
(2.84 + 038 vs. 213 £ 0.12, P < 0.01).  Conversely, the combination
(procedure D) of sodium valproate and nimodipine (Table 11-1a - ¢ and Table
11-2) yielded total brain R-values which were statistically significantly
decreased (25%) when compared to both the control and the single sodium
valproate drug intervention (1.59 + 0.31 vs. 2.13 £ 0.12, P < 0.01). From
procedure E, i.e. the combination of sodium valproate and sumatriptan (Tabie
11-1a - ¢ and Table 11-2) showed a slight decrease (11%) in cerebral blood |
flow approaching statistical significance difference when compared to both the
control and the single sodium valproate intervention (1.90 + 0.14 vs. 2.13 ¢
0.12, P> 0.05to P<0.1).
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Table 11-3 The effect of all the procedures on peripheral blood pressure

Procedure ABP% | ACBF% | ABP% 14-29 min
0-29 min {Sodium valproate)”
Procedure A (control) +12 0 +7
Procedure B (Sodium valproate) +19 0 +7
Procedure C (Sodiurmn valproate + Acetazolamide) +23 +34 +11
Procedure D (Sodium valproate + Nimodipineg) +9 -25 -3
Procedure E (Sodium valproate + Sumatriptan) +19 -1 +7

¥ With respect to control.

No significant changes occurred for any of the interventions in the heart rate
taken just before drug administration versus just before the second HMPAO
injection. Changes in blood pressure with respect to initial values (before drug
intervention) (see Table 11-3) occurred with sodium valproate (increased
19%), combination of sodium valproate and acetazolamide (increased 23%),
combination of sodium valproate and nimodipine combination {(increased 9%)
and combination of sodium valproate and sumatriptan (increased 19%). it was
previously shown that drug interventions, such as acetazolamide, and
combinations of sumatriptan may influence blood pressure {19]. Furthermore,
anaesthesia is also known to influence the blood pressure [6,20,21]. The
increase in blood pressure observed for the current anaesthetic regime (see
Table 3), i.e. the control procedure A, was found to be approximately 12% with
respect to the initial value at the beginning of the procedure. Based on the
effect of the anaesthesia on blood pressure the following blood pressure effects
can be deduced for the different procedures: procedure B (sodium valproate)
increase of 12%; procedure C (sodium valproate and acetazolamide) increase
of 11%; procedure D (sodium valproate and nimodipine) decrease of -3%;

procedure E (sodium valproate and sumatriptan) increase 7%.
11.4 Discussion

The results clearly indicate that sodium valproate had no effect on the
cerebral blood flow, both on the regional and total brain flow. This is in contrast

to the significant decrease (although slight) in cerebral blood flow reported in
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children upon treatment with sodium valproate [12). The difference in the study
procedures (Chronic vs. Acute) between the latter and the current study may
explain the different outcomes. It was previously observed that acetazolamide
increased the cerebral blood in the baboon model by approximately 35% {7.9].
This increase is nearly identical to the 34% observed for the drug combination
of sodium valproate and acetazolamide in the current study, indicating the
increase in cerebral blood flow is only due to the acetazolamide and supports
the previous conclusion that sodium valproate does not influence the cerebral

blood flow.

Nimodipine, the dihydropyridine calcium channel blocker, has recently been
shown to diminish the increased cerebral blood flow induced by acetazolamide
[9, 19] and that a combination of nimodipine and sumatriptan decreased the
cerebral blood flow markedly [19]. The present study using nimodipine and
sodium valproate is in line with the previous two findings and clearly shows that
cerebral blood flow is decreased below the control baseline. Nimodipine has
however previously been reported in a study with the same tracer to dilate the
cerebral arterioles and thus to increase cerebral blood flow [19, 22]. The
current study therefore points to an interaction of sodium valproate and

nimodipine, and therefore calls for caution when simultaneously used.

Sumatriptan has been shown to reverse the increased cerebral blood flow
due to prolonged anaesthesia [10]. The nearly significant (0.05 > P < 0.1)
decrease in cerebral blood flow upon simultaneous treatment with sodium
valproate and sumatriptan suggests that the decrease may be due to the
reversal of the anaesthesia induced increase [10] cerebral blood flow by
sumatriptan. Drug interaction between sumatriptan and sodium valproate is
therefore not implicated by this study. Although changes in the blood pressures
(Table 3) were observed during these studies, the effect was only a slight
increase that couid be attributed to the action of sodium valproate. These were
generally smaller than those observed during anaesthesia alone. No significant
changes in blood pressure were noted for the combination studies with sodium
valproate when compared to the anaesthesia control and no peripheral drug

interaction is therefore envisaged.
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11.5 Conclusion

The present study clearly indicated that sodium valproate exhibits no acute
effects on cerebral blood flow. The current investigation did not address the
effects and drug interactions upon chronic treatment with sodium valproate.
The changes in the blood pressure observed during these studies were only
insignificantly different than the increase during anaesthesia alone. No drug
interactions with respect to cerebral blood flow dynamics are envisaged when
sodium valproate and acetazolamide or sumatriptan is administered
simultaneously in acute treatment. Possible drug interaction may occur
between sodium valproate and nimodipine as shown in the current data upon
single dose treatment. The current study could be followed up using halothane
for anaesthesia, due to its marked induced increases in cerebral blood flow.
The decrease in cerebral blood flow previously reported for sodium valproate

might then be noticeable using halothane.
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Summary

Nitroglycerin (CAS 55-63-0, Nitrocene® ) has successfully been used in the
management of angina during the last several decades. Although important
information on the pharmacological actions and efficacy of nitroglycerin has
been extracted, to date, limited research has been conducted on its effects on
cerebral blood flow. In recent years, with the aid of SPECT (single photon
emission computed tomography) and PET (positron emission tomography) it
has been shown that marked cerebral blood flow changes occur under
treatment of a wide variety of drugs. Hllucidation of the pharmacological mode of
action of nitroglycerin has gained momentum with the discovery of nitric oxide
(NO) as an endogenous mediator and with the knowledge that nitroglycerin
acts as a NO donor. The present study investigated the effects of nitroglycerin
(0.25 ug/kg/min over 10 min) on the cerebral blood flow, using *"Tc-HMPAO
(hexamethylpropylene amine oxime) and SPECT, in an anaesthetised primate
model, as well as the effects of its drug interactions with therapeutic agents that
influence cerebrovascular dynamics, e.g. sumatriptan, nimodipine and
acetazolamide. The present study with nitroglycerin indicates that the response
time to measure cerebral blood flow effects seems to be present and an
important factor as the transient is relatively short. The current treatment
regime with nitroglycerin indicates a slight increase, when compared with
control results, although not significant, except for regional significant increases

in particular the occipital regions of the brain. Drug interaction between

’ OLIVER, D.W. & DORMEHL, 1.C. 1999. Cerebral Blood Flow Effects of the Nifric Oxide Donor,
Nitroglycerin and its Drug Combinations in the Non-Human Primate Model. Arzneimittel Forschung/Drug
Research, 49:732-739.
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nitroglycerin and nimodipine may occur as a reduction of 20% in cerebral blood
flow from the control was observed in this case. The results for the combination
of nitroglycerin with sumatriptan showed a further increase of the cerebral blood
flow to near significance, when compared with the conirol results and is
significantly increased (+27%) when compared with sumalriptan treatment
alone. Effective treatment with sumatriptan may therefore be compromised with
simultaneous administration of nitroglycerin or NQO donor drugs. The
combination of nitroglycerin and acetazolamide suggested that the increase in
cerebral blood flow is primarily altributed to the influence of acetazolamide. The
cerebral blood flow effects of these drugs and possible interactions during an
angina attack need to be investigated.

KEY WORDS: Acetazolamide, CAS 55-63-0, Nimodipine, Nitrocene ®,
Nitroglycerine, cerebral blood flow effects, drug interactions, primate model,

Sumatriptan.
12.1 Introduction

Since the discovery, identification and subsequent characterisation of the
nitric oxide, NO (CAS 10102-43-9) as an important endogenous vascular and
inflammatory mediator in living organisms, NO has received ever increasing
attention from researchers investigating its wide range of biological effects and
its biochemistry [1, 2]. NO is synthesised from L-arginine and molecular
oxygen by nitric oxide synthase (NOS) through enzymatic deamination of L-
arginine to L-citrulline. Several isoforms of NOS have been sought and
discovered [3, 4]. Subsequently novel structures have been searched for and
have been discovered, such as the nitric oxide synthase inhibitors, such as
methyl arginine and nitroagrinine, that influence the vast array of responses
observed for NO [1]. The effect of NO or NO donors on cerebral blood flow has
recently been the focus of various studies using a variety of experimental
models [5, 6, 7, 8]. Part of the pharmacological mode of action of the classical
cardiovascular drugs, such as nitroglycerine and sodium nitroprusside is now

attributed to their decomposition and subsequent action as NO donors [1, 9, 10,
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11]. They therefore are able to mimic some of the effects of endogenously

released nitric oxide.

The success of the non-human primate model developed by the present
authors [12-21], to -investigate drug interventions prompted the study of the
effects of the NO donor, nitroglycerine (CAS 55-63-0) on the cerebral blood
flow. The baboon (Papio ursinus) model has previously been used, for single
photon emission computed tomography (SPECT) brain imaging utilising the
radiopharmaceutical, Tc-98m hexamethylpropylene amine oxime (gngc-
HMPAO), to measure cerebral blood flow during pharmacoiogical interventions
with drugs used in different pharmacological fields, i.e. migraine (serotonin
receptors), cardiovascular disease (calcium channel blockers), epilepsy,
cognitive disorders and glaucoma (carbonic anhydrase inhibition) [12-21]. The
current study reports the cerebrovascular effects of the NO donor,
nitroglycerine, also in its drug combinations with other known cerebrovascular
drugs, i.e. sumatriptan (CAS 103628-46-2), nimodipine (CAS 66085-59-4) and
acetazolamide (CAS 59-66-5) in the primate model, using the split-dose [22,
23] method.

12.2 Materials and methods

Six adult male baboons (Papio ursinus, average weight 27 kg) were used for
this investigation. The animals were obtained from Mr. E. Venter, Vaalwater,
Northern Province (Republic of South Africa). The baboons were housed,
maintained and cared for according to the guidelines laid down in the National
Code for Animal Use in Research, Education, Diagnosis and Testing of Drugs
and related substances in South Africa. These guidelines comply with
international standards. The studies were performed after the approval of the
Ethics Committee of the University of Pretoria. Each baboon was subjected to 5
different procedures (A-E) at least six weeks apart (Table 10-1).

As limited dose-response data have been reported using nitroglycerine with
respect to the current baboon model, a preliminary study was conducted to
investigate the effect of dose-time responses upon treatment with nitroglycerine

in order to select a treatment regime which could be followed during the current
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study. The following dose-time intervals were investigated for cerebral blood

flow effects: 0.03 pg/kg/min at 12 min; 0.166 pg/kg/min at 5 min; 0.166

ug/kg/min at 10 min; 0.25 pg /kg/min at 2 min; 0.25 ug/kg/min at 5 min; 0.25
pug/kg/min at min; 1.0 pg/kg/min, at 5 min. For all the above-described regimes
the nitroglycerine was initially administered over 10 minute before the time
intervals as indicated were started. Based on the results presented in Table 1,
a dose-time regime of 0.25 ug/kg/min at 2 min was selected for the present

study, .i.e. procedures B-E.

Table 12-1 The time schedule for the various drug intervention protocols
indicating the time of each intervention

2nd HNPAD

13t HAPA0 sedoacrhie dnse)

t
‘Kasmine !
Thinperanns
17 0 5 A
! |

i Summrislan

Minutes
17

Mnogtin:+e

Nif roxhynerin arrgyokumidn SFECT-Z

57ECT-

min Procedure A |Proceduse B | Procedure C | Procedure D | Procedure E
Ketamine Ketamine Ketamine Ketamine Ketamine
-12 Thiopentone | Thiopentone | Thiopentone | Thiopentone | Thiopentone
0 1" HMPAO | 1% HMPAO | 1% HMPAO | 1% HMPAO 1% HMPAO
SPECT-1 SPECT-1 SPECT-1 SPECT-1 SPECT-1
6 Sumatriptan
17 Nitrog[ycérine Nitroglycerine { Nitroglycerine | Nitroglycerine
19 Nimodipine
24 Acetazolamide
29 2 HMPAO | 2" HMPAO | 2" HMPAO | 2™ HMPAO ! 2™ HMPAO
34 SPECT-2 SPECT-2 SPECT-2 SPECT-2 SPECT-2

Procedure A concerned the control cerebral blood flow (CBF) study using
the ®*™Tc-HMPAO split-dose method [22, 23] with two respective SPECT
acquisitions after two consecutive **™Tc-HMPAQ administrations at chosen

times (see Fig.10-1), under standard anaesthesia conditions. This entails
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induction with ketamine hydrochloride (Anaket-V®, Centaur Labs, Bryanston,
Gauteng, S.A.; 10 mg/kg), foliowed by maintenance on thiopentone sodium
(Sandothal®, Sandoz Products, Randburg, Gauteng, S.A.; 70 ml/h of a 0.5 %
solution, procedure A). A period of_ 12-minute stabilisation under anaesthesia

followed before the start of the each study.

Procedures B, C, D and E investigated the CBF changes at 2 minutes post
the end of alternatively administration of nitroglycerine (Nitrocene®, Schwarz
Pharma AG, Randburg, S A.; 0.25 ug/kg/min for 10 minutes, procedure B), a
combination of nitroglycerine (Nitrocene® Schwarz Pharma AG.; 0.25
ug/kg/min for 10 minutes) and sumatriptan (Imigran®, Glaxo-Wellcome,
Midrand, S.A.; 6 mg, procedure C), a combination of nitroglycerine
(Nitrocene®, Schwarz Pharma AG; 0.25 ug/kg/min over 10 minutes) and
nimodipine (Nimotop IV® , Bayer SA, Isando, S.A. 1 ug/kg/min over 10
minutes, procedure D), and a combination of nitroglycerine (Nitrocene®,
Schwarz Pharma AG; 0.25 ug/kg/min over 10 minutes) and acetazolamide at
24 min (Diamox®, Cyanamid S.A. Isando, S.A.; 500 mg/5ml, Procedure E).

The test substances were obtained from the respective manufacturers..
12.2.1 Procedure A (control study)

Anaesthesia was induced in each animal by darting with ketamine
hydrochloride, and maintained with thiopentone sodium, using an
administration (drip) set. The baboon was placed in the supine position,
positioned with a special headrest to ensure a reproducible position to compare
tomographic slices. After a period of 12 minute stabilisation, the controi study
under anaesthesia (thiopentone - thiopentone), started at time t = 0 with an i.v.
injection of 222 MBq *"Tc-HMPAO. The baboon was maintained and
controlled with thiopentone for the duration of the study (Fig 10-1). The first
acquisition, SPECT-1, was performed at 5 minutes with a Siemens Orbiter
gamma camera coupled to a Sophy 256G computer using 32, 20 second views
and a 360° rotation, in 64 x 64 word mode with the baboon in a supine position.
At 28 minutes, the baboon was reinjected with *™Tc-HMPAO (444 MBq, i.e.
double the first dosage) and SPECT-2 performed at 34 minutes [22, 23]. These
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data represented the CBF pattern of *™Tc-HMPAQ under thiopental

anaesthesia to be compared with the patterns after the drug interventions.
12.2.2 Procedure B (Nitroglycerine)

Procedure B (nitroglycerine) followed the same protocol as described for the
control study except that the nitroglycerine (0.25 pg/kg/min over 10 min) was
i.v. administered at 17 minutes post administration of the first **™T¢c-HMPAO
injection (Fig 10-1). The 2™ *™Tc-HMPAO administration and 2" scan
followed the same protocol as the control study. Results for procedure B would
depict cerebral biood flow changes due to the nitroglycerine intervention, 2 min

after completion of the drug intervention.

12.2.3 Procedures C (nitroglycerine and sumatriptan),
Procedure D (nitroglycerine and nimodipine), Procedure E

(nitroglycerine and acetazolamide)

The drug combination procedures C, D, and E followed the same sequence
as procedure B, the nitroglycerine study (administered at 17 minutes over 10
minutes), but with the additional administration of an im. injection of
sumatriptan, 6 mg at 6 minutes of the study , i.e. 23 min drug response time
(procedure C), administration of nimodipine, 1 pg/kg/min over 10 minutes
starting at 19 minutes of the study (procedure D), and administration of
acetazolamide, 500 mg i.v. at 24 minutes of the study, i.e. 5 min drug response
time (procedure E). The 2" ®™Tc.HMPAO administration (at 29 min) and 2™
scan, SPECT-2 (at 34 min) followed again the same protocol as the control
study (Fig 1). The results from these procedures C to E, would represent the

effects of these drug combinations on the cerebral blood flow in the baboon.

The arterial blood pressures were recorded during all the procedures via a
catheter in the femoral artery. Heart rates were monitored together with a 12
lead ECG.

After backprojection and reconstruction (filter. Butterworth 4.25), the brain

images in all procedures consisted of transaxial, sagittal and coronal slices
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representing rCBF related information due to the above mentioned drug
interventions. Eight slices of one pixel thickness each, represented the brain
area in each slice, and in all three views. Regions of interest (ROls) were
placed on the total brain area and count rate data (counts/pixel} thus obtained

were inserted into the following equation to obtain the ratio R :

r = (SPECT -2)—(SPECT -1)*
(SPECT -1)

where * refers to decay corrected data from SPECT-1, present during
SPECT-2, which has to be subtracted from the SPECT-2 data, as background;
R is an indication of the level change of rCBF due to the changed conditions
prevailing during the second HMPAOQ injection with respect to that of the first
injection, i.e. due to prolonged anaesthesia alone (procedure A), or additionally

with drug interventions.

A value of R = 2 (due to the double second dose of ¥™Tc-HMPAO) will
indicate no rCBF change during procedure A due to prolonged anaesthesia. R
for procedure B, C, D and E will additionally reflect on changes due to the
nitroglycerine (B), the combination of nitroglycerine and sumatriptan (C), of
nitroglycerine and nimodipine (D) and the nitroglycerine and acetazolamide (E),
and was compared to R {procedure A as control) to assess the effects of these

drugs.
12.2.4 Statistical Analysis

Mean ratios (n = 6) and standard deviations (SD) were calculated per
procedure for similar regions (slices) and for the total brain in the various
projections. These were compared for interprocedural effects as well as
regional effects for a particular procedure. The comparisons were assessed for
significant differences using Student’s two-tailed t-test on a 1% and 5 % level of
confidence.
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12.3 Results

Table 12-2 presents the data reflecting the time-dose cerebral blood flow
responses upon treatment with nitroglycerine.
Table 12-2 The mean rations for the time-dose cerebral blood flow responses at

time (min) post the administration for nitroglycerine {(ug/kg/min over 10 min)
interventions compared to the control

Dose | Time (min) R ratio
Cantrol - 213011
0.03 12 211£0.16
0.166 10 2.09+0.04
0.166 20 2.03+0.00
0.25 2 223%0.12
0.25 5 206 +018
0.25 10 1.74£0.25
1.00 5 205+0.02

Based on these preliminary results the treatment regime for the current study
was determined (i.e. 0.25 pg/kg/min administered over 10 minutes with 2
minutes response time, after the end of the nitroglycerine administration, before
the 2" HMPAO injection at 28 min). The data are presented in Tables 12-3,
12-4 and 12-5 and Figures 12-1 and 12-2.
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Figure 12-1a Transaxial curves of
mean ratio {(R) { n = 8) vs. slice
number starting at the frontal to the
occipital lobes for the control,
nitroglycerine, sumatriptan and
combination of sumatriptan and
nitroglycerine.

Figure 12-1b Transaxial curves of
mean ratio (R} ( n = 8) vs. slice
number starting at the frontal to the
occipital lobes for the control,
nimodipine and combination of
nimodipine and nitroglycerine .



Chapter 12 - Cerebral Blood Flow Effects of the Nitric Oxide Donor, Nitroglycerin and its Drug 187
Combinations in the Non-human Primate Model

3.50 4
3.00 o w
2.50 4
% 2001 : Figure 12-1c Transaxial curves of
150 ~4=Control mean ratio {R) ( n = 6} vs. slice
: e Nitroglycerin {NO) number starting at the frontat to the
- - g
100 = Acetazolamide occipital lobes for the conftrol,

: —=- NO-Acetazolarnide acetazolamide and combination of
050 acetazolamide and nitroglycerine.
0-m L] Li | — L] L] L |

1 2 3 4 5 8 7 8
Transaxial slice number
13,50 5 3.50 -
3.00 - - 3.00 4
2.50 4 2.50 4

82.&)* ;

i | STES TR S S RS e S

& 1.50 4 150 4
== Control == Nitrogiycarin (NO) —a—Controb == Nitroglycerin (NO}
== Sumatnpian =i~ NOQ.Sumatriptan == Sumatriptan =M= NO-Surmatriptan
100 1 —~a—Nimodipine  =@=NO-Nimadipine 1001 eNimodipine  —e=NO-Mmodiine
== Atotazolamida — Aratazolamida
0.50 - —— NO-Acatazoinmide 0.50 - — NO-Acqtazolemide
0.00 +——F—+—1T————+—+r 0.00 ey —
1 2 3 4 5 6 7 8 1 2 3 4 5§ 68 7 8
Transaxial slice number Coronal slice number
Figure 12-2a Curves of mean ratio Figure 12-2b Curves of mean ratio
{R) (n = 86) vs. slice number of all {R) (n = 8) vs. slice number of all
procedures and single drug procedures and single drug
interventions in the transaxial view. interventions in the coronai view.
3.50 -
3.00 4 \ X " N
T L :——h_",\
2.50
2,00 4 Figure 12-2¢ Curves of mean
% ratio (R) (n = 6) vs. slice number of
 1.50 1 all procedures and single drug
—4-Gontl  ~M-Nitroglycerin (NO) interventions in the sagittal view.
1.00 4 ==~ Sumatriptan  =¥#=NO-Sumatipian
‘ —d—Nimodipine =8~ NO-Nimodipineg
== Acctazolamide
0,50 4 — NO-Acetazolamide
0.00 Py —p——y——
1 2 3 4 &5 6 7 8
Sagg‘rtat slicé number




Chapter 12 - Cerebral Blood Flow Effects of the Nitric Oxide Donor, Nitroglycerin and its Drug

Combinations in the Non-human Primate Model

188

Tables 12-3 and 12-4 present the mean ratios (R £ SD) (n = 6) for the total
brain under anaesthesia only (procedure A: control), and after the various drug

interventions (procedure B: nitroglycerine (NO), procedure C: nitroglycerine and

sumatriptan,

procedure D: nitroglycerine and nimodipine, procedure E:

nitroglycerine and acetazolamide). Mean percentage (%) changes of ratios

from the total brain, comparing the different procedures with each other, are

also reflected in Tables 12-3 and 12-4.

Table 12-3 presents the mean

percentage (%) changes of the ratios, comparing with the drugs previously

investigated as singie drug administrations, i.e. sumatriptan, nimodipine and

acetazolamide.

Table 12-3 The mean R-value (xSD) (n = 6) for total brain as averaged from all
slices and all views for each procedure, percentage changes of these R-values
with respect to the different procedures, and the statistical significance

Procedure R-value % Change % Change % Change % Change
with respect to | with respectte | with respectto | with respectto
control nitroglycerine |nitroglycerine and|nitroglycerine and

sumatriptan nimodipine

Procedure A | 2.13+0.11

(Controf)

Procedure B8 | 2.19 + 0.08 +2.8

(Nitroglycerine) (P = 0.05)

Procedure C | 2.22 £+ 0.07 +4.2 +1.4

(Nitroglycerine

+ Sumatriptan) (P=>0.05P <0.10) (P > 0.05)

Procedure D | 1.6910.18 -20.7 -22.8 -239

(Nitroglycerine

+ Nimodipine) (P <0.10} (P <0.01) (P < 0.01)

Procedure E | 2.89+0.14 +35.7 +32.0 +30.2 +71

{(Nitroglycerine

+ Aceta-

zolamide) (P <0.01) {P<0.01) (P <001) (P <0.01)
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Table 12-4 The mean R-value (+SD} (n = 6) for total brain as averaged from all
slices and all views for each procedure, percentage changes of these R-values
with respect to sumatriptan, nimodipine and acetazolamide only interventions, and
statistical significance.

Procedure R-value % Change with | % Change with | % Change with | % Change with

respect to control respect to respect to respect to

(significance) nitroglycerine sumatriptan nimodipine
(significance) | {significance) | (significance}
Procedure A 213+0.11
{Control)
Procedure B 2.19+0.08 +2.8
{Nitroglycerine) {P = 0.05)
Procedure C 2221007 +4.2 +1.4 +27.6 -11.6
(Nitroglycerine
+ Sumatriptan) (P>005P<010) (P > 0.05) (P <0.01) (P <0.02)
Procedure D 1.6910.18 -20.7 -228 -2.9 -328
{Nitroglycerine
+ Nimodipine) (P <0.10) (P <0.0%) (P > 0.05) (P <0.01)
Procedure E 289+014 +35.7 +30.2 +66.1 +13.1
(Nitroglycerine
+ Acetazolamide) (P <0.01) (P <0.01) (P <0.01) (P < 0.05)
Sumatriptan [16] | 1.74 £ 0.10 -18.3 -20.5
(P < 0.05) (P < 0.01)
Nimodipine [15] | 2.51 +0.14 +17.8 +14.6 +44.3
(P <0.01) (P <0.02) (P <0.01)

Aceta- 2.84+0.38 +33.3 +29.7 +53.2 +13.1
zolamide [19] (P < 0.01) (P <0.01) (P <0.01) (P <0.05)

Table 12-5 presents the effects of these drug interventions during the

different procedures A to E and sumatriptan, nimodipine and acetazolamide, on

the cardiovascular parameters, i.e. heart rate and blood pressure. The data

has been transformed to difference data and compared with the control data.

Figures 1a,b, c present R-values vs. slice number for the transaxial views for

the different procedures.

Figures 12-2a,b, c present R-values vs. slice number

for the transaxial, coronal and sagittal views for the combined data for all the

procedures. Only the transaxial views (Fig. 12-1a,b,c) are presented here as

the saggital and coronal views presented similar ratios.
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Table 12-5 The effects of all the procedures on heart rate and blood pressure with
respect to the control

Procedure AHR AHR% ABP ABP%
Procedure B (Nitroglycerine) 0 0] +13+ 4 +16
Procedure C {Nitroglycerine + sumatriptan) +0.2+58 +0.2 +42+54 +5
Procedure D (Nitroglycerine + nimodipine) +8.2 121 +8 -134+ 9.8 -7
Procedure E (Nitroglycerine + Acetazolamide)| -1.6+ 3.6 -1.4 +10.8 £ 11.6 +9
Sumatriptan [16] -155 -1.4 +5.3+ 38 +5
Nimodipine [15] +45t79 +4 13479 7
Acetazolamide [19] -5.0+14.0 -4 -78+35 -7

It is clear from Table 12-2 and Fig. 12-1 and 12-2 that the nitroglycerine (R
value 2.19 + 0.08) did not significantly alter the cerebral blood flow when
compared with the control R value of 2.13 + 0.12, although an increasing trend
was noted. The drug combination interventions with nitroglycerine and
sumatriptan (procedure C), or nimodipine (procedure D), or acetazolamide
(procedure E) reveal distinct different influences on the cerebral blood flow by
these combinations (See Table 12-3 for percentage changes with respect
interprocedural  differences). The combination of nitroglycerine and
acetazolamide (procedure E, Table 12-3) significantly increased the cerebral
blood flow (total brain R values increased by 35%) when compared with both
the control (2.89 + 0.14 vs. 2.13 + 0.12, P < 0.01) and the nitroglycerine
response alone (2.89 + 0.14 vs. 2,19 £ 0.08, P < 0.01). Conversely, the
combination of nitroglycerine and nimodipine (procedure D, Table 3) yielded
total brain R values which were statistically significantly decreased when
compared with both the control (-20%,; 1.69 + 0.18 vs. 2.13 £ 0.11, P < 0.01)
and the single nitroglycerine drug intervention (-22%; 1.69 £ 0.18 vs. 2.19 +
0.08, P <0.01). The combination of nitroglycerine and sumatriptan (procedure
C, Table 12-3) did not significantly alter the R-values when compared with both
the control (2.22 + 0.07 vs. 2.13 £ 0.11, P > 0.05) and the nitroglycerine alone
(2.22+0.08 vs. 2.19 £ 0.08, P > 0.05).
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Table 12-4 presents the total brain R-values for all the procedures in the
current study (A to E), compared to single drug interventions with sumatriptan,
nimodipine and acetazolamide [15,16,19]. Comparative % changes of all these

data sets will follow in the Discussion.

No significant changes occurred for any of the interventions in the heart rate
for the procedures A to E (Table 12-5). The largest increase in heart rate (8%)
was noted for the combination of nitroglycerine and nimodipine but was
statistically insignificant. Changes of blood pressure of more than 10% with
respect to initial values (before drug intervention) (Table 12-5) occurred with
nitroglycerine (procedure B) (increase 16%) alone. It is known that anaesthesia
also influences the blood pressure and it was previously shown that the current
anaesthetic regime for control procedure A increased the blood pressure with
approximately 12% with respect to the initial value at the beginning of the
procedure [19]. The increase (16%) observed after the single nitroglycerine

intervention is therefore not meaningful.
12.4 Discussion

It was previously demonstrated that various forms of anaesthesia [13, 24,
25] influence cerebral blood flow. Sumatriptan [16], nimodipine [15] and
acetazolamide [14, 15] also caused statistically significant changes in the
cerebral blood flow with respect to control (see Table 10-3). However, contrary
to a literary report [26], sodium valproate did not influence the cerebral blood
flow in the primate model [19]. it was suggested that chronic treatment used in
the literature report [26] compared to the acute single dose approach used in
the primate study [19] might explain the inconsistencies in cerebral blood flow

effects.

Although in the current study only a slight cerebral blood flow increase of the
total brain was observed for nitroglycerine, when compared with the control
study, it was not statistically significant with respect to the control (R = 2.19 vs.
2.13).  However, statistically significant regional increases in cerebral blood
flow was observed for the occipital areas of the brain, i.e. slice 7 for the

transaxial view, with an increase of approximately to 10% (R =2.24 vs. 2.0; P <
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0.05). Similar increases were observed in the occipital regions for the
combination of sumatriptan and nitroglycerin (R = 2.23 vs. 2.0). Diverse
cerebral blood flow responses have been reported after nitroglycerine
administration. A study in cynomolgus monkeys suggests that tonic production
of NO contributes to the control of cerebral blood flow during isoflurane
anaesthesia, which is decreased by nitric oxide synthase inhibition, i.e. with N
omega-nitro-L-arginine methyl ester (L-NAME) [6]. This study was performed
by firstly NOS inhibition by L-NAME, and secondly followed by L-arginine
administration which reversed the initial decreased cerebral blood flow [6]. This
reversal was however not above the control values. Studies have also showed
decreases in cerebral blood flow after inhibition of nitric oxide synthase for
different anaesthetic regimes [5, 8]. It was also shown that nitroglycerine
increases local cerebral blood flow in man [27].  Furthermore, it was shown
that cerebral blood flow was unchanged in Beagle dogs after nitroglycerine
treatment [28]. From the above and our preliminary investigation it is clear
that nitroglycerine treatment regime can be of importance in the clinical
situation; furthermore that nitroglycerine related increases in cerebral blood flow
may be more evident through the reversal of decreased cerebral blood flow
after NOS inhibition.

For the drug combinations it was found that nitroglycerine reversed the
nimodipine-induced increase in cerebral blood flow to below the control control
value (R =2.51vs. 1.69). An increase in cerebral blood flow after nimodipine
administration has also been reported previously [28]. A similar reversal was
recently observed upon the combination treatment with sodium valproate and
nimodipine [19]. This marked influence supports the importance of calcium and
the action of nitroglycerine through the NO process. Drug interaction from
simultaneous administration of these two drugs is therefore implicated by these

resuits.

The sumatriptan-induced decreased cerebral blood flow [16] was reversed
by nitroglycerine to values that are slightly higher than the control but not
statistically significantly. This result indicates that sumatriptan did not influence

the cerebral blood flow due to nitroglycerine treatment which may suggest that
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sumatriptan would not be effective in treating cerebral blood flow increases due
to nitroglycerine therapy, i.e. the nitroglycerine induced headache [9, 10].
These results may also suggest that in so far as the action of sumatriptan is
concerned in the tréatment of migraine, NO seems to play a lesser role in the
cerebrovascular pharmacological mode of action of sumatriptan. However the
effective treatment of migraine with sumatriptan may be compromised from
simultaneous treatment with nitroglycerine as was indicated by reversal of the

effect of sumatriptan.

No significant interaction between nitroglycerine and acetazolamide is
envisaged and the effects observed are primarily attributed to acetazolamide
for the drug combination. A similar observation was reported in the drug
combination of acetazolamide with the anti-epileptic drug, sodium valproate [19]

with no drug interactions envisaged.

Nitroglycerine treatment alone exhibited the largest influence on the arterial
blood pressure, i.e. an increase of 16% with respect to the control. The
increase is insignificant when the increase (12%) due to the anaesthesia alone
[19] is taken into consideration. The increase in blood pressure was lower for
all the combination studies with nitroglycerine and a decrease was even
observed for the combination of nitroglycerine and nimodipine. The heart rates
were only marginally influenced with the largest effect being an increase of 8%
for the combination of nitroglycerine and nimodipine.  The dosage regimes
used in the present study for nitroglycerine and the other drugs therefore exhibit

insignificant cardiovascular effects when compared with the control.
12.5 Conclusion

The current study has emphasised the clinical importance of a NO donor
drug in drug combinations with respect to cerebrovascular effects. The study
has shown that, although only marginal total brain cerebral blood flow increases
were observed on nitroglycerine treatment, significant regional increases in the
occipital areas were noted. Nitroglycerine influences the effects of various
cerebrovascular drugs administered simultaneously, in different ways: drug

interactions seem possible between nitroglycerine and nimodipine;
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nitroglycerine treatment may compromise migraine treatment with sumatriptan;

the combination of acetazolamide and nitroglycerine was found to be

acceptable with respect to cerebral blood flow responses. The influences of the

drug combinations of nitroglycerine on the haemodynamic parameters (blood

pressure and heart rate) were found to be insignificant with respect to

anaesthesia control data. The cerebral blood flow effects of NO synthase

inhibitors, such as L-NAME are currently being under investigation.
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Chapter

13

Summary

The brain imaging radiopharmaceutical, ®"Technetium ethyl cysteinate
dimer (*°"Tc-ECD, %" Te-bicisate) is the most recent addition to the available
set of radiopharmaceuticals for measuring cerebral blood flow. Ideally
radiotracers should be trapped in the brain long enough so that their distribution
can be quantitated and should demonstrate good spatial resolution.
Furthermore, the stability (chemical and metabolic) and bioavailability of
radiopharmaceuticals have in general proved to be a challenge during
development and clinical administration. In view of these challenges and
background, this study with *°*"Tc-ECD is presented. The aims of this research
program were o develop novel approaches to improve the chemical and
metabolic stability and the bioavailability of ™ T¢c-ECD across the blood brain
barrier for cerebral blood flow determinations, using the well known non-human
primate in vivo baboon model. These aims were addressed by investigating the
influence of cyclodextrin-**"Tc-ECD complexation on normal cerebral blood
flow patterns, using two different cyclodextrins, i.e., y-cyclodextrin (CAS 17465-
86-0) and p-trimethylcyclodextrin (CAS 55216-11-0). The effect of incubation of
PMTc-ECD (with or without cyclodextrin complexation) in plasma, on metabolic
esterase action, was also investigated. Possible protection against plasma
esterase by acetylcholine (CAS 51-84-3) of " Tc-ECD was further determined.

" OLIVER, D.W. & DORMEHL, 1.C, LOUW, W, MORETTI, J-L. & KILLIAN, E. 2000. Effect of
Cyclodextrin Complexation on the in vivo Disposition of the Brain Imaging Radiopharmaceutical,
%M Tachnetium Ethyl Cysteinate Dimer (**"Tc-ECD). Arzneimitte! Forschung/Drug Research, 50:75-81.
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The current study has shown that cyclodextrin complexation of **™Tc-ECD
indeed offers a useful approach to improve the stability of the
radiopharmaceutical against peripheral metabolism. The acelyicholine shows
also potential to protect " Tc-ECD. However, it is clear from the current data
that the choice of cyclodextrin is of utmost importance, as has been observed
from significantly reduced the bioavailability of *"Tc-ECD when complexed
with p-trimethylcyclodextrin. The plasma incubation procedures showed that y
cyclodextrin offers protection with only slightly reduced bioavailability. This
study has indicated that novel approaches, such as cyclodextrin technologies,
indeed show potential to modify the performance in its currently available
¥MTe-ECD form.

KEY WORDS: Brain imaging, Cyclodextrin - complexation with technetium-2"
ethyl cysteinate dimmer, Radiopharmaceuticals, Technetium-*" ethyi

cysteinate dimmer - complexation with cyclodextrin.
13.1 Introduction

Several radiopharmaceutical agents, edg., N-isopropyl—[123I]B—

iodoamphetamine  (['2IMP), ®™Technetium hexamethylpropyleneamine

99m 99MTechnetium ethyl cysteinate dimer (*°™Tc-

oxime (" Tc-HMPAQO) and
ECD) have found useful application as tracers to measure cerebral blood flow
(CBF) [1,2]. Ideally these tracers should be trapped in the brain long enough
so that their distribution can be quantitated, and should demonstrate good
spatiél resolution. The abovementioned agents each show unique properties
that, although they are far from the optimal, warrant their clinical application in
nuclear medicine. Despite its widespread use, the iodine labelled
amphetamine, IMP appears to redistribute in the brain with time [3], and its
retention mechanism is stereo selective that depends on its metabolism [4].
Furthermore, the stability (chemical and metabolic)} and bioavailability of

radiopharmaceuticals have in general proved to be a challenge during

development and clinical administration. The retention of M HMPAQ in the

99mT

brain is further limited to the enzymatic reactions with glutathione [5,6]. c-
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ECD exhibits a high initial brain extraction with a slow clearance [7] with brain
metabolism yielding hydrophylic monoacid esters trapped in the primate brain
[8]. Peripheral systemic enzymatic esterase metabolism [9,10] of 9ngc-ECD,
further negatively impacts on the amount of brain extraction for the tracer, due
the formation of hydrophylic acid derivatives, unable to cross the hydrophobic

blood brain barrier. Recently, improved stability was demonstrated with somT,

c-
labeled liposomes through formation of a hydrazino nicotyl derivative [11].
Moretti's group recently investigated the uptake of liposome-encapsulated
$MTe-MIBI by both sensitive and multidrug-resistant tumour cell lines [12].
Cyclodextrin technologies have frequently been employed during the last
decade to improve the bicavailability of poor water-soluble drugs, i.e.
miconazole, lorazepam, cyclosporin A and others [13 -15]. In view of these
challenges and background, the current study with %M. ECD is presented.
The aims of this research program were to develop novel approaches to
improved the metabolic stability and the bioavailability of 9MT¢-ECD across the
blood brain barrier for cerebral blood flow determinations, using the well known
non-human primate in vivo baboon model [1]. These aims were addressed
using cyclodextrin complexation technologies (using two different cyclodextrins,
i.e., y-cyclodextrin (CAS 17465-86-0) and B-trimethylcyclodextrin, i.e. heptakis
2,3,6-tri-O-methyl-B-cyclodextrin (CAS 55216-11-0)) and incubating *™Tc-ECD
in plasma with or without cyclodextrin complexation prior to in vivo
administration. It was further assessed if acetylcholine (CAS 51-84-3) was
able to protect *™T¢-ECD from peripheral esterase metabolism.

13.2 Materials and methods

Six adult male baboons (Papio ursinus, average weight 25 kg) were used for
this study. The animais were obtained from Mr. E. Venter, Northern Province
(Republic of South Africa). The studies were performed after approval by the
Ethics Committee of the University of Pretoria, according to the guidelines of
the National Code for Animal Use in Research, Education and Testing of Drugs
and Related Substances in South Africa. These guidelines are in line with

international standards.  Previously conducted studies used the sensitive
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familiar baboon model developed for cerebral blood flow determinations with
single photon emission computed tomography {16 - 23]. An identical approach

was followed for the current investigation.

Six different procedures (A -F) were carried out on each of the six baboons
with three-week intervals between. These procedures were: five modifications

in the use o Tc-ECD as CBF tracer with hopefully higher bicavailability to

the brain than is the case of unmodified, conventional gngc labelled ECD

which made out the sixth study (see procedure A in Table 13-1).

For the control study (procedure A), each baboon was sedated with
ketamine hydrochioride (10 mg/kg i.m)(Anaket-V®, Centaur Labs, Bryanston,
Gauteng, SA). This was followed immediately by maintained and controlled
infusion of thiopentone (thiopental) sodium (70 ml/h of 0,5% solution) (Intraval®,
Rhéne-Poulenc, Rorer, S.A, Midrand, Gauteng, SA). After a 12-min-
stabilisation period under thiopentone, procedure A, the control study started at
t = 0 with an i.v. injection of 222 MBq of *™Tc-Ethyl Cysteinate Dimer (ECD),
Neurolite®, Du Pont Pharma). The ECD was labelled according to the
manufacturer's directions. Five min after the tracer injection for procedure A,
the first SPECT acquisition (SPECT-1) followed with a Siemens Orbiter gamma
camera, using 32 projections of 20 sec per view during a 360° rotation. The
baboons were always positioned in the supine position with a special headrest
to ensure reproducible and comparable tomographic slices for all procedures.
SPECT-1 was followed by a second intravenous administration of tracer *™Tc-
ECD of double the radioactivity dose (i.e. 444 MBq) at t = 20 min. After another
5 min a similar SPECT acquisition, SPECT-2 followed (the split dose method),
which, for procedure A, measures the anaesthesia related CBF changes taking
place in between the two ECD administrations. procedure B, was the same as

procedure A, except that the second tracer application was of %M. ECD

incubated in 2 ml plasma, which was obtained from 10 ml of the baboon’s blood

which was previously drawn and centrifuged.
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Table 13-1 The time schedule for the various tracer procedure protocols

indicating the time of each procedure.

Min | Procedure A| Procedure B Procedure C | Procedure D [Procedure E | Procedure F
Ketamine Ketamine Ketamine Ketamine Ketamine Ketamine
-12 |Thiopental _ [Thiopental Thiopental Pentobarbital Pentobarbital Pentobarbital
0 [1"™Tc-ECD |1" ™"Tc-ECD 19 ™ Tc.ECD 179 TCc-ECD 10 7" Tc-ECD |19 ™ Tc-ECD
SPECT-1 SPECT-1 SPECT-1
[Mix ECD
+ plasma
7 Mix + plasma
+ acethyicholine
8 Incubation Incubation
{37°, 10min) (37°, 10min)
18 Mix ®"TC + ECD [Mix ®"TC + ECD
+ plasma + acethylcholine
+ plasma
20 [Injection Injection Injection
2" T ECD  [2 ®MTe-ECD 2™ ST Te ECD
+ plasma + acethylcholine
+ plasma
25 |SPECT-2 SPECT-2 SPECT-2
30 Complexation  |Complexation |Complexation
2" ®rTC.ECD 2™ PTTe-ECD 2™ *"Te-ECD
+ B-trimethyl-
+ y-cyclodextrin feyclodextrin + y-cyclodextrin
SPECT-1 and
45 SPECT-1 SPECT-1 mix
P Te-ECD
+ y-cyclodextrin
+ plasma
47 incubation (37°C)
60 Injection Injection Injection
2" BTe-ECD 2™ ®"Tc-ECD 2% **"Tc-ECD
+ y-cyclodextrin 1+ p-trimethyl - I+ y-cyclodextrin
cyclodextrin + plasma
105 SPECT-2 SPECT-2 SPECT-2

The ECD and plasma were mixed at 6 min and at t = 8 min the incubation

period for 10 min (37 °C) started. At 18 min, double the first activity dose of

99m

Tc (444 MBq) was mixed with £ECD in plasma and the second iv.

administration of *™Tc-ECD in plasma took place at t = 20 min. Thus,

SPECT-2, which again followed 5 min after the second injection at t = 25 min
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reflected the infiuence of the plasma incubation of ECD in relation to its

bioavailability to the brain.

Procedure C had the same protocol as procedure B, but the second
application was an infusion of Tc-labelled ECD, plasma and acetylcholine (CAS
51-84-3; 1% solution), the latter to act as an esterase substrate in the plasma.
This tracer modification was achieved as follows: att = 7 min the plasma and
acetylcholine were mixed and incubation (37 °C) started at t = 8 min, for 10
min. At 18 min double the first dose of ®*™T¢c-ECD (444 MBq) was mixed with
the plasma and acetylcholine. This was injected i.v. as a second tracer at t =
20 min. SPECT 2 followed 5 min later (t = 25 min). SPECT-2 should reflect
improved brain bioavailability with respect to SPECT-1, if the acetylcholine
protected the ECD from degradation by plasma esterases.

Procedure D and E concerned complexation of the ECD into two different
cyclodextrin  formulations, y-cyclodextrin  (CAS 17465-86-0) and pB-
trimethylcyclodextrin, i.e. heptakis 2,3,6-tri-O-methyl-B-cyclodextrin  (CAS
55216-11-0). For both these procedures the maintaining anaesthesia was
changed to the long acting sodium pentobarbitone (30ml/hr of a 0.8%
solution)(SagataI®, Kyron Laboratories (Pty) Ltd, Benrose, Gauteng, SA), due
to the longer time involved, to allow for release of the ECD from the complex to
cross the blood brain barrier (see Table 13-1). *™Tc-ECD was complexed with
y-cyclodextrin by incubating the **™Tc-ECD with a 10 — 30 molar excess (y- CD
. ECD) for 30 min at room temperature in physiclogical normal saline solution.
In procedure E, the y-cyclodextrin was replaced by B-trimethylcyclodextrin and
the complexation performed as before. Split dose SPECT was performed as in
procedures A — C, except that SPECT-1 followed 45 min after the first iv.
administration of *"™Tc-ECD, and the second SPECT-2, likewise 45 min after

either ECD + y-cyclodextrin, or ECD + B-trimethylcyclodextrin, labelled with the

99m

double dose of Tc-ECD, was administered.

Additionally, procedure F was eventually performed, similarly to procedure

99m

D, but the second injection was of ™ Tc-ECD + y-cyclodextrin with additional
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incubation done in 2 ml plasma for 10 min, starting at 47 min, injected at 60 min

and scanning started at 105 min.

During all the above procedures arterial blood pressures were recorded from
a catheter in the femoral artery and heart rates were monitored.

After backprojection and reconstruction of SPECT-1 and SPECT-2 data, the
brain images in all procedures consisted of transaxial, sagittal and coronal
slices, representing total brain CBF and some regional related CBF information.
Eight slices of one pixel thickness each represented the brain in all three views,

as mentioned above.

Regions of interest were placed on the total brain, as viewed in each slice
and count rate data (counts/pixel) thus obtained were inserted into the following

equation to obtain the ratio R:

_ (SPECT ~2)- (SPECT ~I)*
(SPECT 1)

R

where * refers to decay-corrected data from SPECT-1 which is present during
SPECT-2 and has to be subtracted from the SPECT-2 data as a background
correction. R is an indication of the level change of (r) CBF during extended

99m

anaesthesia using Tc-ECD, or in addition, because of modifications of the

second tracer in each study.
13.2.1 Statistical methods

The R-values for eight slices in transaxial, sagittal and coronal view could be
compared between control and modified studies and between modified tracers
studies. A two-tailed Student's t-test for paired variables was used, to express

sighificance with a 5% level of confidence.
13.3 Results

R-values (mean + SD) are presented in Tables 13-2 to 13-4 (transaxial,
sagittal and coronal), for each of the eight slices, and each Procedure A—F. It
is clear from Tables 13-2 to 13-4 that the biodisposition of the Tc-ECD
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radiopharmaceutical is influenced differently. With no intra-procedural regional,
slice dependent differences showing statistical significance (see Fig. 13-1 —
transaxial), mean R-values including all slices and all views were obtained, and
used to represent the total brain for each procedure, as shown in Table 13-4.
Percentage changes due to the tracer modification (AR) are given between the
different procedures in Table 13-5.

Table 13-2 The mean R-ratios (x SD) (n = 6) from transaxial views of eight equal

cerebral slices for the six different procedures with the slice number starting from
the frontal to the occipital iobes

Procedure| Slice1 Slice 2 Slice 3 Slice 4
A 203+015}199+021[205+026|2.10+0.28
B 168+013[1.73+010(1.75£014(1.76 £0.12
o 1.77+004}1.78+0.11|181+£0.16|1.80+0.22
D 200+046|198+034(202+0.31(203+0.32
E 166+008(165+010(|166+0.12|(1.66+0.12
F 192+0.23(195+028|196+0.15|189+0.30

Procedure| Slice5 Slice 6 Slice 7 Slice 8
A 213+030|219+0.28|214+0.28|2.07+£0.36
B 1.78+010(1.73+£012|172+0.10(1.77 £ 015
C 1.75+0.01(1.76+0.15|1.89+0.08|1.96 £ 0.01
D 2002030|20220.31(204+£0.18(2.04 £0.15
E 168+0.10| 169009 |1.69+010(1.68 +0.02
F 200£030|203+£030(1.98+023{1.83+0.26

From Table 13-5 it is clear that incubating the ECD with the animal's plasma
for 10 min before injection for the 2™ scan (procedure B) significantly reduced
(R = 1.75 + 0.11) the bioavailability to the brain by 15.5 % (P < 0.05), and that
(- 13%) with the addition of
acetylcholine (Procedure C) to the plasma (R = 1.80 £ 0.20, % change -13 %, P
> 0.05, P < 0.10 with respect to Control).

this attenuation was only slightly altered
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Table 13-3 The mean R-ratios (+ SD) (n = 6) from sagittal views of eight equal
cerebral slices for the six different procedures with the slice number starting from
the left to the right

Procedure| Slice1 Slice 2 Slice 3 Slice 4
A 218+040(212+030|212+£027|209+0.26
B 1.75+£007)1.74 £ 0.07 1..7410.11 1.81+£013
C 1.59+£03711.70+£025(175+013(179+£0.05
D 1.73+085|206+025:202+0.27 200028
E 1832020 1712013 (168%0.12|1660.11
F 208+063|187+027 (183+027(1.92+027
Procedure; Slice 5 Slice 6 Slice 7 Slice 8
A 210+£015(207+030)206+030(2.03+£0.15
178+ 016|174+ 011 |1.75£0.11|1.74 £ 012
Cc 1.86+£0.01]181£001|194+0.16|2.04£0.35
D 200+027201+£025[198+0.24|1.96+0.27
E 166 +0.12| 167 £0.11 |1.67 £0.08| 1.68 £ 0.07
F 1.96+0.28|196+028|192+027[184+£0.28

Table 13-4 The mean R-ratios {+ SD) (n = 6) from coronal views of eight equal
cerebral slices for the six different procedures with the sfice number starting from

the cerebellum to the dorsal slice of the cerebrum

Procedure| Slice 1 Slice 2 Slice 3 Slice 4
A 212+045|2152041(2111£033|211+0.26
B 1772012175+ 008 (.76 £ 0.11[1.75 £ 0.08
C 145£07811.38+£0511.57+030(1.71+£0.08
D 1941028(199+026|204+0.28|2.01+0.24
E 163+£009(165+£0101166+0.101167+0.10
F 201+037|209+034|207£0.31]{1.96+0.25

Procedure; Slice 5 Slice 6 Slice 7 Slice 8
A 206+0261203+024(192+027|1.71+£068
B 176013173010 |1.73+£0.10| 1722010
C 1.85+0.04|185+£007|2.08+0.30(232+0860
] 204+024(201+026]204+024(202+0.24
E 169£011{1702011|1.71+£012 {171+ 0.15
F 1.82+025(1.74+025(163+026[1.51+046




Chapter 13 - Effect of Cyclodextrin Complexation on the in vivo Disposition of the Brain Imaging 206
Radiopharmaceutical ™ Technetium Ethyt Cysteinate Dimer (**"Tc-ECD)

2.50 7

2.00 -

1.80 -

R ratios

1.00 - —+— Control (A}
——Plaoma (B)
—-i— Acetyicholine (C)
0.50 - —»—Gamma-Cyclodex (»)
~&- Beta-Cyclodex (E)

-5 Gamma-Cyclodax - Plasma (F)

o-w L § v 1 ] L} A L L] L}
S | 2 3 4 5 6 7 8
Transaxial slice number

Figure 13-1 Curves of the mean ratio (R) (n = 8) vs. slice number of all the
procedures (A-F) in the transaxial view starting form the frontai to the occipital
lobes.

The effect of cyclodextrin complexation with the radiotracer is clearly evident
in the results obtained from procedures D and E. Complexing ECD with y-
cyclodextrin for SPECT-2 as described in procedure D, yielded an R-value of
2.00 + 0.30, which although 3.4 % below the control of Procedure A, was not
statistically significantly different from the control value (P > 0.05). On the other
hand, the complex between ECD and p-trimethylcyclodextrin resulted in
significantly decreased R-value when compared to both the control, procedure
A(R=168+0.11vs. 207 £ 0.15, P < 0.02) and the y-cyclodextrin complex,
procedure D (R = 1.68 + 0.11 vs. 2.00 + 0.30, P < 0.05). The changes are -
18.8% and -16% between procedures A and D and procedures B and D
respectively. The result from procedure F, where the complex of ECD and y-
cyclodextrin was incubated in plasma shows R-value of R = 1.91 £ 0.12. This
result was significantly higher (+9%) than the R = 1.80 + 0.20 observed in
procedure B, for uncomplexed ECD that was incubated in plasma. Conversely,
the result from procedure F is a slightly but not significantly lower (-7.7%) R-
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value than the control resuit (R = 2.07 £ 0.15). The results from procedures D

(2.00 £+ 0.30) and F (1.91 + 0.12) are similar with no significant difference.

Table 13-5 The mean R-values (+ SD) (n = 6) for total brain as averaged from all
slices and all vies for each procedure, percentage changes (AR) of these R-vaiues
with respect to the procedure indicated in brackets

Procedure R-value | Change (AR} | significance

Procedure A 207x0.15

(Control)

Procedure B 175+ 0.11 -16.5% (A) P <0.05

{ECD in plasma incubated)

Procedure C 1.80+020 | -130%{A) | P=<0.10,P>0.05

(ECD + plasma + acetylcholine incubated) +3.0% (B) P>0.05

Procedure D 200030 -3.4% (A) P>0.05

(ECD + y-cyclodextrin) +8.6% (B) P>0.05 P<0.10

Procedure E 1.68 £ 0.11 -18.8% (A) P <002

(ECD + B-trimethylcyclodextrin) -16.0% (D) P < 0.05

Procedure F 191012 -7.7% (A) P>0.05

(ECD + y-cyclodextrin in plasma incubated) +9.0% (B) P <0.05
-4.5% (D) P>005

13.4 Discussion

The current study indicated that the metabolic stability and central nervous
system bioavailability across the blood brain barrier are important components
for cerebral blood flow radioactive tracers, such as technetium labelled ECD.
Furthermore, these aspects can be influenced, e.g. to improve the brain
imaging properties of the radiopharmaceutical. The present study focussed on
the effect of complexation of the ECD with two different cyclodextrins during
cerebral blood flow determinations. The instability of ECD due to metabolism
by plasma esterases was further pointed out by incubating ECD in vitro in
plasma with of without being complexed with the cyclodextrin prior in vivo
SPECT investigation.
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The marked reduction (-15.5%) in the R-value for Procedure B (plasma
incubation) when compared with the control (Procedure A) clearly indicate that
the incubation of ECD in plasma adversely affected the ECD metabolic stability.
This additional exposure of ECD to the plasma esterases ex vivo before the in
vivo administration clearly resulted in significant additional esterase metabolism
of ECD. Inoue and co-workers [24] earlier reported the in vitro metabolism of
ECD in blood. They concluded that the majority of the enzyme that is involved
in the metabolism of ECD exists in the red blood celis. An approach to protect
ECD from this esterase degradation was attempted with Procedures C (adding
acetyicholine) and Procedures D and E {using different cyclodextrins
complexes). The improvement of 3 % in the case of Procedure C (adding
acetyicholine) above Procedure B is measurable and maybe indicative of the
slight protection of acetylcholine towards the esterase degradation of Tc-ECD,
but insignificant (P > 0.05) under the current dosage regimes.

On the other hand, complexing ECD with y-cyclodextrin for SPECT-2 as
described in procedure D, yielded an R-value of 2.00 + 0.30, which although
3.4 % below the control of procedure A, was not statistically significantly
different from it (P > 0.05). The cyciodextrin complexation showed protection of
ECD when compared with procedure B. An improvement of 8.6% was
observed for the complexed ECD over the ECD not being complexed with the
cyclodextrin and incubated in plasma. This finding is further supported by the
result obtained from procedure F, i.e. that the y-cyclodexirin offered some
protection to the ECD against degradation. This can be seen from the R-value,
R = 191 £ 0.12 for procedure F, where the incubation of y-cyclodextrin
complexed ECD in plasma did not show the same degree of degradation as in
procedure B (AR = +9 %, p < 0.05), while not significantly differing from
procedure A (AR = -7.70 %, p > 0.05) or from procedure D (AR = -45 %, p >

0.05) where no plasma incubation was involved.

The somewhat lower biocavailability of the y-cyclodextrin complexed ECD to
the brain (procedure D vs. procedure A, AR = -3.4 %) although not significant,
could point to a slightly decreased release of the ™ Tc-ECD from the complex,

to cross the blood brain barrier. This seems to be confirmed by the results from
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procedure E, where complexation of **"Tc-ECD with the other cyclodextrin, i.e.
B-trimethylcyclodextrin  for the SPECT-2 injection rendered R-values
significantly lower than in the control procedure A (R = 1.68 £ 0.11, AR = -18.80
%, P < 0.02). The B-trimethylcyclodextrin was shown to display a binding by a 7
factor of approximately 66 % stronger than y-cyclodextrin (AR = -16 % between
procedure D and E, P < 0.05)(J.-L. Moretti, Personal Communication). A
marked reduction in the release of the %™Tc-ECD from the -
trimethylcyclodextrin complex or a too slow release from the complex could
account for the significantly lower R-value for procedure E. The complex of
ECD with p-trimethylcyclodextrin therefore reduces the availability of ECD for
crossing the blood brain barrier during the course of the experiment, while
protection against the esterase degradation is observed through the complex

formation.
13.5 Conclusion

The complex of ECD with y-cyclodextrin showed similar R-ratios as both the
control and when the complex was incubated in plasma. In support of this
finding, incubation of ECD alone showed significantly lower R-ratios. This study
therefore revealed that biodegradation could indeed be reduced with the
complexation approach using cyclodextrin technologies. The B-
trimethylcyclodextrin however, reduced the availability of the ECD significantly,
resulting in low R-ratio values. Therefore, this study has also shown that the
availability of the radiotracer from the complex is of significant importance with
respect to the timely release of the radiopharmaceutical, which is critical as not
to negatively influence its availability and clinical application. The choice of
cyclodextrin for the complexation with ECD must therefore be directed to
protect the ECD against metabolic degradation as well as to ensure timely

release for successful imaging characteristics.
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14.1 Introduction

This thesis describes the scientific and experimental development of a
baboon Papio ursinus model for in vivo cerebral blood flow determinations.
The model consists of the non-human primate in conjunction with very specific
radiotracer measurement techniques. In this thesis the validation and
successful application of the model in various drug studies for the evaluation of
pharmacological interventions, are described. The specific objectives of this

study were:

e The development of a cerebral perfusion baboon model under
anaesthesia, for cerebral perfusion measurements;

» The validation with acetazolamide;

» The measurement of cerebral biood flow effects of selected drugs;

e The determination of cerebral perfusion effects after various
pharmacological interventions;

» The determination of cerebral blood flow effects following drug
interventions using different brain perfusion agents to evaluate their
performance;

* The possible improvement of the tracer performance by investigation of

cyclodextrine technology with the brain imaging agents.

A discussion of the contributions of the ten studies included in the thesis,

towards the achievement of this aim will follow:;

14.2 Discussion

The success of the split-dose method in humans suggested that such an
approach could be followed in the baboon. The main difference between the
human and the baboon study would be the need for the studies to be
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conducted with the baboon under anaesthesia. The successful initial
development of such a model under anaesthesia for cerebral perfusion
measurement was essential for the subsequent studies in this thesis. The
ability to understand and explain the effects of different anaesthesia regimes on
perfusion was important, as was reproducibility of results and sufficient
sensitivity under anaesthesia to measure moderate changes in perfusion. As
such, the model under anaesthesia could serve as a control for comparisons

during pharmacological interventions.

It is clear from the initial developmental study (Chapter 4) that the split-dose
method is able to show changes in CBF due to the anaesthesia. These CBF
changes expressed as R-values as calculated for the split-dose method, are
compared to the intervention in subsequent studies. Furthermore, the various
anaesthesia regimes induced different effects on cerebral perfusion. Halothane
is known for its marked increase of CBF in humans and the split-dose baboon
model was able to reproduce this increase. The duration of the anaesthesia,
i.e. short acting vs. long acting barbiturate for the anaesthesia maintenance,
induced differences in the cerebral perfusion, which couid be illustrated. The
increases found for longer anaesthesia studies, are of importance not only as
control for longer intervention studies, but also in the clinical situation for
comparing perfusion data of patients under anaesthesia and awake patients.
This developmental study also showed that the split-dose method could be
used with confidence in the Papio ursinus baboon using a radiotracer frequently
applied in humans, viz. **™Tc-hexamethylpropylene amine oxime (**™Tc-
HMPAOQ). Two other brain perfusion tracers, e.g. *®™Tc- ethylcysteinatedimer
(**™Tc-ECD) and '?*l-lodoamphetamine were also successfully applied and
their results explained in the studies from Chapters 8,10 and 13, as such

enhancing the successes of the baboon model.

Additional evaluation and confirmation of the split-dose method in the
baboon model under anaesthesia was continually performed in those studies
where acetazolamide was used. Acetazolamide, a drug that is well established
in the determination of cerebral perfusion reserve, is known for its marked

increase of perfusion ranging from 30% upwards in humans. Several of the
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present baboon studies showed perfusion increases in the order of 35% upon
acetazolamide treatment, which is similar to the increases reported in humans
(Chapters 5,6,7,8,10). From these acetazolamide perfusion studies it can be
confidently conciuded that the model is sufficiently sensitive to serve in the
evaluation of other cerebrovasoactive drugs for perfusion induced changes.
This model is furthermore non-invasive in nature and the study is of short
duration, i.e. it takes less than 150 minutes starting from the induction of the
anaesthesia to the total recovery of the baboon from anaesthesia. In fact swift
completion of the studies is called for by the radiopharmaceutical properties of
¥mTe-HMPAO tracer. The in vivo character of this model is naturally an
advantage with respect to in vitro studies, as all the pharmacodynamic and ~
kinetic properties of the drugs are then taken into consideration and the results

would be applicable in the clinical setting.

Following the evaluation and confirmation of the baboon model for CBF
determinations, several drug intervention studies were conducted (Chapters 5-
11). These studies ranged from single drug only, to drug combinations with

variations in pharmacological response times and dosages.

Studies with nimodipine (Chapter 5) showed similar increases (+35%) in
CBF as were found for acetazolamide compared to control values. A
combination of nimodipine and acetazolamide, did not lead to a further increase
in the CBF, to the contrary an attenuation of the effect of acetazolamide was
observed. This attenuation of CBF effects was also observed when nimodipine
was combined with sumatriptan (Chapter 9), sodium valproate (Chapter 11),
and nitroglycerin (Chapter 12). These combination studies clearly suggest that
drug-drug interactions are implicated for these combinations and that failing
such considerations, therapies might significantly be compromised.
Furthermore, decreases in the CBF patterns were observed for nimodipine
when either ECD or IMP (Chapters 8, 10} was used as radiotracer, indicating
that the choice of tracer is of utmost importance for clinical interpretation of
CBF SPECT data. With acetazolamide treatment IMP indicated an increase of
52% in CBF, however HMPAO showed a significantly lower R-value of 37%
(Chapter 8). The differences between the tracers with respect to their trapping
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mechanisms in the brain probably contribute to these results. These studies
also accentuated the use of the same tracer during a series of CBF
investigations in the same patient. Sumatriptan showed a selective decrease
in CBF when used in combination with some agents which induce increases in
CBF. In this respect, the increases in CBF due to acetazolamide or halothane
were not influenced (Chapter 7), whereas the increase due to barbiturate
anaesthesia (long duration) was reversed to approximate control values.
Sumaptriptan did not influence the CBF pattern during short duration
barbiturate anaesthesia (Chapters 7, 9). Although nitroglycerin (nitric oxide
donor) presented no significant effect on CBF (Chapter 12), a significant
decrease in CBF (-21%) was observed in combination with nimodipine. A
combination of nitroglycerin with acetazolamide resulted in a CBF increase
similar to the increase of acetazolamide alone (+35%). These various effects
on CBF from various drug combinations are extensively discussed in the

respective chapters and expianations offered.

The studies here reported, support the notion that the split-dose method is
suitable to investigate pharmacological interventions and that it has been
applied successfully in a variety of drug intervention studies as described in this
thesis. The non-human primate model allows measurement of cerebral
perfusion effects of drugs and yields information assisting the prediction of
potential drug interactions in the clinical human setting, as well as provides
information on in vivo pharmacological dynamics. The model is further
validated by other studies than those discussed in this thesis, where it was

used effectively (See Appendix 1, list of publications using this model).

Since current brain perfusion tracers still lack ideal properties, studies
(Chapters 8, 10, 13) on the performance of **™Tc-hexamethyipropylene amine
oxime (P¥"Tc-HMPAQ), #®™Tc- ethylcysteinatedimer (*®"Tc-ECD), and '*I-
lodoamphetamine were undertaken and cyclodextrin technology (Chapter 13)
applied to attempt to improve the performance. The results of cyclodextrin
complexation on the in vivo disposition of the tracer ECD (Chapter 13)
emphasized the plasma instability of ECD indicated by a lower R-value (-15%)
when compared to control R-values. The two types of cyclodextrins used, i.e.



Chapter 14 - Summary Discussion and Conclusicns 217

beta and gamma cyclodextrin behaved differently with respect to the calculated
R-values. Beta-cyclodextrin gave a R-value (-19%) that is significantly lower
than the control, whereas gamma-cyclodextrin showed an insignificant
difference, even when the complex was incubated in plasma. These studies
clearly showed that gamma-cyclodextrin is able to protect ECD against plasma
esterase degradation in plasma and that this technology is a promising
approach to improve the stability of radiopharmaceuticals. These results
further point towards investigating other types of cyclodextrins, which exhibit
different complexing properties, in order to search for improvement in tracer

performance.

In summary all these studies clearly showed differences between the tracers
used, emphasising that the selection of a specific tracer is very important in
order to decide accurately on patient deviations in perfusion from the normal in
the clinical setting. These differences, if not taken into consideration, may lead
to inappropriate clinical conclusions and subsequent ineffective or even
contradictory therapeutic decisions. Although cyclodextrine technology did not
markedly improve the brain disposition of the tracer, the study still showed
potential for further exploration of this technigue to afford protection to the
tracer against chemical and metabolic degradation. The wide vanety of
cyclodextrines with diverse properties currently available, indeed opens the
potential use of this technology in the development of brain perfusion tracers.

14.3 Future Studies and Applications

It follows from the studies presented in this thesis as well as from several
other studies using this model, that the non-human primate mode! with split-
dose methodology to measure cerebral blood flow, could effectively be used in
future pharmacological intervention studies. The model, although exclusively
applied in the current studies for acute drug studies to assess acute effects,
could equally be applied to determine perfusion effects from chronic drug
treatments. The non-invasiveness of the model may permit it to be used to
induce transient agent (drug) pathological simulations in order to investigate

treatments. The model may also be combined with other established non-
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human primate pathological models (Chapter 2) to investigate CBF in such
pathologies and subsequent treatment. Apart from extending the studies
further to the field of cyclodextrines, other approaches for modifying the
performance of current tracers, such as protection by liposomes, shouid be
investigated. This model may well be effectively applied for investigating CBF
effects in novel drug development.

From the above, it is clear that the versatility of the perfusion model allows
for a series of future studies to be conducted, ranging from pathology to

therapy.

14.4 Conclusion

The current collective study set out to achieve the development and effective
application of a non-human primate model, for cerebral blood flow

determinations, for use in the field of pharmacological interventions.

Split-dose radiotracer methodology allowed the successful development of
such a baboon model under anaesthesia. The model was justified with the
configuration of acceptable cerebrovascular reserve determinations, indicating
sensitivity to CBF changes. In subsequent studies, the model was effectively
applied in several pharmacological intervention studies, whereby
cerebropharmacodynamics of selected drugs were investigated and
established. These studies not only yielded the perfusion effects of these drugs
but also assisted in identification of clinically important drug interactions. The
studies on the performances of the various tracers showed differences in the
various CBF data sets, with important implications for considerations in the
selection of a particular tracer for specific conditions in the clinical setting.
Finally, cyclodextrine technology holds potential in modifying the performance
of tracers amongst others through protection of the tracer against degradation.

In conclusion, the non-human primate Papio ursinus baboon cerebral blood
flow model can be claimed to have been successfully developed and to have
proved very useful and sensitive fo investigate a wide variety of

pharmacological interventions.  This model has served many studies
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successfully during the past 12 years and could do so in the future and could

indeed expand its investigative abilities with improved technologies.



AD Alzheimer's Disease

ADC AIDS Dementia Complex

AIDS Acquired Immune Deficiency Syndrome

ATP Adenosine Triphosphate

BBB Blood Brain Barrier

CNS Central Nervous System

CT Computed Tomography

CBF Cerebral Blood Flow

cBv Cerebral Blood Volume

CVR Cerebrovascular Reserve

DA Dopamine

ECD Ethyl Cysteinate Dimer

EEG Eiectroencephalography

GMP Good Manufacturing Practise

5-HT Serotonin

HIV Human Immunodeficiency Virus

HMPAGC Hexamethylpropylene Amine Oxime

IMP lodoamphetamine

Kpat Patlak value (graphic)

MCA Middle Cerebral Artery

MELAS Mitochondrial Myopathy, Encephalopathy, Lactic
Acidosis

MPTP 1-Methyl-4-phenyl-1,2,3,8-tetrahydropyridine

MRI Magnetic Resonance Imaging

Nal Sodium lodide

“F_FDG Fluorine-18-labeled fluorodeoxyglucose
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RS Fluorine-18

23 lodine-123

Mo Molybdenum-99

FMTe Technetium-99 metastable

ocD Obsessive Compulsive Disorder

6-OHDA 6-Hydroxydopamine

PET Positron Emission Tomography

ROI Region of interest

rCBF Regional cerebral biood flow

rCBV Regional cerebral blood volume

rCMRGic Regional cerebral metabolic rate of glucose
rCMRO, Regional cerebral metabolic rate of oxygen
Sn Zink

SD Standard deviation

SV Simian Immunodeficiency Virus

SPECT Single Photon Emission Computed Tomography
TAC Time activity curve

Tc Technetium

VD Vascular Dementia

WCST Wisconsin Card Sorting Test
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The baboon model under anesthesia for in vivo
cerebral blood flow studies using single photon
emission computed tomographic (SPECT)

techniques

Primatol 1992:21:270--274.

for cerebral investigations.

Introdiection

Single photon emission computed tomographic
(SPECT) imaging of the brain to establish cerebral
blood flow (CBF) patterns could provide valuable
adjunctive information in these neurological dis-
eascs where blood flow imaging has diagnostic and
prognostic value [3,7]. Patients with ischemic brain
lesions, dementia, psychiatric disorders, or other
neurological signs or symptoms may be followed
up with SPECT for disease progression and for
monitoring the efficiency of pharmacological inter-
ventions [10]. Additionally, resuits of cerebral
blood flow studies and metabolic studies can be
matched [4].

The radiopharmaceutical hexamethylpropylene
amine oxime (¥Tc-HMPAO) is taken up rapidly
in the brain tissue. It exhibits prolonged retention
in the brain because of intracellular conversion to
a hydrophilic compound that diffuses poorly across
cell membranes [8,9]. It has been validated as a
marker of regional CBF (rCBF) aithough it is not
linearly so dependent, and provides high resolution
static imaging of brain perfusion [1,6,13]. The pat-
tern of its distribution is representative of the blood
flow conditions during its injection, with no redis-
tribution taking place.

The purpose of this study was the standardization
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Single photon emission computed tomography of the brain can be usefu]
in animal experimentation directed toward cerebral conditions. A well es-
tablished and understood baboon model, necessarly under anesthesia,
could be especially valuable in such investigations. Six normal baboons
were studied under various anesthetic agents and their combinations: keta-
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of a baboon model for in vivo CBF studies using
SPECT and **™Tc-HMPAQ. The baboon model ne-
cessitates the use of anesthesia for the duration of
the investigation. First and foremost then would
be to establish the influence of various forms of
anesthesia on CBF patterns, bearing in mind the
essential procedure of initial darting with ketamine
hydrochloride and subsequent maintenance of the
animal on long- or short-acling anesthesia de-
pending on the duration of the study. Ketamine,
producing so-called dissociative - anesthesia, does
not serve the last purpose well because of ensuing
hallucinations, which result in undesirable involun-
tary movement. An establishcd baboon model with
the effects of ancsthesia determined and understood
can be used to assess surgical and pharmacological
interventions by SPECT imaging.

Materials and methods

Six adult male baboons (Papio ursinus, average
weight 27 kg) were selected for this study. Anesthe-
sia was induced in each by darting with ketamine
hydrochtoride (Ketalar, Parke-Davis, S.A.; 10 mg/
kg) and was followed immediately by an intrave-
nous injection of P Tc-HMPAO (148 MRBq), the

¥
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Baboon model for cerebral blood Row of SPECT

Fig. [. Typical tomographic brain slices in the
regions of interest (ROL}, i.e., the

distribution of which would then represent the ef-
fect of ketamine. Five minutes later the baboon was
intubated, maintained, and controlied for the dura-
tion of the study under a second anesthetic agent.
which was alternatively thiopentone sodium (Intra-
val. Maybaker, 5.A.), pentobarbitone sodium (Sa-
gatal, Maybaker, S.A.), or halothane (Fluothane,
Maybaker. §.A.).

The subsequent SPECT acquisition to obtain the
HMPAQ distribution in the brain during ketamine
was done with a Siemens Orbiter gamma camera
coupled to an A® MDS computer, using 32 views
and 360° (10 sec/view). Following the first acqui-
sition, the baboon was reinjected with **™Te-
HMPAOQ (296 MBg) and tomographed to detect the
radionuclide distribution during the anesthesia of
the second agent. Care was taken to administer the
two HMPAOQ injections at its Iatest within 30 min-
utes after reconstitution with ™ Tc. Baboons were
viewed in a supine position with a special head rest
to ensure a reproducibie position for comparabie
tomographic slices. ,

Tomographic procedures tock place for all six
baboons, with the following combinations of anes-
thesia. A) thiopentone-thiopentone, B) ketamine-
thiopentone, C) ketamine-pentobarbitone, and D)
ketamine-halothane, with thiopentone (in A} and
ketamine (in B, C, and D) being designed as base-
line studies and thiopentone (in A and B), pentobar-
bitone (C) and halothane (D) as interventions. In
the case of thiopentone-thiopentone the anesthesia
was first induced by darting with ketamine and was
then immediately followed by, and maintained by
a controlled i.v. infusion of thiopentone (70 mi‘hr
of & 0.5% solution) using an administration {drip)
set. Afier 30 minutes when the thiopentone blood

coronal (a), sagittal (b), and transaxinl (¢} view, indicating the position of the
total brain between solid fines,

levels predominated, ™ Tc-HMPAQO was injocted
to obtain, through SPECT, a distribution in the
brain under the influence of thiopentone. The ba-
boon remained on thiopentone anesthesia for the
second HMPAQ administration and subsequent to-
mography. This study (A) formed a baseline refer-
ence 1o evaluate the effect of ketamine as would
occur in procedures B, C, and D.

For procedure B thiopentone was maintained as
described above. The pentobarbitone was main-
tained during procedure C with an infusion pump
(30 mi/hr of a 9 mg/ml solution}. For the halothane
procedure (D) 2% halothane/oxygen (Boyle's ma-
chine) was used for maintenance of anesthesia.

During all procedures the blood pressures (BP},
heart rates (HR) and blood gases were monitored.

After backprojection and reconstruction the brain
images consisted of transaxial, sagittai, and coronal
siices representing CBF information during condi-
tions prevailing under the various forms of anesthe-
sia. Sixteen transaxial slices represented the whole
brain, of which every second slice was considered
for count rate evaluation by the region of interest
{ROD) feature. Similarly six sagittal stices and five
coronal slices were selected 1o cover all of the
brain. In subsequently piacing the respective ROIs
{Fig. 1, a,b.c) for count/pixel values of the brain
slices care had to be taken to avoid the baboon
sinus cavities and salivary glands. Count rate data
were then inserted into the following equation to
obtain the ratio R

( Intervention ) _( Baseline )
R 2nd anesthesia Ist anesthesia
_;}pselkxe { 1st anesthesia)

n
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Fig. 2. A set of typical curves of ratio (R) versus sfice number
starting at the occipital lobes to the frontal lobes transaxially
(w), from right to left of the brain sagitally (b}, and from the
cerebellum to the dorsal slice of the cercbrum coronally {¢).
Dotted lines represent ketalar-halothane data; solid lines keta-
lar-intraval data.

which is an indication of the level change of the
rCBF during the second anesthesia (‘‘interven-
tion’") with respect to that during the first anesthesia
(**baseline”") allowing for substraction of retained
activity from the first anesthesia. For all three views
graphs were plotted of R versus slice numbers start-
ing at the occipital to frontal lobes transaxially,
from right to left sagittally, and from the cerebel-
lum to the dorsal slice of the cerebrum coronally
(see Fig. 2, a,b,c). The coronal slices were not
aligned lo the axis of the brain (Fig. 3), and they
largely resemble transaxial slices of the human
brain. The brain was then divided into four equal,
not anatomically spcclﬁc, regions or segments us-
ing the curves described in Figure 2 (divided into
four segments along the abscissa) as guidelines. Re-
lating to these representative regional blood flow
values were obtained, Radioactive decay correc-
tions were made throughout.
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" Fig. 3. The position of the four coronal slices of the baboon
brain, in this study not alipned to brain axis, and resembhng
transaxial slices of the human brain.

" Statistical methods

Mean ratios and standard deviations (SD) were
evaluated for similar regions and for the total brain
in the various projections as obtained from the ba-
boons for the different procedures, and these were
compared for procedura! as well as regional effects.
The comparisons were assessed for significant dif-
ferences using Student’s two-tailed t-test for paired
observations.

“Results

Tables 1., 11, and III present the mean (n = 6) ratios
{R) and SD obtained from the four brain regions as
from Figure 2, and the total brain viewed respec-
tively transaxially, sagittally, and coronally under
the various conditions of anesthesia,

‘The total brain ratios for the anesthesia proce-
dures A, B, and C to a large degree tend to ap-
proach, but not reach, the value 2, which would
correspond with the second double dosage of ®™Te-
HMPAO and also agree to small CBF changes due
to intraprocedural anesthesia variations. For these
three procedures there are, furthermore, no statisti-
cally significant differences between the intra-
procedural regional ratios (P > 0.05), thus indicat-
ing no influence from A, B, and C on rCBF.

The values from ketamine-thiopentone and kera-
mine-pentobarbitone are significantly similar (P >
0.05) as is to be expected since only the pharmaco-
kinetic properties of thiopentone and pentobarbi-
tone differ, with the latter the long ac(mg barbi-
turate.

Procedure A ratios tend to be larger regionally
and also for the total brain than those from proce-
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for CBF changes in a baboon model using
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“Summary

This study assesses the sensitivity of the baboon model under anaesthesia to determine by single
photon emission computed tomography (SPECT)} and ¥Tc™-hexamethylpropyleneamine oxime
(HMPAO) dose responses from drugs (acetazolamide) with known regional cerebral blood flow (rCBF)
effects on humans. Three dosages of acetazolamide were chosen: 250, 500 and 750 mg. The effects of
these were studied by conventional SPECT 5 min after intravenous (i.v.) administration and compared
to previous studies of *CBF with the baboons under anaesthesia only. An additional study concerned
the effect of 500 mg acetazolamide at 15 min after administration. Haemodynamic parameters and blood
gases were also monitored. No statistically significant regionai effects were noted (P > 0.05). The largest
increase in CBF (39%) was observed from 500 mg acetazolamide after 5 min. This was statistically
significantly different from control values only at a 10% level of confidence; then followed a 27%
increase above control values after 750 mg (5 min). At 15 min 500 mg yielded values lower by 18% than
the high dose. No effects were observed from 250 mg acetazolamide; only pO; showed changes which
largely confirm the CBF findings. The mode] did not give significant resulls at a 5% level of confidence
but large fluctuations were observed, also in the haemodynamic and blood gas values. Ata 10% level a
significant dose response was confirmed for acetazolamide.

model for allowing dose response determinations
becomes important. This study therefore concems the
efficacy of the model for yielding a sensitive dose
response to the administration of acetazolamide

"Introduction

A baboon (Papio ursinus) mode] has been developed to
assess in vive the effect of drugs on cerebral blood flow

{CBF) and to an extent on regional CBF (rCBF) using
#Tc hexamethylpropyleneamine oxime (HMPAQ).
This mode! [1], of necessity under anaesthesia, con-
firmed the infiuence of anaesthetic drugs on CBF, and
prompted the use of anaesthesia by induction with
ketamine hydrochloride and subsequent maintenance
on a long- or short-acting barbiturate in a prerequisite
control study for each experimental brain blood fiow
investigation. The success of the model to detect, over
and above the anaesthesia, the effects of drugs with
known CBF influences in humans, (acetazolamide,
nimodipine) has likewise been established [2). For
pharmacological investigations the sensitivity of the

(Diamox, S.A. Cyanamid (Pty) Ltd), a drug chosen for
its present day wide application as a provocative
intervention in nuclear medicine to facilitate diagnosis
of stroke in patients and for its therapeutic use in
patients with glaucoma and to a limited extent epilepsy
[3]. In cases of glaucoma acetazolamide inhibits the
carbonic anhydrase to reduce the intraocular pressure
[4]. Three dosages of acetazolamide were chosen for the
investigation: 250, 500 and 750 mg. The effects of these
were studied 5 min after intravenous (i.v.) administra-
tion. An additional study concerned the effect of 500 mg
acetazolamide at a time interval of 15 min after adminis-
tration [5).

*Author to whom correspondence should be addressed at Universiteit Van Pretoria, PO Box 2034, 0001 Pretoria, South Africa.

 0143-3636193 $03.00+.12 @ 1993 Chapman and Hall Ltd.
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Materials and methods

Six adult male baboons (average weight 27 kg) were
used for the investigation. Each animgl was subjected to
five different procedures (A to E) with at least a -week
interval between the consecutive procedures. Procedure
A was the control study under anaesthesia only {1} in
which induction was with ketamine hydrochloride (10
mg kg i.v.} (Ketalar, Parke Davis, Cape Town) follo-
wed immediately by an i.v. injection of 148 MBg ™Tc™-
HMPAO. Five minutes later the animal was put on an
infusion of thiopentone sodium (7 ml k! of a 0.05%
solution) (Intraval, Sandos S.A., Randburg) with the

first single photon emission computed tomography:

{SPECT) acquisition (SPECT-1} following after five more
minutes. The data of SPECT-1 represent the HMPAO
distribution (uptake and retention) in the brain resulting
from CBF during ketamine sedation [6, 7). This acquisi-
tion, using a Siemens Orbiter gamma camera with 32
projections during a 360° rotation and allowing 10 s per
view, was immediately followed by a second iv.
administration of "Tc™-HMPAO (296 MBq, i.e. double
the first dosage}, the split-dose method [8, 9], and 5 min
later by the second SPECT acquisition (SPECT-2) as
before. These data represent a CBF pattern of HMPAO
under thiopentone anaesthesia, but with a background
from the first HMPAO distribution under ketamine.
Procedures B to D followed the same protocol until
the completion of the first SPECT acquisition (SPECT-1),
but this wus immediately followed by an i.v. injection of
acetazolamide. For procedure B, 250 mg acetazolamide
was administered, for procedures C and D, 500 and 750
mg, respectively. The protocol was continued for all
three procedures 5 min later by a second HMPAO
injection (296 MBq), to be followed after another 5 min

Dormehl, Oliver and Hugo

by SPECT-2, of which the acquired data now also
represent the effect on CBF patterns of the various doses
of acetazolamide at a time 5 min after their administra-
tion [6-9]. Procedure E differed from the above aceta-
zalamide procedures in that the second HMPAO injec-
tion (296 MBq) was administered 15 min after the
acetazolamide injection (500 mg). The SPECT-2 data
here represent the CBF pattern of HMPAQ 15 min after
the administration of 500 mg acetazolamide.

The split-dose method is based on the chemical
properties of the tracer that crosses the Mood-brain
barrier and is trapped in brain cells. Radiochemical
purity of HMPAO was consequently checked before its
first application (within 5 min of preparation with a
fresh eluate) for each procedure, and the lipophilic
complex was never found to be below 90%. The second
injection of HMPAO following the first by 15 to 30 min
(depending on the procedure) was accompanied on a
count down by a dynamic data acquisition (15 s per
image for 4 min). The shape of the time-activity curve
reflected the reduction of lipophilic *Tem-HMPAQ, and
was & determining factor for proceeding with SPECT-2.

Reproducible positioning of the animal for SPECT
procedures allowing eventual comparisons was ensured
by a special headrest with the baboon in the supine

Arterial blood pressure (BP), heart rates (HR) and
blood gases (pCO; and pO;) were also measured during
each procedure (i.e. immediately before the administra-
tion of the acetazolamide and then again 5 min there-
after for procedures B, C and D, and after 15 min for E).

Following backprojection and reconstruction the
brain images consisted of two sets each of the following
compacted slices, eight transaxial slices, six sagittal
slices and five coronal slices, the two sets representing

Fig. 1. Typical tomographic brain shices in the (A} cororal, (B) sagittal and (C) transaxial views indicating the position of the

regions of interest, i.e. the total brain between solid lines.

Nuclear Medicine Communications (1993) 14
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Dose responses from drug interventions on CBF measured by HMPAO-SPECT
i

rCBF patterns, respectively, from SPECT-1 (ketamine
related} and SPECT-2 (related to thiopentone without or
with the various dosages of acetazolamide). Regioris of
interest (ROIs) were placed on the brain slices from
SPECT-1 and SPECT-2 data, in each view, for all the
procedures, and counts per pixel obtained from each
slice (Fig. 1). These values for each slice were inserted
into the following equation.

R = ISPECT-2] (counts pixel)—[SPECT-1]* {tounts per pixet!} (1)
SPECT-1 {counts pixel)]
Where R represents the level of change of rCBF during

TRANSAKIAL

RATIO

SAGITTAL

CORONAL

-t

' 3
REGIONS

Fig. 2. Curves of ratio (R) versus region number starting at
frontal lobes to the occipital lobes transaxially, from right to
ieft of the brain sagittally, and from the cerebellum to the
dorsal slice of the cerebrum coronally. @———@® procedure A;
O—— =0 procedure B; B - - - M procedure C; O----0
procedure D; &- - - - - A procedure E. The largest standard
deviations for each procedure are correspondingly indicated.

-
(XS §
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the second anaesthesia, thiopentone (without or with
acetazolamide), with respect to that during ketamine
(the first anaesthesia) after subtraction of the back-
ground (indicated by "), having corrected for decay.
Not much anatomical structure was noted from the
various slices. Further compacting of the slices led to
their consolidation into four equat brain regions, 1 to 4,
in each view, and to subsequent R values relating to the
regions. From the individual baboon values mean
regional and total brain ratios with standard deviations
(5.D.) were evaluated in each view for each of the
procedures A to E, and compared for possible regional
as well as procedural effects (Fig. 2). The comparisons
were assessed for significant differences using Student's
two-tailed f-test at 5 and 10% levels of confidence.

"Results and discussion

The results are summarized in Tables 1-3 and in Fig. 2.
Table 1 presents mean regional and total brain ratios, R
* 5.D. in each view for all the procedures. In Table 2 the
mean percentage increases (1 5.D.) in R values are given
between the various procedures, indicating percentage
CBF changes because of the drug interventions.

No statistically significant regional effects were noted
in any of the procedures (P > 0.05). This is well illus-
trated in Fig. 2 where none of the curves showed any
notable shape change.

Values of two (i.e. 2) for R would indicate no
difference in rCBF cbserved between SPECT-1 and
background corrected SPECT-2 data, assuming that CBF
is the largely dominant factor in the HMPAO cerebral
distribution [6, 9, 10}.

The average total brain values of R approximating 1.9
in all views for the procedure A control study indicate
possibly only a slight increase in CBF because of the
ketamine hydrochloride [1]. This does not change with
the jow dose of acetazolamide (procedure B, Fig. 2)
confirming no statistically significant effect (P > 0.10} on
CBF from such a low dose measured 5 min after its
injection (Table 2).

Increased CBF as indicated by values of R larger than
2 was observed from procedure C (500 mg acetazola-
mide at 5 min postinjection; Table 1, Fig. 2). The average
percentage increase measured from the total brain in all
views was 39 * 7% with respect to the control study
values. This result is in accordance with our previous
observations [2}. Although substantial, this increase in
CBF was only statistically significant (P < 0.05) in the
coronal view, At a 10% level of confidence, however, all
three views transaxial, sagittal and coronal, had R
values for procedure C significantly higher than the
control values. This observation is alse true for compari-
sons between effects of procedure C with the low dose

' Nuclear Medicine Communications (1993) 14
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Tabie 1, Mean (n = 6) regional and total brain ratios and standard deviations (R + 5.0.) obtained in the three tomographic views

from the various procedures.

Transaxial regions 4 Sagitial regions Covonal regions

Total Total Total

Procedure t 2 3 4 ban 0} 2 4 4 brein T+ 2 3 4  brain
A R LY 183 156 194 1.85 184 210 1.97 1.63 1.88 191 193 192 173 157
s.o. 0.87 0.19 031 0.36 0.36 0.9 0.00 0.3 051 0.41 032 023 0.28 0.5 0.20

B R 1% 204 200 L 1.87 15 1.89 L2 172 1.80 1.61 154 196 1.80 1.88
sD. 0.25 0.5¢ 041 053 0.33 0.72 0.62 0.55 0.58 0.46 058 0.46 0.67 0.9 D4l

€ R 237 25 150 271 257 223 258 2.56 2.23 2.40 223 280 275 266 2.63
50, 0.9¢ 0.7 0.58 0.61 0.56 0.57 0.57 0.6¢ 0.55 049 052 Q83 0.84 0.34 051

D R 209 2% 241 242 237 199 245 224 212 230 1.93° 236 167 2.90 2.46
s.0. 051 0.3 051 0.44 0.40 092 0.74 0.74 0.64 0.59 0.72 0.50 866 0.9 0.59

E R 193 236 126 243 2.4 190 229 213 170 2.00 180 241.220°%29 2.2
sD. 046 0.50 0.48 0.50 0.45 0.33 0.56 .0.67 9.3 .56 0.51

0.60 056 0.66 0.7

Table 2. Mean percentage cerebral biood flow {CBF) (total
brain) changes and (5.0.) due t0 the varipus procedures.

With respect to Dose-deperdent Time and dose-
basetine effecis dependent effects
Procedures % Pmun‘um ] Procedures %
AtoB 2017 BwC 3IFFO0tlSBwE 200130
AtoC 39.0:70 BioD 26£20CwE -13.0231
AtD 0245 CoD -86t15EteD 1W3tS0

AtE 1831107

to the procedure

Percentage change exp d  with P
mentioned first.

procedure B, where the average increase because of the
500 mg acetazolamide amounts to 37% (Table 2).

High R values were also observed for procedure D
(750 mg acetazolamide at 5 min; Table 1, Fig. 2). These
were likewise elevated with respect to the control values
pointing to an average CBF increase of 27  4.5%, Le.
not to the same extent as caused by procedure C: The
CBF changes induced by procedure D do not
statistically significantly from either control values,
procedure B values or procedure C values (P > 0.05).
However, at a 10% level of confidence the increase of
27% in the CBF above the control values as oblained
from procedure D was statistically significant, as was
the difference with regard to the low dose values.

Although the effects from 500 mg acetazolamide at 15
min- postinjection (procedure E) were lower by 13%

Nuclear Medicine Communications (1993) 14

Table 3. Mean {n = 6} haemodynamic and blood gas values
(£8.0.) obtained from the various procedures respectively
before (1) drug administration and as cdlose to 5 min (or to 15
min for procedure E} after administration (2).

Heart Blood y
rate pressure  pCO; pCs
Al 106210 112442 46733231  68.5042.33 (n=3)
A2 107412 T1B+% S.07£233 75984677
Bl 121£23 1431 45.B3+4.63  70.074850
B2 122427 1IR3 METE515  T6.41%11.08
Cl 17413 117& 4 4L60£2.07  56.35£4.9] (n=4)
€2 U2E17 1104 5 40084487 76.43%7.47
D1 117421 131332 45474385 67.8244.24
D2 116424 133439 47.954205  70.7549.86
Bl 18210 111327 41234670 66.8316.65
B 154420 82.37+3.29

11015 42.00+4.50

Each value indicates the mean % 5.D. of six experiments uniess where
indicated in parentheses.

than those from procedure C, i.e. when measured at 5
min, the changes were not statistically significant
{P > 0.30). These effects were also not statistically signifi-
cantly different from control vahzes (+18%; P > 0.10),
and lower than procedure D values (10%) from the high
dose of acetazolamide (750 mg) 5 min postinjection.

The effect of acetazolamide used during the different
procedures on the heart rate, blood pressure, pCO, and
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PO, in the arterial line are suminarized in Table 3. The
heart rate and pCO; values remained constant for all the
procedures. Previously it was observed that acetazola-
mide initially induced a decrease in blood pressure
followed by a subsequent increase after 25 min of
acetazolamide administration [2]. In the present study
no significant changes were observed for procedure E
either (the late, 15 min, study). Acetazolamide increased
the arterial p(J; parameter. This increase was, however,
only statistically significant for procedure C (500 mg, 15
min) (P <0.05) and procedure E (500 mg, 5 min)
(P < 0.05). At a time 5 min after administration no
significant differences in the pO, were observed for
procedures B and D. These results support previous
suggestions that acetazolamide may have an effect on
local cerebral oxygen metabolic rate [11, 12]. The pO,
effects are also dose dependent when the effects of the
different dosages are compared. It was previously [5]
reported that the maximum increase in CBF of humans
was achieved 25 min after acetazolamide administra-
tion. However, the present study in the baboon indi-
cates a maximum increase in CBF after 5 min, although
the effect on the pO, was found to last much longer.
This further strengthens the suggestion that the vasodi-
latory properties of acetazolamide are unrelated to the
inhibition of carbonic anhydrase [11, 12].

Conclusion

In the current study the baboon model previously
described by us was evaluated for time-dose effect
sensitivity on CBF using the drug acetazolamide.
Although acetazolamide, an acidic drug, binds strongly
to plasma albumin (85-95%). no measurable displace-
ment of any albumin bound HMPAQ is foreseen, so as
to change the availability of the lipophilic #Tcm-
HMPAO [5]. Acetazolamide is further tightly bound to
catbonic anhydrase. Cells that are rich in carbonic
anhydrase such as the erythrocytes and glial cells
contain a higher concentration of acetazolamide than
the plasma. Any possible acetazolamide-induced
changes in blood cell labelling can only lead to small
changes in blood radioactivity in the brain [13] since the
volume of blood in the brain is small with respect to
total blood volume. Furthermore, no changes in blood--
brain barrier permeability and cardiac output have been
reported for acetazolamide that could account for the
observed increase of HMPAO level in the cerebrovascu-
lar system. The study is therefore describing a model
sensitive to monitoring dose effect interventions of CBF.
In particular it was noted for acetazolamide that a low
dosage (250 mg) showed no effect while the high dosage
{750 mg) induced changes in the CBF lower than those

577

" observed for a 500 mg dosage at 5 min after administra-

tion. The model also confirmed that this last procedure
has an optimal effect since 15 min postinjection the
effect from 500 mg acetazolamide was again reduced.
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tomography (SPECT} has fally

established itself as a useful
technique for brain perfusion imaging
(21). " Tc-labelled radiopharma-
ceuticals are experiencing an ever in-
creasing role in the non-invasive diag-
nosis of cerebral discases (cercbral
ischemia, dementia, epilepsy) and find
application for subsequent monitoring
of pharmacological interventions (18,
21).

The design and development of
new pharmaccuticals that cross the
blood brain barrier and show cerebral
vascular smooth muscle and regional
sclectivity still pose a challenge. Ani-
mal models have been useful in the
evaluation of promising novel struc-
tures for efficacy and toxicological
information, particularly those that
act on the ceniral nervous system
influencing cerebral blood flow (CBF)
patterns. Results from such in vivo
animal studies can provide important
information in the development of
new pharmaceuticals. Non-human
primates are phylogeneticaily close to
man and consequently facilitate mean-
ingful extrapolation of results (8). A
baboon model for SPECT brain imag-
ing with *™Tc-HMPAQ has been de-
veloped and found to be sensitive to
the effects of anaesthesia on CBF (4).
Anaesthesia is necessary for restrain-
ing the baboon during prolonged scin-
tigraphy. The combination of
ketamine and a barbiturate, with the
ketamine used for darting of the ani-

‘ S ingle photon emission computed

" This work was performed at the H. A, Grové
Research Centre
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July 30, 1993}

‘Drug Effects on Cerebral Blood

Flow in the Baboon Model -
Acetazolamide and Nimodipine

Key words
SPECT, acetazolamide, nimodipine, blood flow, baboon madel

Summary

The sensitivity of the baboon medel under anaesthesia for single photon
emission computed tomography {SPECT) of the brain with **"Tc-HMPAQ, as
recently developed by us to study cerebrai blood flow patterns, was investi-
gated using drugs that are known to increase cerebral blood flow, e.g.
acetazolamide, the carbonic anhydrase inhibitor and nimodipine, the calcium
channel blocker. Increases in cerebrai blood flow for both acetazolamide and
nimodipine wera observed that correspond well with other studies. Statistically
significant regional specificity was noted for acetazolamide and nimadipine.
interestingily a combination of these drugs did not enhance cerebraf blood flow
but rather decreased it in comparison with the individual drug responses. The
results were correlated with arterial blood pressure, heart rate, pCO; and pOs.
A blood prassure decrease was noted for both drugs, while acetazolamide had
a marked influence on pQ;. The results indicate that the baboon model is
sensitive for evaluation of drug effects on cerebral blood fiow.

" Schllissehwarter

SPECT, Acetazolamid, Nimodipin, Himdurchblutung, Pavian-Modalt

Zussmmenfassung

Die Empfindlichkeit eines generel! narkotisierten Pavian-Modells bei der
Untersuchung mit SPECT mit ®*™Tc-HMPAQ, einer kitrzlich von uns entwicksl-
ten Methode zur Untersuchung der Hirndurchbiutung (CBF), wird hier unter-
sucht unter Verwendung von Phammnaka (Acetazolamid, Karboanhydrase-
Inhibitor; Nimodipin, Kalziumkanalblocker}, von denen bekannt ist, da sie den
humanen CBF steigemn. Eine Steigerung des zerebralen Biutflusses wurde
sowoh! fir Acetazolamid als auch fiir Nimodipin becbachtet, was mit den
Ergebnissen anderer Studien gut Ubereinstimmt. Regionale Spezifitat von
statistischer Signifikanz wurde flir Acetazolamid und Nimodipin festgestellt.
interessanterweise wurde der zerebrale Blutfluf durch eine Kombination der
beiden Medikamente nicht verstarkt, sondern, verglichen mit der Wirkung des
individuei! gegabenen Madikaments, sogar verringert. Die Ergabnisse wurdsen
mit arterigllem Blutdruck, Herzfrequenz, pCO; und pO; korreliert. Beide Mittel
verringerten den Blutdruck, wihrend Acetazolamid einen deutlichen EinfluR
auf pO, 2eigte. Die Ergabnisse machen deutlich, daR das Pavian-Modelt unter
Narkose empfindlich genug ist. um die Wirksamkeit eines Pharmakons auf den
zerebralen Blutflu® zu bewerten.

"Nucl.-Med. 1993; 32: 292-8
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mal, proves to be the anaesthesia of
choice in CBF and regional CBF
{rCBF) studies (4). t

The purpose of the current study
was 1o evaluate the sensitivity of the
baboon model under anaesthesia us-
ing drugs that are known to increase
cerebral biood flow, eg. acetazolamide
(1-3, 7, 16) and nimodipine (6, 11, 12,
19). Additionally, with the effects
from these established, the cere-
brovascular dilatory response from a
combination of acetazolamide ' and
nimodipine was evaluated for possible
beneficial implications in the treat-
ment of cerebral disorders.

Materials and Methods

Six adult male babooos {Papio ursinus, aver-
age mass 27 kg) were selected for this study.
Asnascsthesia was induced in each by darting with
ketamine hydrochlodide (Ketslar, Purke-Davis,
5. A.: 10 mg/kg) and was iollowed immediatcly
by an intravenous injection of ™™ Tc-HMPAO
(148 MBq), the cerebral distribution of which
wouid then represent ibe effect of ketamine
with oo redistribution uhng place. Five

i {nter the baboon was intubated, mais-
uincd and controfled for the duration of the
study under sodium thi {Intraval,
Maybaker, 5. A.: 70 mbh of 2 0.5% solution).
The subsequent SPECT acquisition 10 obtain
the HMPAO distribution ia the brain durieg
ketamine was done with a Siemens Orbiter
pmmumenmpledmmA’MDScompu—
ser using 32 views anuf 360" (10 3eciview). Fol-
fowing the first acquisition the baboor wes
reinjectad with ™ Tc-HMPAQ (296 MBq) and
tomographed to detect the radionuclide dis-
tribution attained during what was then
thiopentone ansesthesis, Care was 1sken to
adminisier the two HMPAG injections at its
latest within 30 min after reconstitution, Ba-
boons were viewed in & supine position with a
special head rost to ensure a reproducible posi-
tion for comparison of tomographic slices.

The above procedure of two sucoessive lo-
mographic scans representing the effects of the
iwo different forms of the ansesthesia in cach
baboon constitutes the contiol siudics, and is
called prooccdure A.

The cffccts of acctazolemide (Diamox., 8. A,
Cyanamid [Pty} {Ltd]) oo cerebral blood flow
were investigated (proccdure B} in the follow-
ing manncr. The dircetions for the anaesthesia
[ollow those for procedurc A but the first
SPECT acquisition was foliowed by an intra-
venous  injection of 3wl of acciarolamide
(100 mg/ml). und only afier another 5 min was
the second double dosc (206 MBq) adminisira-
tion of ™™ Te-HMPAO given, allowing adequate
bloud levels of ide o be hed.
The animal was sulmequently tomogruphed,
acconding o procodure A_ o ubiain o tracer

distribution represontative of the effect of
scetazolamide when compared 10 procedisie A

Procedure C tested the effects of nimodipine
(Bayer. Leverkusen) on the CBF of the baboon
in » similar way as performed in procedure B,
except that the frst SPECT acguisition of the
ketamine related cerebral distribution of
FmTe-HMPAO (148 MBq) was followed by a

very slow infusion (over 13 min) of nimodipine
{l pg/kg/min} {15) taking carc ¢ usc only PVC-
froe tubing or & stainlesa wecl ncedie in the
sdministration to avoid any sbsorption resulting
aude:ruemthemnmﬁonofnimﬁpu
(10). After 10 min of nimodipine izfusion
3econd injection of ™ Te-HMPAO (296MBq)
followed, and tonvography siarted after another
5 min at the time that the infusion was termi-
nated (14, 15).

Procedure D investigated the effect of a
combination  administration of Sml
acetarolamide (100 mg/ml) and nimodipine
(1 pg/kgimin). The first SPECT acquisition was,
as with procedure C, followed by & very show
infusion (over 15 min} of nimodipine, Five

hudulocheckthepouﬂ:leiﬂma(
the two drugs on the ™ Te-HMPAO input, 2
dynamic scintigraphic study was done on 3
mmdmemm&m
ketamine anacsthesia (the control), again after
aeenmhmde and eventually after nimo-

teen images of 15 sec were aoquired in 64 x 64
word mode, sud the
curves compared for differences (Fig. 1).

B

g

g

g2
COUNTS % w0*
B

%

80 120 180

SECONDS

Figa.2a, b, ¢

Tyvical tormograghic besin siices in the caronal {a), sagittil () and transaxial () view
indicating the regions of intarest (RO i. e. the to1al brain butween solid lines.
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Figs.3a, b, ¢ Curves of mean ratios (n = 6) vs slice number starting at the occipital lobas to the
trontal lobes transaxially (a), from the right to the left of the brain sagittalty {b), and from the
cerebelium to the dorsal slice of the cerebrum coronaily i¢). The widely {0 - ~ - ) spaced dashed

ling presemt the anaesthesia only expsrimam (Procedurs Al; the dotted (@--

-#} line the

intervention with acetazolamide (Procedure B): the compactly spaced line 1O ---0} the
tervention with nimodipine (Procedure C} and the solid line {ll——M) the combination interven-

tion (Procedure D)

Statistical Methods

Mean ratiot {n = 6) and standard deviations
{SD) were calculated per procedure for similar
regions and for the total brain in the vanous
projections. These were compared for inter-
procedural effects a3 well as regional cffects for
a particular procedure, The comparisom were
assested for significant differences using Stu.
dent's two-tailed (-test,

Results

After backprojection and recon-
struction the brain images consisted of
transaxial, sagittal and coronal slices
representing CBF and rCBF informa-
tion during conditions prevailing
under the procedure of anaesthesia
only and under various drug interven-
tions. Eight transaxial slices rep-
resented the whole brain, each of
which was considered for count rate
evalustion by the ROI (region of in-
terest} feature. Similarly six sagittal
slices and five coronal slices covering
all of the brain were selected and
analyzed. In subsequently placing the
respective ROIs (Fig.2a, b, ¢) for
count rate/pixel values of the brain
slices, care had to be taken to avoid
the baboon sinus cavities and salivary
glands. Count rate data were then
inserted into the following equation to
obtain the ratio R,

[Intervention (2nd tracer injec-
tion)] - [Baseline (1st tracer in-
jection)]*

Baseline (1st tracer injection)

R =

which is ar indication of the level
change of the CBF during the drug
intervention with respect to that at-
tained during ketamine anaesthesia
(baseline). The equation atlows for
subtraction of rctained activity
originating from the bascline study,
(after decay correction[*]). For all
three views graphs were plotted of R
vs slice numbers starting at the occipi-
tal lobes to the frontal lobes trans-
axiaily, from right to left sagitally, and
from the cerebellum to the dorsal slice
of the cerebrum coronally (see curves
in Fig.3a, b, ¢}. Contrary to human
data the coronal slices were not
aligned to the axis of the brain
{Fig.4). The brain was subsequently
divided into four equal regions using
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the curves (Fig. 3) and equal segments
taken along the abscissa. Representa-
tive regional blood flow ratios ‘were
thus obtained for these regions for
each procedure. Ratios thus became
available for the control (anaesthesia
only) study (procedure A) and for

the pharmacological procedures B, C
and D.

The ioput functions for "™ Te.
HMPAO, from the dynamic studies
under ketamine, acetazolamide and
nimodipine do not differ (Fig.1).
Tabies 1, 2 and 3 present the mean
(n = 6) ratios (R) and SD obtained for
the 4 brain regions as derived from
Fig. 3, and for the total brain viewed
respectively transaxially, sagittaly and
coronally under anacsthesia only, and
after the various drug interventions.

The effects of acetazolamide (car-
bonic amhydrase inhibitor), nimo-
dipine (calcium channel blocker) and
a combination on the heart rate, blood
pressure, pCO; and pO; in the arterial
blood are summarized in Table § for
pre-injection and post injection
(10 min) values. The heart rate re-
mained constant for all procedures.
Thbles 5 indicates a decremss ia
biood pressure from acetazolamide
(p <0.05) and nimodipine (p >0.05)
but the combination showed no effect.
The pCO;, values indicate no influence
from any of the procedures.
Acetazolamide and the drug combina-
tion procedure significantly increased
the arterial pO; (p <0.05, for both).

Discussion

The dynamic ™™ Tc-HMPAO re-
sults (Fig. 1} clearly show a consist-
ency in the uptake function which
allows us to draw conclusions on the
isotope distribution in the brain and
cerebral blood flow under the various
drug interventions,

Failure of the total brain and re-
gional brain ratios to yield a value 2,
which would correspond to the second
double dose of " Tc-HMPAO points
to CBF and rCBF changes due to
intraprocedural anacsthesia variations
as in procedure A, and additionally to
the cffect of the drugs as in proce-
dures B. C and D.

Fig.4 The position of the coronal regions (siices] of the baboon brsin in this study not siigned
mmmummmuumm

Fg.B Comesponding sagittal slices for beseline (a) and intervention () acquisition

the anseethasia only experimant (Procedurs A: top) and Hotom} from the nIModiping Sxpenment
{Procedure C). mmmmmmmmmm
administration, This effect is not shown with procedure A (vp).

Ketamine hydrochloride is known

and was shown here to increase arte-
rial blood pressure and heart rate
(Tuble 4) leading to augmented CBY
(4), which is in this study indicated by

Jower ratios than 2 as were obtained

from procedure A (see Tables I to 3).

For procedures A and B there are
no statistically significant differences
between the intraprocedural regional

24/29%
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Teble 1 Mean {£ SD) ratios from transaxiat views of four equal cersbral siices and from total

orain

Region 1 Aegion 2 Region 3 Region 4 Total beain
Procedure A 1.73+.87 188%.19 186%.37 185+.38 188145
Procedure B 237+.94 258+72 256+ 84 223+ 61 244+ .73
Procadure C 330+£73 23x63 233x60 255%.77 262168
Procedure D 28198 214+.47  213+.46 150z 71 2.32+.65
Statistically significant differences for procedure C batween region 1 and regions 2, 3, 4.
Aiso between procedure A and C for region 1, {p <0.05).

7 Table 2 Mean (x SD) ratios from sagittal views of four equal cerebral regions and the total brain

Region 1 Region 2 Region 3 Region 4 Total brain
Procadura A 184129 2.10+.18 197+.39 1.83+ .54 194£.35
Procedure B 223+ .57 2.68 +£.57 256+ .64 2.23%.53 2,40+ .58
Procedure C 273+ .88 248+ .63 230+ .53 2254 92 2442 .76
Procedure D 206£147 199:.47 231+.67 2894187 231+1.12

No statistically significant dilferences

" Tabie 3 Maan (£ SO ratios from corenal views of four equal cerebral ragions and tha total brain

Region1  Fegion2  Region3  Ragion4  Total brain
Procedure A 191£32 183+23 192+.29 173+59 18738
Procedurs B 235+52 280183 275%.84 256+.34 264%.63
Procedure C 268410 234:.60 24053 263+78 253:.73
Procedura D 224410 199263 21076 1.96%.73 207+.78

Statistically significant differances batwesn proceduras A and B, region 4 (p <0.05).

Table 4 Mean percentags (%) changes of ratios from the four brain regians (n = 4) for the three

views, comparing the differsnt procedures with sach other

Procedures Transaxial Sagirtal Coronal
Procedurs A-B 32 24 41 14:54%)
Procedure A-C 42 (1:91%) 6 k]
Procedure A-D 5 20 3l
Procedure B-C 9 2 -3
Procedure B-D -4’ -3 ~21
Procedure C-D -10 -4 -~18

to a CBF decrease.

The parentheses contain the region number which had statistically significanty changed
Ip <0.05); the corresponding percentage change is also indicated, Negative values point

ratios (p >0.05), thus indicating no
influence from procedure A and B on
rCBE Procedure B raties tend to be
larger regionally as well as for the total
brain than those from procedure A
(Tebles 1 to 3); differences do not
reach statistical significance (p >0.05)
except for region 4 in the coronal view
which is mainly a dorsal represen-
tation. The percentage incresses
(Tabie 4) correspond well with Bonte
et al. (2), but in addition a high
percentage increase in coronal re-
gion 4 was noted. Procedure C de-
monstrates a significantly higher ratio
(p <0.05) for the cercbellum, rep-
resented in the transaxial region 1,
than for any other region (Table 1).
Ratios from procedure C also tend to
be consistently higher regionally, and
for the total brain than for the anaes-
thesia only procedure A. However,
only region 1 transaxially (cerebel-
lum) show a significantly and quite
dramatically higher value (p <0.05)
(Tables 1 to 4, and Fig.3 and 5). No
significant differences could be de-
monstrated between procedures B
and C (p >0.05). Procedure D ratios
can be scen from Thbles 1 to 3 and
from the curves (Fig. 3} to be predo-
minantly depressed with respect to
procedures B and C, occasionally tak-
ing on a value in between. Although
the regional ratios from procedure D
are higher than form the anaesthesia
only (procedure A), indicating some
effect, no stanistically significant
difference can be demonstrated

(p >0.05).

The percentage changes in Table 4
indicate that the three drug pro-
cedures increase the mean regional
ratios, less so for the combination

Table § Effects of procedures B lacetazolamida), C (nimodipine) and D {combination) on heart rate, blood pressus, pCO; and pO; in artarial blogd in

7 baboons
Measurement Heart rate Blood prossure pCO, po;
B, 116.25 £ 12.74 14 118,00 + 2.58 {4} 41.10 £ 237 {4) 56.35 + 4.91 (4)
B: 111.50 + 16.84 8 110.25 £ 450 (4)* 40,08 + 4.87 {4) 76.43 £ 7.47 [4)*
C 11633 £ 2238 132.50 £ 29.93 4285 £ 755 61.12 £ 439
Ca 116.33 + 24.58 112.89 £ 20.26 40.50 £ 1.27 {2 68.50 = 5.37 (&)
Dy 113.63 £ 18,95 108.50 + 24.40 42.85 + 7.55 6112 £ 4.39
D, 117.83 = 18.29 106.50 £ 32.49 38.90 + 3.35 75.08 £ 9.23 (5)*
Each valua indicates the mean = SEM of six experimants uniess where indicated in parentheses. Subscripts 1 and 2 refer to the measuraments
respectively before and 10 min aftar injection of the drug. = p <0.0E for post injection vs comesponding pre-injection values.
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drug, and that amongst themselves the’

drug procedures do not produce dif-
ferent results. None of these regional
and total brain values differ statistical-
ly significantly, but it is interesting
that the combination drug does not
enhance CBF or rCBF at all, or pro-
portionally to the effects of the drugs
individually. Rather, the R values
from the combination drug seem to
follow the regional pattern obtained
from nimodipine onty, which is again
different from the regional distribu-
tion pattern obtained from pro-
cedure B (Fig. 3).

Nimodipine was previously re-
ported to increase the cerebral blood
flow without significant influence on
the biood pressure and arterial blood

gases (14) and it was suggested that .
Conclusion

the cerebrovascular autoregulation is
resistant to nimodipine (14). Niashi-

kibe et al. (17) showed that the blood -

pressure is dose-dependently de-
creased by nimodipine (1-10 pg/ke).
It was previously shown that nei-
ther nimodipine nor acetazolamide
significantly influence the pCO; (7,
19, 14, 17). Acetazolamide is known
to produce metabolic acidosis due to
its carbonic anhydrase activity giving
rise to increased CO; tensions in the
expired gas (5). However, the current
dosc and time scale of the dctermina-
tion of pCO, showed no significant
change in the intravascular CO, ten-
sion, indicating that the increase in the
cercbral blood flow observed for
acetazolamide is unrelated to the prin-
cipal local effect from a raise in the
intravascular CO, tension. In accord-

ance with other authors nimodipine -

showed no significant effect on the pO,
(p >0.05); only sporadically was the
pO- increased in some animals (14,
17). Table 5 indicates that the increase
in pO; due to acctazolamide alone
(35%) is greater when compared
to the acetazolamide-nimodipine
combination (23%)} suggesting that
nimodipine attenuates the effect of
acetazolamide. Hyperventilation was
observed under acetazolamide treat-
ment that could account for the higher
pO, values.

It is interesting to note that the
increased cercbral blood flow ob-
served for  acetazolamide and
nimodipine alone individually is great-

ly diminished when the drugs are com-
bined. These results strongly support
the suggestion that acetazolamide may
have an effect on the local cercbral
metabolic rate for oxygen (13, 20).
They may further indicate that the
cerebral vasodilatory properties of
acetazolamide are unrelated to its car-
bonic anhydrase inhibition. Also in-
teresting is that although there is an
initial decrease in blood pressure with
acetazolamide the blood pressure was
subscquently observed to increase foa
maximum after 25 min. This time re-
sponse was also observed for the p0,,
coinciding with the maximum increasc
in cerebral blood flow previously re-
ported (2).

The current study has shown that
the baboon model previously dis-
cribed (4) is sensitive to monitoring
pharmacological interventions and to
evaluate drug candidates for cercbral
diseases. Some of the observations of
this study will even add to the infor-
mation available for the two drugs
under consideration. It also becomes
clear that a combination of
acetazolamide and nimodipine used
under the currently described time
scheduling has no beneficial effects on
cerebral blood flow pattern. The com-
bination actually diminishes the posi-
tive effects of the individual drugs via
a mechanism that cannot be readily
explained at this time.

The authors thank the University of Preloria
for financial support. Davis and Geck division
of 5.A. Cy ide for acctazotamide and fi-
nancial support. and Bayer-Miles (SA} for
nimodipine: ziso the staff of the HA Grové
Rescarch Centre who helped with the handling
and care of the animals.
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Effect of Sumatriptan on Cerebral Blood Flow

in the Baboon Model
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Summary

Changes in cerebral blood flow are implicated to be im-
portant in the pathophysiology of migraine. Further-
more, serotonin {5-HT} is known to be the mast impor-
tant substance in the etiology of migraine. Sumatriptan
(CAS 103628-46-2), a 5-HTyy, receptor agonist was re-
cently introduced in the treatment of migraine. In the
present study a baboon model was used to investigate
the changes in cerebral blood flow due to anaesthesia
and pharmacological interventions mi%:""k-labelled
hexamethylpropylene amine oxime (""" Tc-HMPAQ}
and single photon emission computed tomography
(SPECT). The effect of sumatriptan on cerebral blood
flow was investigated after 10 min and again after 23
min, with the animal under anaesthesia, i.e. induction
with ketamine and maintenance on thiopental. Suma-
triptan did not alter the cerebral blood flow during the
10 min procedure. However, sumatriptan reversed the in-
creasedpcercbml blood flow due to the prolonged anaes-
thesia (23 min), lowering the cerebral blood flow by
more than 20 %, No significant changes in the biochem-
ical parameters (blood pressure, heart rate, pO; and
pCO,) were observed These results also suggest that
sumatriptan reverses the increased cerebral blood flow
most likely via 5-HTyp, receptor stimulation.

Zusammenfassung

Einfluf von Sumatriptan auf die Hirndurchblutung beim
Schimpansen

1. Introduction

Migraine significantly affects the lives and productivity
of about 10 to 15 % of adult population [1]. The devel-
opment of effective treatment of a migraine attack has
for many years been the focus of many researchers. An
aura consisting of transient visual, sensory or motor
symptoms may precede a migraine attack or may be ab-
sent. A focal reduction of regional cerebral blood flow

(rCBF) initiates a migraine attack associated with an-

aura while the neurological symptoms of the aura have
been implicated in the reduction of tissue perfusion [2-
8]. Serotonin (5-HT), a2 mono-amine, exerts its physiolo-
gical effects via stimulation of several 5-HT receptors
The role of serotonin in the pathogenesis of migraine
attacks is now well accepted [9, 10, 11]. Sumatriptan
(CAS 103628-46-2) a new 5-HT;p receptor agonist, has
recently been added to the therapeutic arsenal in the
treatment of acute migraine [{12]. The antimigraine effect
of sumatriptan appears to be via its stimulation of the
5-HT,p receptors. Friberg et al. recently reported that
sumatriptan reversed the migraine pain that is associated
with middle cerebral artery dilatation [13]. Diener et al.

ge; words.

’ Verdnderungen in der Hirndurchblutung spielen eine we-

sentliche Rolle in der Pathophysiologie der Migrdne. Es
ist bekannt, daB Serotonin (5-HT) hierbei die wichtig-
ste Substanz ist. Sumatriptan ( CAS 103628-46-2), ein
5-HT,p-Rezepioragonist, ist ein neues Migréne-Thera-
peutikum. In der vorliegenden Studie wurden beim
Schimpansen Verdnderungen in der Hirndurchblutung
unter Narkose sowie enisprechende pharmakologische
Interventionen mittels **"Te-markiertem Hexamethyl-
propylenaminoxim (*"Te-HMPAQ) und Single-Pho-
ton-Emmissions-Computer-Tomographie (SPECT) un-
tersucht. Der Einfluff von Sumatriptan auf die Hirn-
durchblutung wurde nach 10 bzw. 23 min untersucht, wo-
bei die Narkose mit Ketamin eingeleitet und mit Thio-
pental aufrechterhalten wurde. Sumatriptan verdnderte
die Hirndurchblutung wihrend der 10mintitigen Testpe-
riode nicht. Es induzierte jedoch eine Umbkehr der unter
der 23miniitigen Narkose erhbhten Hirndurchblutung
und erniedrigte diese wm mehr ais 20 %. Die biochemi-
schen Parameter (Blutdruck, Herzfrequenz, pQ; und
pCO;) waren nicht signifikant verindert. Diese Ergeb-
nisse lassen vermuten, daf Swmatriptan eine Umkehr
der erhohten Hirndurchblutung rscheinlich via 3-
HTp-Rezeptor-Stimulation bewirkt,

Antimigraine drugs ~CAS 103628-
Cerebral blood flow - Serofonin - Sumatriptan,
pharmacology

further reported that sumatriptan did not significantly

change the blood flow and velocities of the middle cere-
bral and basilar arteries and suggested that its action is
mediated via mechanisms other than the well established
vasoconstrictor actions on cerebral arteries [14). Fur-
thermore, sumatriptan was shown to selectively constrict
ngl carotid arterial bed of anesthetized dogs and cats
We recently developed a baboon model under anaesthe-
sia to study the effects of drugs on the cerebral blood
flow {16). In continuation of our interest in drugs that
exhibit cerebroconstrictor and dilatory effects we here
report the study of the effects of sumatriptan on the
cerebral blood flow in the baboon model using photon
emission computed tomography (SPECT) and the radio-
pharmaceutical hexamethylpropylene amine  oxime
(*™Tc-HMPAO).

‘2. Materials and methods

2.1. The animal study

Six adult male baboons (Papio ursinus, average weight 27 kg)
were selected for this study. Each baboon was subjected to four
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different procedures on different days, at ieast one moath apart.
Because tl:,ef g:eﬂ necessity of !Aandling the animals ImCﬁqud
i ure, A, concerns a contro study
e S HMBAG and SPECT water only the standard an-
aesthetic conditions of anaesthesia induction with ketamine hy-
drochloride (Ketalar®, Parke-Dhavis, S.A.; 10 mg/kg), followed
by maintenance on thiopental sodium as previ described
by us (Intraval®; 10 mi/h Maybaker, S.A.).
Procedures B and C investigated the CBF changes due to the
sumatriptan (Imigran®, Glaxo, S.A.; 6 mg subcutaneous) at 10
and 23 min, respectively, afier administration. Procedure D was
a second contro] to evaluate the CBF during prolonged thio-
pental sodium anaesthesia after the ketamine blood levels had
mch?:d insignificant values, which was the cass during proce-
dure C,

2.2. Procedure A (control study)

After anacsthesia induction with ketamine chloride; each ba-
boon rectived 2n i.v, injection of " Tc.HMPAQ (148 MBqg),
the cerebral distribution of which would then represent the ef-
fect of ketamine on CBF. Dnmni:hc subsequent S5 min wm::g
time until the start of SPECT the baboon was intubated

the anacsthesia changed (o a ;m:!%tal i.v. infusion (70 mlbh
of a 0.5% solution), using an inistration (drip) set. The
foﬂowiniSPECI' acquisition to obtain the HMPAO distribu-
tion in the brain during ketzmine (SPECT-1) was done with
a Siemens Orbiter gamma camera, coupled tanoplzZSOG
oo;la:pum using 32 views, 360 ° (10 s/view), in-64 x 64 word
mode. Following the first acquisition, which with cawers and

computer readjustment, took ximately 8 min, and in addi-
tion a waiting time of 5 min, the baboon was reinjected with
PuTe.HMPAO (296 MBq) and tom as sahove

(SPECT-2) to detect the radionuclide distribution after 18 min
of thi tone angesthesia, This is the split-dose method of
HMPAO application in CBF studics [17], mine, producing
so-called dissociative anacsthesia is imppmfrim during
SPECT acquisitions because of undesirable itvoluntary move-
ments of the animals. Procedure A is therefore the approach to
expedite the start of an experiment and to allow correction for
the infloence that the ketamine might stift have of CBE The
baboons werc viewed in a supine position with a special head
rest lo enisure a reproducible position for comparable tomo-

2.3. Procedure B (sumatriptan effect after 10 min}
The procedure B is similar as for procsdure A, for a
delayed switch to thiopental angesthesia after the first PAO
injoction in ordes to attain an 18 min duration of thiopental
infusion at 10 mig after the administration of sumatriptan im-
mediately after SPECT.1, when the second (double dose)
HMPAQ injection is administered. This distribution of
HMPAO as obtained from SPECT-2 will reflect on the effects
of 18 mir of thiopental anaesthesia as in the coptrol study as
well as the effect of sumatriptan after 10 min_ Control ketami-
ne-thiopental conditions were therefore mpintained.

2.4. Procedure C (sumatriptan effect after 23 min)

Measuring the effect of sumatriptan after 23 min required a
separate experiment as well as a changed procedure in order

not (o exceed the maximum interval of 30 min between recon-
stitution of " Tc-HMPAO and its i.v. in because of de-
gradation of the radiopharmaceutical. Th R Wag over-
come by comparing the effect of sumatriptan after-23 min to
thaﬂt‘tg'et Io Mitah:gﬁba h follows from procedure B. Aﬂerduuﬁ
wi amine boon is immediately placed on thiopen
sodium as before and thus maintained for 20 min. before the
administration of sumatriptan (6 mg, s.c.). 10 min later (i
afler 30 min of lhiopentalerl.hc first HMPAO injection (148
MHBq) was given and SPECT-1, as , followed' S min
later. These results will represent CBF influenced by 30 min of
thiopental anaesthesia end afier 10 min of sumatriptan: The

double dose of HMPAO (296 MBq) was directly
at the completion of SPECT-1; this was 23 min after the suma-
triptan injection and the subsequent distributions from SPECT-
2 reflected on the effects of 43 min of thiopental and after 23
min of sumatriptan. Procedure C can obwviously not yield results
which could be compared to the control study ure A,
becguse of changed anassthesia conditions: re a second
controf stu%, was devised to take these changes into account
{Procedure D).

2.5. Procedure D (control study with prolonged
thiopental sodium)

Immediately after the ketamine induction the baboon was
placed on sodium thiopental for 30 min at which stage the thio-
pental bicod levels predominated. ™ Te-HMPAO was injected
&t this stage to obtain, through SPECT-1, a distribation ie the
brain under influence of thiopental (30 min duration, as in pro-
cedure C). The baboon remained only on thi tal anaesthe-
sia for the second double dose of HMPAO (; SPECT-1) at
43 min of thicpental. Thus the subsequent SPECT-2 would
yield results according to the time scale of procedure C.

»

2.6. Data processing

After backprojection and reconstruction the brain images in ali
procedures consisted of lransaxial, sagittal and coconal slices
representing CBF and rCBF related information during condi-
tions ing during various forms of anaesthesia and due to
time mdme effects of sumatriptan, Eight slices of two pixels
thickness ied the brain in all three views. Regions of
interest (RO1s) were placed on the tota? brain (Fig. 1) and count
rate data (counts/pixei} thus obtained were insertod into the fol-
lowing equation to obtain the ratio R: .

SPECT-2 (SPEC!‘-I *
(K dala ,), T\ dgla )

( dm -})

where * refers to decay corrected data from SPECT-1, present
during SPECY-2 and which has to be subtmacted from the
SPECT-2 data, as background; and R ix an indication of the

level change of rCBF due to the changed conditions 8
during the sccond HMPAO injection with respect to that of the
first injection.

For procedure A the ratio R will reflect the change in rCBF
dun‘:jg the anaesthesia chal;ﬁ: from ketamine to thiopentone.
A value of R =2 (due to the double second dose of #™T¢.

Fig. I Typical tomographic brain slices in the tranasial, coronal and sagittal views, with the position of the regions of interest (ROI), it. the total
brmhdaw’su;edﬁmg‘lﬁemﬂa ad o " D4
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HMPAO) will indicate no rCBF change during procedure A
due to changed anaesthesia. R for procedure B will additionally
reflect on changes due to the sumatriptan 10 min after adminis-
tration and was compared 1o R (procedure A) to assess the
effects of the suma.!n%tan. For procedure C the ratio R will
compare the effects of sumatriptan after 10 min and 23 min
il the R.value for prolonged lhggﬁenlal anaesthesia prevailing
during procedure C is known. This value was available from
procedure D. Comparisons of R-valves between procedures A
and B and between procedures C and D were done by a Student
two-tailed t-test on a 5 % level of confidence.

Blood pressure, heart rate and blood gases (pO; and pCO,)
were measured before cach HMPAQ injection during each of
the procedures to determine the effects oi‘ the different interven-
tions and anaesthetic procedures on these parameters.

3. Results

The R-values for each of the cight slices in each view are
presented in Fig. 2 and 3: Fig. 2 (a, b, ¢) compares the
control R-values of procedure A and the R-values of
sumatriptan at 10 min after the injection, and Fig. 3 (a,
b, c¢) compares the R-values from procedure C (23 min
post sumatriptan) with those from the prolonged thio-
pentone anaesthesia, procedure D. From the maximum
and minimum standard deviation bars indicated in the
figures no statistically significant (p > 0.05) differences
were found between the various slices in any one particu-

3.5+

3.04
(a)
; 254
=
-t
T a9 — — T T
Py ——t—
154
1.0
[ 1 H L H . ? [}
SLICES
3.9
3.0
(-1}
«
g 28
=
ol
&
2.
O-I P"‘M— e P —— -
15
10
¢ 1 ] a a 5 & 1
SLICES
35-
39 €
* 3
2
2

w W

1%

— T T

[ H 2 3 a 1 11 1 [
BLICES
Fig. 2 R-values per slice (means; o = 6} for procedure A, {solid line) and
rocedure B (dashed line) with maximum and minfmum SDs indicated,
m (@) transaxial, () coronal and (c) sagittal views,

“Table
Procedure Mean CBF and SD (n = 6)
A .89 £ 0.12
B 1.96  0.i0
c 182 + 0.08
D 2.30 £ 0.27

“lar procedure, indicating no obvious regional effect on

CBY during any of the four procedures. The values for
the “three views also do not differ statistically signifi-
cantly, which confirms a lack of regional influence on
the CBF. It therefore becomes sufficient to measure the
effects of the four procedures by global or total brain
CBF changes (rather than the slices}, in which manner
the information will aiso improve statistically.

Global CBF as a mean (n = 6) and SD for each proce-
dure appears in Table 1. No statisticaily significant dif-
ference 15 found between procedures A and B (p > 0.05),
but procedure C significantly lowers the R-values which
otherwise follow from the control study under prolonged
anaesthesia (procedure D) (p < 0.05).

The blood pressure, heart rate and bloodgases (pO, and
pC0,) were monitored for any influence during the dif-
ferent procedures. Transient marginal increases were ob-
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Fig. 3: R-values per sfice (means; n = 6) for procedure C (solid line) and
procedure D (dashed iine) with maximum and minimum SDs indicated
in (a} transaxial, {b) coronal and {c) sagittal views.
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served for blood pressure, heart rate and pCO; at the 10
min interval (procedure C) of the sumatnptan interven-
tion. A non-significant increase in the pCQ, level was
observed at the 23 min sumatriptan intervention.

t
4. Discussion

The R-values for the ketamine-thiopentone control
study (procedure A) are lower than the value 2 (two), i.e.
they relate to an augmented CBF during ketamine (from
the equation) which corresponds to the increase in arter-
ial BP and HR [16, 18, 19].

The prolonged maintenance of the animals under thio-
pentone in procedure D could account for the ratios R
in this case being distinctly larger than 2. The barbitur-
ates are known to accumulate in the muscle and sub-
sequently in fatty tissue and an enhanced pCO, effect
could result from their release during a prolonged study,
leading to increased CBF from additional vasodilation
(seen in the interventional phase of procedure D) in the
absence of controlled ventilation [20].

The effect of sumatriptan after 10 min (procedore B)
does not change the control values from procedure A
significantly (p > 0.05) although the values tend to be
somewhat higher, pointing towards an increased CBF
from the sumatriptan at 10 min. 23 min after the admin-
istration of sumatriptan, R-values (procedure C) are ob-
tained which differ statistically significantly from the
control value from procedure D. However, the R-values
of procedure B and procedure C, i.e. 10 min and 23 min
sumatriptan respectively are not significantly different.
This means that the relationship

sumatriptan related CBF count at 23 min

sumatriptan related CBF count at 10 min

introduces a factor into the R-values from procedure D
which reduces these significantly. This factor has to be
less than 1, and thus points to & higher CBF at 10 min
than at 23 min. Also the effect of sumatriptan at 23 min
is enhanced compaired to the 10 min study, At 10 min
after sumatriptan there was indeed no effect observed
with relation to control R-values, (procedure A),
whereas at 23 min a significant change {reduction) of
22 % was measured {procedure D). This result suggests
that sumatriptan returns the CBF to normality.

A transient slight increase in the peripheral blood pres-
sure [21} and marginally lower heart rate, were observed
at 10 min, which was not present at the 23 min interval.
Slightly, but non-significant increases in the pCO, and
pO; levels were recorded for the procedures B and C
under sumatriptan. No correlation is implicated in these
slight changes in biochemical parameters.

This study shows that a substance with cerebrovaso-
constrictor activities such as sumatriptan is beneficial in
normalizing the effect, i.e. the increased CBF, of the an-
aesthetic regime used in this baboon model. It was re-
cently demonstrated that the dilatation of the middle
cerebral arteries, during a headache phase of a migraine
attack, was reversed by sumatriptan [13, 22]. The present

results may indicate that the serotonin, 5-HTp receptors -

are likely to be involved in the normalization of the cere-
bral blood flow during our anaesthetic procedure with
the sumatriptan intervention.

Investigation of other agents acting on the cerebrovascu-
lar serotonergic receptors can give further insight on the
changes in the cerebral bloed flow that occur during a
migraine attack and the changes that were observed dur-
ing the anaesthesia in our b n model.
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Stmmary

Swmatriptan (CAS 103628-46-2, Imigran®) has estab-
lished itself as an important therapeutic agent in. the
treatrment of migraine Although considerable under-
standing of, in particular, the vascular pathophysiology
of migraine has been gained during the past decade, the
pathophysiology and mediators involved in the pain ex-
perience during migraine are not yet fully explained.
The mechanisms behind the pharmacological effects of
sumatriptan are still only partially understood. In the
present study the effects of sumatriptan on drug induced
cerebral blood flow increases in the baboon model were
investigated using ¥ Te-HMPAQ (hexamethylpropyl-
ene amine oxime) and SPECT (single photon emission
computed tomography). Sumairiptan selectively re-
duced drug inducedu cerebral blood flow increases. The
effects of halothane anaesthesia and acetazolamide on
cerebral blood flow were not reversed by sumatriptan,
while the effect of nimodipine was atfenuated by 47 %
{(to the level of cerebral blpod flow below the normal
Jlow baseline}. These results suppert multiple mechan-
isms for sumatriptan involving vascular neuroiransmis-
sion and neurogenic inflummatory responses via sero-
tonin receptor stimulation and Ca** mobilization.
Drug-drug interactions are further implicated through
this study.

Zusammenfassung

Einfluf$ von Sumatriptan in Arzneimittelkombinationen
auf die Hirndurchblutung beim Schimpansen

1. Introduction

Sumatriptan (CAS 103628-46-2) has effectively been
used in the treatment of acute migraine and is further-
more a useful tool to investigate and illucidate drug

- mechanisms in migraine and related cerebrovascular

headaches. We have recently successfully utilized a ba-
boon model in the monitoring of pharmacologicat inter-
ventions {1-4], using ”"‘Tc-labclﬂ:d hexamethyaif)ropyl-
ene amine oxime (HMPAO). Increased cerebral blood
flow (CBF) was observed after treatment with the car-
bonic anhydrase inhibitor, acetazolamide, and the cal-
cium channel blocker, nimodipine 2, 3). Sumatriptan re-
versed the increased cerebrzl blood flow ind by the
prolonged anaesthesia [4]. It was also observed that a
combination treatment of acetazolamide and nimodip-
ine had no significant beneficial effect and showed a
lower increase 1n the cerebral blood flow when compared
with the individual drug responses. The current study
focussed on the effects of combination drug treatment of
sumatriptan with acetazolamide and sumatriptan with
nimodipine in the baboon model, using single photon
emission computed tomography (SPE techniques,
specifically concentrating on the increases and reduc-

Key words:

Siumatriptan (CAS 103628-46-2, Imigran®) ist ein be-
deutendes Therapeutikum in der Behandlung der Mi-
griine. Obwohl die Pathophysiologie der Migrane relativ
gut bekannt ist, sind die Parhophysx‘okzle und Mediato-
ren der Schmerzempfindung wihrend der Migrine noch
nicht vollstindig aufgekiirt. Die Mechanismen der
pharmakologischen Wirkungen von Sumatriptan sind
ebenfalls nur teilweise bekannt.
In der vorliegenden Studie wurde der Einflufl von Suma-
triptan die Arzneistoff-induzierte Erhéhung der
Hirndurchblutung am Schimpansenmodell unter Ver-
wendung von Te-HMPAQ (Hexamethylpropylen-
aminoxim} und SPECT ({ Single- Photon-Emission-Com-
putertomographie} untersucht. Sumatriptan verringerte
die Arzneistoff-induzierte Zunghme der Hirndurchblu-
tung. Die Wirkungen einer Halothan-Narkose und von
Acetazolamid c;mrfg die Hirndurchblutung wurden durch
Sumatriptan nicht umgekehrt, withrend die Wirkung von
Nimodipin um 47 % verlangsamt wurde (bis die Hirn-
durchblutung unter den normalen Ausgangswert fiel).
Diese Ergebnisse deuten auf mehrfache Mechanismen
von Sumatriptan hin: vaskuldre Neurotransmission und
neurogerie Inflammatorische Antworten via Serotonin-
zeptor-Stimulation und Ca?*-Mobilisierung. Dartiber
hinaus waren Arzneistoff-Interaktionen relevant.

Acetazolamide - Antimigraine drugs
CAS 103628-46-2 + Cerebral blood flow - Halothane -
Imigran® - Nimodipine - Sumatriptan, pharmacology

“tions in CBF previously observed [2, 3, 4]. The objective

of the present study was to determine and evaluate pos-
sible drug interactions of these combinations in the clin-
ical application and from these results to further gain
insight into the pharmacclogy of these drugs. In addi-
tion to the above described procedures the ciﬁe&ct of sum-
atriptan on the increased CBF, which has been observed
during halothane anaesthesia [1], was also assessed in
order to establish if sumatriptan is able to reverse this
effect of halothane and to gain further information on
specificity of the pharmacological action of sumatriptan
and the interaction with specific anacsthesia regimes.

‘2. Materials and methods

Twelve adult male baboons (Papio ursinus, average weight 27
kg), divided into two groups of six each, were used for the in-
vestigation. The ages of the baboons are uncertain but they are
mature adults of similar age which have been in captivity for
four years. They are housed, maintained and cared for accerd-
ing to the guidelines laid down in the National Code for Animal
Use in Research,- Education, Diagnosis and Testing of Drugs
and Related Substances in South Africa. These guidelines are
in line with international standards.
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Fig ! Time schedule for the various procedure protocols indicating time of each intervention.

Each animal was subjected to four different procedures (A to
D for the one group, and E to H for the second group) (Fig.
1), with at least a six-week interval between the consecutive pro-
cedures.
Procedure A was the control study under angesthesia only [1)
in which induction was obtained with ketamine hydrochloride
(10 mg/kg" iv) followed immediately by an i.v. injection of
148 MBq of ¥~ Tc-HMPAQ.
The apimal was then maintained on an infusion of thiopentone
sodium (70 mbh of 0.05 % solution), foilowed after 5 min by
the first single photon emission tomography uisition
(SPECT-1). The data of SPECT-1 represent the HMPAQ distri-
bution (uptake and retention) in the brain, resulting from CBF
during ketamine sedation {5, 6. The acquisition with a Siemens
Orbiter gamma camera in 64 x 64 word mode, used 32 projec-
tions during a 360 ° rotation, allowing 15 per projction, i.e
about 12 min per rotation. 12 min after the end of tomography,
a second iv. administration of ™ Tc-HMPAO (296 MBg -
double the first dosage) followed, i.e. the split-dose method [7,
:al},;and 5 min later the second acquisition l& PECT-2) as before.

ese data represent a CBF pattern of HMPAO under thio-
pental anaesthesia, but with a background from the first
HMPAQ distribution under ketamine, Afier backprajection and
reconstruction (Hamming/Hamm} the brain images consisted
of two sets (SPECT-1 and SPECT-2), cach of four compacted
transaxial, sagittal and coronal slices. The two sets represented
CBF patterns respectively related to ketamine and to thiopental
anaesthesia. Regions of interest (RIOs) were placed on the
SPECT-! and SPECT-2 data, in each view, and counts per pixel
obtained from each slice. These values for each slice were in-
serted into the following equation.

R= [SPECT-2] {counts/pixel)-[SPECT-1) - {counts/pixei)

SPECT-1 {counts/pixel)

R represents the level changes of rCBF during the second an-
aesthesia, thiopentone with respect to rCBF during ketamine
(the first anacsthesia) after subtraction of the background (*),
having been corrected for decay.
Procedure B followed the same protoco] as above, except for an
additional i.m. injection of sumatriptan (Imigran®"), 1 min into

1 Manufacturer: Glazo $.A., Midrand (Republic of South
Africa).

" the SPECT-1 (ketamine related) acquisition, The double dose

of HMPAQ administered 12 min after the end of SPECT-1, will
therefore t the rCBE distribution due to sumatriptan
(23 mig pi), when com to Procedure A. Also for Proce-
dure C the protocol of the baseline Procedure A was followed,
but 7 min after completion of SPECT-1, i.e. 5 min before the
second double dose of HMPAO, 500 mg of acetazolamide (100
mg/ml) was i.v. administered. Thus SPECT-2 refiected the
rCBF 5 min after the acetazolamide injection, In Procedure E,
the drug intervention was by m'modiﬁmc, which started as an
infusion (1 wg/kg/min) 10 min before the second HMPAQ injec-
tion, and 2 min after the completion of SPECT-1, and con-
tinued for 5 min until SPECT-2 started. SPECT-2 would then
reflect on rCBF after 10 min of nimodipine.

Procedures D and F concerned the two drug combinations, re-
spectively acelazolamide l!pll.us sumatriptant zad nimodipine plus
sumatriptan as follows: For Procedure D a combination proto-
col of Procedure B and C is followed, i.¢, an injection of suma-
triptan 1 min into SPECT-1, and an injection of acetazolumide
7 min after SPECT-1, so that by the time of the second double
dosage of HMPAO, 23 min will have passed after sumatriptan
admnistration and 5 min after acctazelamide. Therefore
SPECT-2 will reflect rCBF due to a drug combination alo
t.hcd licnes of the protocols of the single drugs in Pmoodwcsng
and C.

Similarly Procedure F (Procedurc B and E combined) will have
SPECT-1 information on rCBF related to the ketamine anaes-
thesia as do all other procadures, but SPECT-2 will reflect on
the effect of the 10 min nimodipine infusion which will start 2
min after SPECT-1 had ended, plus the effect of sumatriptan
after 23 min, having been injected 1 min into SPECT-1.

The last two procedures G and H concerned the possible role
of the halothane anaesthesia and the interaction with sumatrip-
tan, The animals were placed on halothane (2 % halothane/oxy-
gen, Bayle's machine), immediately after having been immobl-
ized by ketamine. The first injection of *™Tc-HMPAO under
halothane was followed five minutes later by SPECT-1, ss
above. 12 min afier SPECT-1 another injection of HMPAO
{double dose} was given and SPECT-2 followed 5 min later.
This ure was the baseline for Procedure H, which fol-
k the same course but with an injection of sumatriptan
1 min into SPECT-1 and 23 min before the second HMPAO
injection.

During all procedures the blood pressure (BP), heart rates (HR) -
and blood gases were monitored before sach drug intervention
and before the second HMPAO injection.
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2.1, Statistical methods

Mean ratios R (n = 6) and standard deviations were calculated
per procedure for similar regions (slices). An average R-value
was obtained for the total brain for a particular procedure by
considering all slices of all views. These were compared for in-
terprocedural effects and the comparisons assessed for signifi-
cant differences, using Student's two-tailed t-test for paired vari-
ables on a 5 % confidence level.

3. Results

The results are presented in Fig. 2-4, where the mean
E:go {z SD) (n = 6) for each slice is depicted in each pro-
ure.

Fig. 2 displays Procedure A {control}, and Procedures B,
C and E, which are the single drug interventions respec-
tively of sumatriptan, acctazolamide and nimodipine, in
the transaxial (a), sagittal (b), and coronal (c) views. In
Fig. 3 the single drug sumatriptan intervention (Proce-
dure B) is also compared to the combination drug inter-
vention, Procedures D and F.

The possible role that the anaesthesia can play is illus-
trated in Fig. 4, where the two control studies without
interventions viz the ketamine-thiopentone study (Proce-
dure A}and the halothane stady (Procedure G) are com-
pared to corresponding studies with the sumatriptan in-
terventions, i.c. Procedures B and H.

I

In Table 1 means (n = 6) = SD of the ratio R are pre-
sented for the total brain (obtained by averaging R from
all slices and all views in a procedure), with tage
changes between procedures, as well as (when applic-
able) significant changes in HR, BP, PCO, and POs.
From Fig. 2 and Table 1 it is clear that the sumatriptan
interverrtion did not change control R-vaiues statistically
significantly (1.87 £0.36 vs 1.82 £ 0.22, p > 0,05); also
not with halothane anaesthesia (2.18+£0.32 wvs
223 + 028, p > 0.05; Fig. 4).

Single drug interventions with acetazolamide and nimo-
dipine increased CBF, as reflected in the R-values by
32 % and 35 %, respectively, with respect to the control
values of Procedure A. These increases are statistically
significant (p < 0.05). The drug combinations of suma-
triptan plus acetazolamide (Procedure D) and sumatrip-
tan plus nimodipine (Procedure F), influenced CBF m
different ways. According to Procedure D the sumetrip-
tan bad no statistically significant effect (p > 0.05) on
the acetazolamide induced increases obvious from Pro-
cedyres C and A. However, the sumatriptan adminis-
tered in Procedure F reduced the nimodipine induced
increases in CBF from Procedure E statistically signifi-
cantly (2.53+ 04 vs 1.34£0.32, p <0.05), These re-
duced R values from Procedure F are even significantly
below the control yalues of Procedure A (p < 0.05).

No significant changes occurred for any of the interven-
tional procedures in HR and PCO; taken just before
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Table 1: Mean (= SD) (n = 6) ratios R fot total brain as averaged from
all slices and ail view for al) procedures, percentage changes of these R-
values and parameter changes when statistically significant (P < 0.05).

%

i) in

RaSD HR | BP |PCO,| PO,

Procedure A 187 = 0.36 - - -
(Baseline)
Procedure B
Sumatriptan
Procedure C
Acetazolamide
Procequre D
Acciazolamide
+ Sumatriptan
Procedure E
Nimoddipine
Procedure F
Nimodipine

+ Sumatriptan
Procedure G
Halothane
Bascline
Procedurs H
Halothane

+ Sumatriptan

Proc A to CV
Prc Ato D
Prc Ato E
Proc Ao F
Proc B to D
ProcBto F
PocEto F

= The pereentage change is given with respect to the procedure mentio-
ned first.

1822022 - - -
249 £ 034 - T30

2542 0.32 - - I

253040 -

134 £0.31 -

118 = 032 - - -

223028 - - -

+32
+36
+35
-8
+40
=26
A7

drug administration and just before the second HMPAQ
injection. Significant reductions (p <0.05) in BP oc-
curred with the acetazolamide intervention (Procedure
C; ABP = - 7), as well as with nimedipine (Procedure E;
ABP = - 18), and the combination Procedure F of suma-
triptan and nimodipine (~55). PO, increased signifi-
cantly with acetazolamide (+ 20), and also when in com-
bination with sumatriptan (+ 7).

4. Discussion

The results clearly indicate that sumatriptan had no ef-
fect (potentiation or antagonism) on the increased cere-
bral blood flow induced by acetazolamide within the
current time scale and dose regimes. Similarly, sumatrip-
tan did not influence the halothane anaesthesia, even
though halothane pointed to increased CBF, when com-
pared to the ketamine-thiopental alternative [1]. Con-
versely sumatniptan significantly influenced the in-
creased cerebral blood flow inducew nimodipine. The
increased blood flow effect of nimodipine was attenu-
ated by 47 % (p <0.05) by simultaneous treatment with
sumatriptan. The reduced CBF-values noted in this pro-
cedure were also statistically significantly lower than the
control values without drug treatment (p < 0.05). These
results clearly indicate that sumatriptan is a potent
antagonist of nimodipine and that the pharmacological
reversal of the induced increase in the CBF occurs not
for all drug combinations. These results may further su&-
gest that cerebral blood flow attenuation (vascular mech-
anism} is but one component of the pharmacology of
sumatriptan as was previously outlined by Moskowitz
{91. The current data may give further insight into other
mechanisms of action of sumatriptan and the patholog-
ical mechanisms in migraine.

The current research protocols for acetazolamide and
halothane anaesthesia indicate no drug-drug interac-
tions with simultaneous administration of sumatriptan.

4

The increased CBF due to the action of acetazolamide
and halothane was maintained. The blood pressure and
oxygen (PO,) changes for the single drugs procedures are -
similar to those previously observed [2, 3], Interesting is
the marked drop in blood pressure in the sumatriptan-
nimodipine combination study while a drop in cerebral
flow is observed. Compensation responses could explain -
this occurrence.

Nimodipine, a dibydropiridine calcium channel antag-
onist has been shown to dilate cerebral anerioles and to
increase cerebral blood flow (sec review of nimodipine

- [lfg). Tt has been suggested that nimodipine at a dose of
12 i

mg/day can effectively be used in the prophylactic

treatment of migraine {11]. The potent antagonism
sumatriptan of the nimodipine induced increase in CB!
argues against simultaneous treatment of these two
drugs. The combination could result in atieruation or
diminishing of the effects of nimodipine. This result is
however of importance to gain further knowledge on the
actions of these drugs in the treatment of migraine.
Serotonin (5-HT) and some specific 5-HT- tors are
implicated in migraine (see reviews of 5-HT and the clas-

ification of receptors of 5-HT [12, 13]). Sumatriptas ex-
hibits agonist activity at the 5-HTyp- and 5-HT, like-.
receptors {13} S-HTp-receptors have been demon-
strated in human cerebral arteries [14, 15] and to be of
the type 5-HTpp. Activation of these receptors results
in the inhibition of foskolin-stimulated adengglncyclase
activity [16). However these receptors have found
1o link positively and negatively to adenylyl cyclase de-
pending on the cell line used for the expression of these
receptors. Zgombick et al. have recently observed inhibi- -
tion of adenylyl cyclase and stimulation of calcium mo-
bitization {17]. The marked effect of sumatriptan to re-
duce the increased CBF due to nimodipine supports the _
involvement of Ca?* in the pharmacology of sumatrip-
tan, This result suggests that sumatriptan is able to nor-
malize the cerebrovascular bed via muitiple mechanisms
that included amongst others vascconstriction and influ-
encing Ca?* mobilization that might be important in. the
inflammatory and pain responses that occur through
mediators such as nitric oxide (NO), histamine and
other neurotransmitters and -peptides.
Moskowitz et al. have researched the neurogenic and
vascular mechanisms of sumatriptan in the migraine”
[18-25]. It was concluded that sumatriptan blocks the
vascular headaches through blockade of neural trans-
mission and neurogenic mflammatory responses and
that post- and prejunctional 5-HTp- and 5-HT,; like-
receptors are implicated in the pharmacology of suma-
triptan, It has been suggested thataFcrivascular neuro-
genic inflammation around the dural and meningeal ar-
teries could account for the migraine pain and that the
process is associated with release of neuropeptide trans-
mitters from perivascular trigeminal nerve endings (18],
Qlesen et al, [26] have recently suggested that nitric oxide
(NO) may play an important role in migraine and other
vascular headaches. It was observed that glyoegl trini-
trate (which can be regarded as a pro-drug for NO [gd‘IB
causes a reduction in the blood velocity in the mi
cerebral artery [28]. No effect on regional cerebral blood
flow was observed after giyceryl nitrate treatment indi-
cating an increase dilatation of the middle cerebral ar-
tery in migraine sufferers {29]. Furthermore, histamine-
induced headache occurs most likely due to the forma-
tti}:m c:l" NO i1.':1 the ccriaanial bloﬁ vgsscmo, 31!.11:;150‘1

rough guanylate cyclase coupli as st
to trigger a cﬁain of events thg.t igduce smooa.% muscle
relaxation via decreases in cytosolic Ca?* concentrations
}28, 29]. Sumatriptan apart from its vasoconstrictor ef-
ects might, exert its therapeutic effects on the pain com-
ponent of migraine via other mechanisms that might in-
volved Ca?* mobilization. The findings that NO could
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be involved in migraine through vasodilatation and the
induction of migraine-like headaches could be an impor-
tant mechanism to explain pharmacology of sumatn%)-
tan. An inhibitory effect of sumatriptan on NO would
result in the antagomism of both the vasodifatation and
the possible effects on perivascular sensory nerves of
NO. The cffect on the calcium concentrations resulting
in dilatation of cerebral blood arteries upon NO release
could be antagonized by sumatriptan as was observed
during the nimodipine combination procedure.

5. Conclusion

The current study strongly suggests that sumatriptan is
able to reverse induced increases in cerebral blood flow
due to iaharmacological interventions. However, this re-
versal clearly does not occur in alt the cases and is more
specific than initially anticipated. The inability of suma-
triptan to influence the acetazolamide and the halothane
increases in CBF supports the specificity of sumatriptan,
particularly in view of the marked effect on nimodipine.
This study was able to establish possible drug-drug inter-
actions involving sumatriptan. data clearly supports
multiple mechanisms of action for sumatriptan during
the treatment of migraine that involves both direct ac-
tion on cercbral blood vessels via stimulation of amongst
others 5-HTp-receptors and effects of Ca?* mobiliza-
tion, Sumatriptan’s action could also involve the inhibi-
tion of endogenous substances, such as NO, histamine
and other mediators, that are active in vascular neuro-
transmission and neurogenic inflammatory responses
during migraine. The effect of sumatriptan on these sub-
stances is currently being investigated.
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Pharmacological interactions are important when nuclear medical procedures are applied to patients under
drug therapy, or drug provocation. This study compares in baboon models (regional) cerebral blood flow
(NCBF] results from " Tc-HMPAO and '®T-iodoamphetamine [PI(IMP)] cach with and without
acelazolamide, the latter a suggested drug for testing cerebrovascular reserve. Expected differences in
cerebral uptake were observed between the two radio-tracers without acetazolamide, The increase in tracer
uptake resulting from acetazolamide is significantly enhanced for '?I{(IMP), which could have diagnostic

implications.

Introduction

Drug combinations when administered simul-
taneously have the potential to interact with each
other on two main pharmacological levels, viz
pharmacokinetically and/or pharmacodynamically
(Stockley, 1991). Interactions are, therefore, also to
be expected for radiopharmaccuticals when adminis-
tered with drugs. This should be considered when
nuclear medical procedures are applied to patients
under drug therapy, when drugs are used provoca-
tively to facilitate nuclear medical diagnosis (e.g.
acetazolamide and cerebrovascular reserve, Devous
et al., 1992), and also when used to evaluate drugs in
pharmaceutical development and for pharmacologi-
cal responses.

Comparisons of the drug-induced behaviour of
different radiopharmaceuticals during the above
procedures are important in order to interpret
differences in radiopharmaceutical responses, to
understand and anticipate possible interactions and
to acquire and quantify datasets obtained from
different radiopharmaceuticals for practical diagnos-
tic applications. With the above in mind a study was
done to assess the results obtained from (regional)
cerebral blood flow [(rY)CBF] measurements using
#Tc-hexamethylpropylene amine oxime (HMPAO)
and N -isopropyl-p-(1123)-iodoamphetamine, *I(IMP),
with and without acetazolamide [Diamox, S.A.

*Author for correspondence.

Cyanamid (Pty) Ltd] in a baboon model. Differences
are explained in terms of induced metabolic acidosis,
and atkaline urine, following from acetazolamide.

Materials and Methods

Six adult male baboons (average weight, 27 kg) were
used for the investigation. The studies were performed
after approval by the Ethics Commititee of the
University of Pretoria, according to the guidelines of
the NMNational Code for Animal Use in Research,
Education Diagnosis and Testing of Drugs and
Related Substances in South Africa. Bach animal was
subiected to four different procedures (A-D), with at
least a six-week interval between consecutive pro-
cedures. Procedures A and C were control studics
under anaesthesia only (Dormehl 1 al., 1994) in which
induction was performed with ketamine hydrochloride
(19 mpfkg i.v.) (Ketalar, Parke Davis, Cape Town) and
immediately followed by a maintained controfied
infusion of thiopentone sodium (Intraval, Sandoz
S.A., Randburg) (70 mL/hr of a 0,5% solution) using
an administration (drip) set. After a 10min stabiliz-
ation period under thiopentone, procedure A contin-
ved with an iv. injection of 148MBq of
" Te~HMPAQ. Five minutes later the first SPECT
acquisition (SPECT-1) followed with a Siemens Or-
biter gamma camera, using 32 projections during a
360° rotation (10 per view). The baboons were viewed
in a supine position with a special head rest to ensure
a reproducible position to compare tomographic

3
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Fig. 1. Time-activity curves representing input functions

from the dynamic acquisition on countdown of the first

W=Tc-HMPAO injection (comtrol ansesthesia, first injec-

tion), of the second ®*Tc-HMPAQ injection (control anass-

thesia, second injection), and of the second "™ Tc-HMPAOQ

injection with acetazolamide, the latter two from double
dosages of the tracer,

slices (Dormehl e1 al., 1992). SPECT-! was immediately
followed by & second iLv. administration of ™*To-
HMPAO(29% MBq,:.e double the first dose), and 5 min
Iater by the seoond similar SPECT acquisition (SPECT-
2): the split-dose method (Holm et al., 1991; Wyper et al.,
1991). The data from SPECT-1 and SPECT-2 represent
HMPAO distributions (uptake and retention) in the
brain resulting from CBF at two different times of
prolonged thiopentone anassthesia (Bacciottini ef al.,
1989; Pupi er al., 1989). SPECT-2 data also contain
background from the first HMPAO distribution.

I. C. Dormehli ¢f al.

Procedure C differed from procedure A by replace-
ment of the two administrations of ™ Tc-HMPAO by,
respectively, 148 and 296 MBq of 'IIMP) at
corresponding times (as in procedure A) during the
thiopentone anaesthesia.

Procedures B and D followed the same protocols,
respectively, as procedures A and C until completion
of the first SPECT acquisition (SPECT-1) but then this
was immediately succeeded by an intravenous injection
of 500mg of acetazolamide (Oliver et af, 1993;
Dormeht et al., 1993). Procedures B and D were
continued 10 min later by, for procedure B, a second
HMPAQO injection (296 MBq), and similarly for pro-
cedure D, 296 MBq of PI(IMP), to be followed after
5 min by SPECT-2 is both cases. Procedures B and D
will, therefore, reflect on the effect of acetazolamide
(iOmpocta&mnmuon)wnthmspeawm
sia-only baselines using the two tracers HMPAO
{procedure A) and amphetamine (procedure C) (Oliver
et al., 1994).

The split-dosc method is based on the chemical
properties of the tracer that crosses ‘the blood-brain
barrier and is trapped in brain celis. W‘rthfiMPAO;t
beoomu important to check radsocheumnl punty
with a fresh eluate). For kit preparation each vial of
HMPAO was reconstituted with 1110 MBq (30 mGi)
of saline diluted **Tc in a 5 mL syringe. The lipophilic
complex which determines the required lipophilic
character and subsequent high brain retention (Eli
et al., 1985a, b; Holmes et al., 1985; Nowotnik et al.,
1985} was never found to be below 90%. This was
checked in each case using chromatography on TTLC
SG strips with methylethylketone (MEK) and saline as
solvent. ™ Tc-HMPAOQ as a lipophilic complex .runs
with the solvent front in MEK but remains at the
origin in saline. With time it could convert to a
secondary complex which remains at the origin in both

Fig. 2. Typical tomographic brain skices in the coronal (a), sagittal (b), and transaxial {c) views, indicating
the regions of interest (ROI), ic. the total brain. -
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Fig. 3. Curves of the mean ratio R (n =6) versus slices
number (region) starting at the (rontal lobes to the occipital
Icbes transaxially (), from right to left of the brain sagitally
(b), and from the cerebellum to the dorsal slice of the
cerebrum coronally (€). For each procedure the smallest and
largest standard deviations are indicated. Ratio R represents
the level of change of rCBF during prolonged anaesthesia
as a baseling, or during prolonged anaesthesia and acetazo-
lamide intervention. Procedure A (@), Procedure B (+),
Procedure C (A), Procedure D (H).

systems. The second injection of HMPAO following
the first by 20-30 min (depending on the procedure)
was from the same *™Tc-HMPAO preparation as the
first and was accompanied on a count down by a
dynamic data acquisition (15s per image for 4 min}.
Such a dynamic acquisition was also done with the first
injection of HMPAC (Fig. 1). The shape of the
time-activity curves thus obtained would reflect on the
possibility of reduction of lipophilic **Tc-HMPAQ.
A tendency 1o wash cut would prompt the termination
of the study, Unchanged input functions with respect
to the first HMPAO injection for SPECT-1 as seen in
Fig. 1 for the second double dose injection {with and

75
without diamox) permitted continuation with
SPECT-2.

The efficacy of 'PI(IMP) is also a consequence of its
lipophilicity, the initial uptake being a measure of
perfusion while progressive brain accumulation is
probably a combined sequence of intravascu-
lar/extravascular intracerebral pH gradients, favour-
able brain lipid/aqueous partition coefficients, and the
affinityforhigh-capacity,relativel ynon-specificbinding
sites for amines located in the brain and/for brain
capillary endothelium. High levels of brain activity are
maintained for several hours (Wincheli et al., 1980a, b).

Following back-projection and reconstruction the
brain images consisted of two sets of four compacted
slices in the transaxial, sagittal and coronal views, the
two sets representing rCBF patterns from SPECT-]
and SPECT-2 for each procedure. Regions of interest
{ROIs) were placed for the brain in the slices from
SPECT-1 and -2 data in each view, for all the
procedures, and counts per pixel obtained from each
slice (Fig. 2). These values for each slice were inserted
into the following equation, for each procedure:

R=
[SPECT-2] (counts/pixel) — [SPECT-1*{counts/pixel)
SPECT-1 {counts/pixel) !

R represents the level of change of rCBF during
prolonged anaesthesia as a baseline, or during pro-
longed anaesthesia and acetazolamide intervention.
[SPECT-1)* is decay corrected (Dormeh! et af., 1992).

From the individual baboon values mean regional
and total brain ratios R were evaluated in each view
for each of the procedures A-D, and compared for
possible regional as well as procedural effects. The
comparisons were assessed for significant differences
using Student’s two-tailed ¢-test at 1 and/for 5% level
of confidence. The regional information refers to the
tomographic slices rather than to anatomical struc-
tures.

Results

The results are summarized in Fig. 3a—c, where the
mean (n =0) ratios R, indicating level changes in
HMPAO and IMP uptake and retention during
prolonged thiopentone anaesthesia, and because of
the administration of acetazolamide are shown for
four compacted slices of the brain in three views:

Table 1. Percentage changes® in total brain uptake of HMPAO and
IMP because of the various procedures
Statistical significance
P-values
P> 0.05
P <001
P <001
P=>00s
P <001
P <0035, P>»00l

*Percentage changes are expressed with respect to the procedure
mentioned first.

Percentage

Procedures change
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transaxial, sagittal, and coronal. The smallest and
largest standard deviations are given for each
procedure.,

Since no statistically significant regional differences
(P > 0.05) became apparent from the data (i.e. no
statistically significant relative region-related changes
in the curves, also not for procedure B in the dorsal
region, Fig. 3c, the uptake and retention of the tracer
in each procedure was equated to the average R-value
from all the slices in all views, and referred to as the
total brain value for that procedure. Changes in these
average total brain R-values are summarized in
Table 1 as percentage differences due to0 the various
procedures.

It becomes apparent from Table 1 that the
cerebral uptake of '°I(IMP) is higher than of
P=To-HMPAO by about 13% (P> 0.05) which
agrees well with known data (Winchell et al,
1980a, b; Dormehl er al., 1994). No meaningful re-
gional differences appear in the intraprocedural dis-

Fig.
le
in the brain from

1. C. Dormehl er 2.

tribution of the two tracers, also not inter-
procedural.

The influence of acctazolamide on fCBF when
using ™ Tc-HMPAO as & tracer is onc of 2
37% increase (Table 1; Fig. 4a). This is significant
{P <00!) and in jine with previous observations
{Dormeh], 1993; Oliver ez al,, 1993). Interesting
is, however, the tendency of elevated tCBF
(although not statistically significant, P > 0.05)
owing 1o scctazolamide in slice number 4 of the
coronal view (Fig. 3c). This region is s domal
representation of the brain and the obaervation
has preﬂomly also been made (Dormehl, 1993),
but remains unexplained, and maybe even
meaningless. '

The increased CBF owing to acetazolamide, when
using 'PI(IMP) is enhanced (52%; P < 0.01)), with
respect to "™ Tc-HMPAO (Fig. 4b). The difference 37
v3 52% is statistically significant (P < 0.01). Regional
patterns do not seem to be present.

Stmpie images in the sagittal view fof Procedmﬂ, mﬂl ""fo—HMPAO I(l) nnd f(;r Procedure
IHIIMP) (b). The first image in each pair, from the splitdose method, represents the distribution

the first injection (SPECT-1). The second image represents the subtrected image

(SPECT-2 — SPECT-1). to illustrate the effect of scetezolamide.
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 Discussion
Amphetamine-like drugs are all basic compounds
that are able to penctrate the blood-brain barrier
owing to their fairly high degree of lipophilicity.
Drugs of this type are primarily excreted by the

kidneys and reabsorption through the kidney tubules -

can occur which is dependent on the uninary pH. In
acid urinc these basic compounds are ionized (lipid
insoluble) and are unable to diffuse back, and are
subsequently excreted in the wrine. Conversely
alkaline urine would result in an increase of the serum
levels of basic drugs owing to increase in the
reabsorption with subsequent higher concentrations
in the central nervous system compartment. Acetazo-
lamide, a carbonic anhydrase inhibitor is known to
induce metabolic acidosis and alkaline urine
(Gerhardt er al., 1969). It has previously been
reported that the interaction between acetazolamide
and quinidine may lead to quinidine intoxication due
to increased serum levels because of the alkaline urine
induced by acetazolamide (Goodman and Gilman,
1990). A similar mechanism could account for the
higher values observed for IMP. IMP is, therefore,
more susceptible to possible drug interactions
{in particular those with marked influences on
systemic and urine pH) than technetium-labelled
HMPAOQ, and this could explain the enhanced CBF-
effect with IMP and acetazolamide.

The mean R-values for the two acetazolamide
procedures B and D respectively using HMPAO and
IMP to measure rCBF, differ by about 26%
(P > 0.05). Procedure D yields the higher values and
the percentage change exceeds that found between the
baseline procedures A and C, i.e. 26 vs 13%, which
is statistically significant. This corresponds with the
enhanced effect of acetazolamide on rCBF when
measured with IMP,

In the light of these observations greatly over- and
under-estimated changes in CBF can be expected,
respectively, between procedures A and D, and C and
B. This would logically argue against dual-isotope
studies [ Tc-HMPAO and '*I(IMP)] in brain-stress
testing after pharmacological intervention with aceta-
zolamide for evaluating vasodilatory reserve.

Furthermore, the extent and reason for the
acetazolamide-induced effect on CBF, which differ
for " Te-HMPAC and *I{IMP) should also be
considered when selecting the appropriate tracer for
the diagnostic investigation or for experimental
investigative purposes.

Conclusions

The current study clearly illustrates the importance
of comparative nuclear medical studies in order Lo
gain better insight into pharmacodynamical and
pharmacokinetical interactions belween drugs and
radiopharmaccuticals. Thes¢ data further emphasize
that drugs that influence metabolic parameters

“systemically and urinary could indeed alter the

biodistribution of radiophanmaceuticals. Even when
such changes are subtle they could sti)l be meaningful
and important.
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Technetium-99m-HMPAO, Technetium-99m-ECD and
Iodine-123-IMP Cerebral Blood Flow Measurements
with Pharmacological Interventions in Primates

AEC Institute for Life Sciences, University of Pretoria, Pretoria, South Africa; Department of Pharmacology, Potchesfstroom
University, Potchefstroom, South Africa; and Institute for Medicine, Research Centre, Jiilich, Germany

Technetium-99m-bicisate ethyl cysteinate dimer (ECD) presents a

different pattern from cersbral blood flow (CBF) in the subacute
phase of cerebral infarction, as measured by PET, perhaps due to
{ack of oxygen and enzyme activity: this pattern s contrary to that of
hexamethyl-propyleneamine oxime (HMPAQ) but similar to that of
N-isopropyl-['#*]g-iodoamphetamine  ['2IMP). This study ex-
plores possible CBF differences among HMPAQO, ECD and IMP,
with various relevant drug interventions. Methods: Anesthetized
ac: it baboons were used in these SPECT studies. Four studies {n =
& ¢ aboons for each study). ona control study and three intervention
studies involving intravencus acetazolamide, nimedipine infusion
and intramuscular sumatriptan, were followed with **Tc-HMPAQ,
@mTe-ECD and ['*(IMP. The split-dose method was used as
follows. For each tracer, intervention data from the second SPECT
(SPECT-2) after the second tracer injection (444 MBq) reflected a
change in CBF with respect to the baseline SPECT (SPECT-1) data
from the iniial injection {222 MBq), These changes as a ratic, AR =
SPECT-2/SPECT-1), for each study, and the R values for sach tracer
were cornpared to R values from the corresponding control studies,
yi ding a quantitative estimate of drug effects. Results: There were
no significant differences (p > 0.05) between HMPAQ and ECD for
the control, acetazoiamide and sumatriptan studies, but there was
indeed a difference tetween the two for the nimodipine study,
indicating a nimodipine-dependent undarestimation of CBF with
ECD (and also with IMP), with respect to HMPAO. A further
significant difference was that larger CBF increases were observed
with acetazolarmide, as measured with ["*IMP. Conclusion: This is
a crucial abservation for the clinical interpretation of CBF SPECT
data and should direct the choice of tracer for a specific examina-
t n,

Key Words: drug-tracer interaction; CBF SPECT, baboon model

J Nuc) Med 1997; 38:1897-1901

'I;:cre is considerable interest in the development of tracers to
measure cerebral blood flow (CBF) with SPECT. Such tracers
should be trapped in the brain long cnough so that their
distribution can be quantitated and should demonstrate good
soatial resolution.

Among the tracers that have been found useful are the
lodine-labeled amincs, e.g., N-isopropyl-{'*’I]B-iodoamphet-
amine (['*1JIMP) (/). Its uptake linearly corresponds to a wide
tange of flow, as assessed by microspheres (2). The brain

Heeeivadsep 23, 1996; reision accepted Mar. 11, 1997,
For cormespondence or reprints contact: Inane €. Dormehl, DSc, AEG Institute for Life
Sciences, University of Pretorla, P,0, Box 2054, Pretoria 0001, South Africa

" retention of IMP will be a balance of washin and washout,

which in tum will be influenced by bloed flow, a retention
mechanism that is stereoselective, and by metabolism of the
tracer (3). Despite its widespread use as a cerebral blood
perfusion agent, IMP appears to redistribute in the brain with
time (4). Of several ”“‘Tc-]abclcd compounds synthesized as
cerebral perfusion agents, **™Tc-hexamethyl-propyleneamine
oxime (’J')'sl' c-HMPAOQ) has been used extensively, in spite of
its unfavorable stability after preparation. Iis retention in the
brain is limited to the enzymatic reactions with glutathione, of
which there is a high prevaience (5.6). The CBF agent
N,N'—1,2-ethylene-di-yl-bis-L-cysteinate diethyl ester, labeled
with **™Tc-bicisate ethyl cysteinate dimer (ECD), has a high
initial brain extraction with a slow clearance (7). The retention
in the brain is associated with stereospecific deesterfication to
hydroplulu: acid derivatives (8 9). As a CBF agent in healthy
subjects, it corresponds well with 'Xe (J0), although ECD’
underestimates higher flow rates, as HMPAO is also known to
do. However, in cases of subacute stroke, ECD failed to show
reflow hyperemia in the infarct area, contrary to the action of
HMPAQ (/1,12) but similar to the known action (albeit to 2
{esser extent) of ["IJIMP (/3).

It is important to know and understand quantitative and
qualitative differences that are related to CBF, as measured by
the various CBF agents, Such differences between the tracers
may occur during various pathological conditions, as well as
after relevant pharmacological interventions. Changes in the
metabolic states of the brain appear to influence the kinetics and
net accumulation of **™Tc-HMPAOQ at the cellular level by
modifying the uptake, the backdiffusion or both {/4). Smdies
comparing these tracers under pharmacological intervention
conditions have not yet been reported, and these comparisons
were the aim of this study.

The drugs used for this purpose were chosen from previous
studies reported in the literature. Acetazolamide has been used
frequently in neuro-SPECT studies to evaluate cerebrovascular
reserve. The recently developed lipophilic dihydropyridine
calcium channel blocker, nimodipine, demonstrates superiority
in its influence on CBF compared to other calcium channel
blockers and has been used for migraine and dementia (/5). The
recent introduction of the 5-HTp-agonist, sumatriptan, for the
treatment of migraine has been a therapeutic breakthrough, with
its undoubtable influence on abnormal CBF.

Drug intervention on CBF can ideally be investigated by the

DruG-TRACER INTERACTION v CBF SPECT « Dormehl et al, 1897
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split-dose technique, whereby two doses o( the tracer are
administered within a ~ 1-hr interval (16.17), with the scan after

the first administration acting as a control for the scan after the.

second sdministration, which is made with the subject at the
appropriate respons¢ time of the drug to be evaluatec!. TI!e
baboon model, together with the split-dose method used in this
study, has repeatedly proven to be ideally suited to the inves-
tigation of pharmacological interventions (18-21).

This study reports the results of the above-mentioned phar-
macological interventions on CBF as measured by the tracers
o HMPAO, ®™Tc-ECD and ['2I)IMP, using the baboon
mode! and split-dose SPECT.

MATERIALS AND METHODS

Adult male baboons (Papio ursinus; average weight, 27 kg) were
used for this investigation. The studies performed were approved
by the Ethics Committee of the University of Pretoria, according to
the guidelines of the National Code for Animal Use in Research,
Education and Testing of Drugs and Related Substances in South
Affica.

Four different procedures, with six animals per

for cach of the three CBF tracers,

P10 ECD and ['PIJIMP.

Procedure A was & control experiment with no pharmacological

, wWere
c-HMPAOQ,

intervention, in which an intravenous injection of 222 MBq of -

o HMPAC or, alternatively, ™ Tc-ECD was administered at
time zere into a baboon sedated with 10 mg/kg ketamine hydro-
chloride intramuscularly (Ketalar; Parke Davis, Cape Town, South
Africa). This served as the induction of anesthesia and was
followed immediately by & maintained controlied infusion of a
0.5% solution of thiopentone sodium {Intraval, Rhone-Poulenc,
Rorer, South Africa (Pty) Ltd.] at 70 ml/hr using an administration
(drip) set. Five minutes after the tracer injection, the first SPECT
acquisition (SPECT-1) began. The Siemens Orbiter gamma camera
performed 32 projections during a 360° rotation, at 20 sec per view.
The baboons were viewed in the supine position with a special
head rest to ensure reproducible repositioning for comparable
tomographic slices, SPECT-1 was followed by a second intrave-
nous administration of tracer *™Tc-HMPAO or **™Tc-ECD, at
double the first dose (i.e., 444 MBq) and at a time 29 min after the

first injection and 5 min before 2 second similar SPECT acquisi-

tion, SPECT-2: this procedure is known as the split-dose method
(£6,17). The data from SPECT-] and SPECT-2 represent HMPAO
or ECD distribution {uptake and retention) in the brain, resulting
from CBF during ketamine hydrochloride and maintained (29
min) thiopentone anesthesia, respectively. Procedure A, therefore,
served as the procedure that represented the effects of anesthesia on
CBF (/8) and explained bioavaitability changes of the tracer when
comparisons were drawn between the interventional studies.

Procedure B was the same as Procedure A until the completion
of SPECT-1, which was then succeeded by an intravenous injection
of 500 mg of acetazolamide (Diamox; South Africa Cyanamid
(Pty} Lid), at 24 min, ie, 5 min before the second tracer
administration. Thus, SPECT-2, which again followed § min after
the second "™ Tc-HMPAQ/ECD injection, a5 in Procedure A,
reflected the influence of acetazolamide (5-min response time) on
CBF.

Procedure C had the same protocol as Procedure B, but the
intervention was an infusion of nimodipine (Nimotop IV; Bayer
(Pry) Ltd.}, at | ug/kg/min, which started [0 min before the second
tracer injection and continued as an infusion for a total of 15 min,
SPECT-2 as before, began at this stage.

During Procedure D, the effect of sumatriptan (Imigran; Glaxo
(Pty) Ltd.), was investigated. A response time of 23 min was
chosen to permit (because of stability limitations) the use of the

" FIGURE 1. Typical coronal (4 and b) and sagittal (c and d) views, represent.

ing, n each view, baseline and
obtained with ™ Tc-HMPAO.

changed postnimodipine CBF pattems

same vial of HMPAQ for the second injection at 29 min. The
intramuscular administration of sumatriptan, therefore, took place
at & min, i.¢., ! min after SPECT-1 had commenced. SPECT-2 thus
reflected the effect of sumawiptan at the 23-min response time,
which is close to the time that leads to optimal effect.

After backprojection and reconstruction of SPECT-1 and
SPECY-2 data, the brain images in all procedures consisted of
transaxial, sagittal and coronal slices, representing CBF- and
regional CBF-related informetion. Eight stices of one pixel thick-
ness represented the brain in all three views [Fig. 1, coronal (a and
b) and sagittal views {¢ and d)].

Regions of interest were placed on the total brain, as viewed in
each slice, and counting rate data (counts/pixel) thus obtained were
inserted into the following equation to obeain the ratic R:

(SPECT-2) - (SPECTi)“

a SPECT-I >
where * refers to decay-corrected data from SPECT-I that is
present during SPECT-2 and has to be subtracted from the
SPECT-2 data as a background correction. R is an indication of the
level change of regiomal CBF during extended anesthesia or i
addition, because of the dmg interventions, as measured with
¥mre HMPAQ or ™Tc-ECD. A value of R = 2 indicates no
change during the procedure. The arterial blood pressures BPs)
were recorded during all the procedures from a catheter in the
femora! artery. Heart rates were also monitored, as were blood
gases from an arterial line.

Procedures A~D were repeated using {'2'I[IMP (National Ac-
celerator Center, Faure, South Aftica) as tracer for both injections
(i.e, 148-296 MBq) in the protocols desctibed above.

The R values for eight slices in transaxial, sagittal and coronal
view could be compared between control and interventional studics
for each tracer and also between tracers for similar procedi=s. A
two-tailed Student’s t-test for paired variables was used, with a 5%
level of confidence.

RESULTS

The results are summarized as curvés of mean (n = 6} R
valyes versus slice number in the transaxial view for all
procedures and tracers (Fig. 2). Values from the sagittal and
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FIGURE 2 (A-D) Mean ratios R (n = §) versus tomographic shice number in the transaxial views (occipital to frontal) comparing ™ Tc-HMPAO (@), *™Te-ECD
{x1 and "P{IMF {4} tor fhe control (A and each intervention, acetazoiamide (B}, Mmodipine (C1 and sumatriptan {D).

corona: views In all cases confirm the measured drug effects. as
represented by the transaxial view, and were, therefore, not
included in the figure.

Regional effects are only crudely represented by the slice-
reiated information of this method. No such regional effects
coulc. be established from any of the mean R versus slice
nhumber curves as being meaningful interslice differences,
except for nimodipine-induced changes, as measured by c-
HMPAC. In this case, the increased CBF was significantly
more pronounced in the cerebelium {Fig. 1, sagittal view {c and
d}. Average R values were thus calculated using all slices to
represent total brain R values and are presented in Table 1.
Percentage differences based on these R values are presented
for each procedure with respect to tiie control of that particular
fracer (Table 1). For ali three tracers, CBF increases were noted
after acetazolamide intervention. Technetium-99m-HMPAO
‘measure¢. a CBF increase after nimedipine intervention, but
Po7e-ECD and ["1)IMP measurements showed decreases in
CBF under similar conditions. Changes in the physiological
_parameters due to the drug interventions are presented in Table

it

2. The only statistically significant changes (p < 0.05) were
seen in pO; and Bp for acetazolamide (+20 and —8, respec-
tively).

" DISCUSSION

To date, various comparisons have been drawn between
cerebral perfusion imaging agents for SPECT (/3,22-24), but
the general conclusion remains that all currentlxqmavailable
radiopharmaceuticals, including *™Tc-HMPAO, *™Tc-ECD
and ['PI)IMP, are far from ideal. Although all three of the
above tracers are neutral and lipophilic, their kinetic behavior
and trapping mechanisms differ. Consequently, there are certain
conditions where they have been found to give different images;
among these arc cases of stroke and neurophysiological stimu-
lations (/1,25). From this study, it appears that interpretation of
data from pharmacological interventions could also be a chal-
lenge and should be treated with caution.

R values, as defined in this study, should ideally reach the
value of two (/8)}, to confirm the second double dose of tracer
if no change in CBF or influencing metabolism had occurred

; ’ TABLE 1
1Mean Ratios trom the Total Brain Region as Obtained from Varicus interventions and Percentage Change from Each with Respect to Its
‘_; Own Control
i " Mean ratio ) = 8.0, fn = § "9 difference with respect to contral
T Techoetium-  Technetium- ] " Technetum- " Techneten-
7 intervention 99m-HMPAQ 99m-ECD Iodine-123-IMP 99m-HMPAOD 59m-ECD lodine-123-MP
1792013 "207 2024 ] ]
253 %015 278+ 0413 41.3% 34.3% 54.9%
251 £ 0.1 167 013 40.2% ~19.3% -24.1%
1742010 2.00 = 0.08 -3% 1% -25%

Dayc-Tracer INTERACTION N CBF SPECT « Dormehl et al
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’ TABLE 2
Effects of Procadures B (Acatazolamice), C (Nimoxtipine) and D (Sumatriptan) on Heart Rate, Blood Pressure, pCO, and pO, in Arterial
Blood in Baboons :

Procadue Heart rate Blood pressure pCO, PO
"B, 11625 12.74 5835 = 4.91
B, 111,50 :» 16.84 7643 = 747
c, 115,33 :» 22.38 6112 T 43¢
G 116,33 == 24.58 £8.50 = 5.37
D, 115.31 :£ 1105 59.17 = 839
0, 114.31 :£14.13 6655 = 9.32

“n < 0.05, for postintervention compared to corresponding preintervention values,
Each vahe indicates the mean * 8.4, of six experiments. Subscript 1 and 2 refer to the measurements befors the intervention and at the chosan response

_time. respectively.

before the second tracer injection. R values from the interven-

tional procedures can be compared to their corresponding
controls to establish the effect of each intervention, which will
be CBF- and/or metabolism-related, while controlling for com-
mon anesthesia effects and tracer effects.

Of the mean control R values obtained in this study, those
obtained by **™T¢-ECD and ['"PIIIMP reach the value two
more closely and are also not significantly statistically different
{p > 0.05) from each other, Neither do they differ statistically
significantly from the mean control R value obtained by the
$0Te-HMPAO studies (p > 0.05), although the last appears to
be lower. By now, this low R valuc has been repeatedly
reproduced with this experimental model and can be explained
in terms of backdiffusion of the tracer (26) and the ketamine
hydrochloride anesthesia, which leads to increased BP (+30)
and heart rate {+15) during the first *™Tc-HMPAQO adminis-
tration and is not maintamed during the second barbiturate
phase of the study (/8).

The lower ¥™Tc-ECD back-flux from the brain leads to a
higher retention of ™™Te-ECD than **™Tc-HMPAO, which
may contribute to the higher control R values obtained with
¥mTe-ECD (2.07 = 0.24 compared to 1.79 % 0.13) (26). The
time to reach the steady state is the same for these two tracers
and will not contribute to the difference (26).

All three tracers measure the familiar increase of CBF by
acetazolamide (12,21,27,28). In comparison the highest CBF
increase (+54.9%) is measured by ['*I]IMP, which has previ-
ously been reported (/9) and has been partly attributed to a pH
effect. Aikaline urine, which results from 2 carbonic anhydrase
inhibitor such as acetazolamide (ApCO, = 0; ApO, = +20;
ABP = --8) (21), leads to reabsomption and an increase of the
serum levels of basic drugs, with subsequent higher concentra-
tions in the central nervous system compartment (29,30).
N-Isopropy!-B-iodoamphetamine as a basic compound is, there-
fore, more susceptible to possible drug interactions (in partic-
ular, those with marked influences on systemic and urine pH)
than are ™™ Tc-HMPAO and ®™¥c-ECD, explaining the sig-
nificantly enhanced CBF effect with ['®[JIMP and acetazol-
amide, N-Isopropyl-['?*I}8-iodoamphetamine could, thus, be
the more sensitive tracer to assess cerebrovascular reserve
through acetazolamide intervention.

The underestimation of acctazolamide-induced CBF in-
creases, which would normally have been expected with = Te.
HMPAOQ due to high flow, was not obvious in this study (41%
compared to 35%) (26,37) but was indicated with *T¢-ECD
(34.3%) (32). The first- extraction rate is flow-dependent
for "™ Tc-ECD and " Tc-HMPAO, and back-flux affects
T c-HMPAQ retention more than it does ®™T¢-ECD reten-
tion, Therefore, the question arises of whether a certain degree

of saturation of enzymatic reactions had occurred that might
have accompanied the high rate of bioavailability of **™Tc-
ECD, as follows with a high CBF from acetazolamide, Protein
binding plays an important role in the distribution of drugs, ar i
the difference in binding between **™7c-HMPAQ and “™Tc-
ECD could contribute to different concentrations of un-jonized
hydrophobic metabolites so that a metabolic parameter, such as
saturation, becomes a factor, particularly at higher flow rates,
Saturation is not expected with ™ Te-HMPAOG (11),

The Ca?*-blocker nimodipine was shown to increase CBF by
40.2% for ™ Tc-HMPAO and decrease itby 19.3% and 24.1%
for ¥™Tc.ECD and ['2'[JIMP, respectively; all changes were
statistically significant (p < 0.05) (Fig. 2). The larger effect
measured by [ ’[JIMP as compared to that of ®™T¢c-ECD w: 5
rot significantly different (p > 0.05). The difference in R
values among the tracers after the nimodipine intervention,
especially with "™Tc-HMPAO, immediately warns that a
drug—tracer interaction must be considered and allowed for
when measuring CBF with SPECT. The role of cofactors in
metabolism, such as magnesium cations, is well-established,
and drugs that influence such factors could indeed contribute to
changed accumulation of compounds that are dependent on
these factors for their metabolism. Nimodipine, as a calciur .-
channel blocker, may exert its effects through such a mechu-
nism, resulting in uncxpected blood flow patterns that manifest
as being tracer-selective. It is unclear why nimodipine should
influence the transport of *™Tc-HMPAO across the blood-
brain barrier differently than it does the transport of ¥™T¢-ECD
and [P JIMP.

It should, however, be noted that, for nimodipine, not only
have CBF increases been measured (33} but also, at higher
doses than thosc in the present experiment, CBF reductions

‘have been accompanied by reduced BP (34), suggesting a loss

of autoregulation at high doses, Studies indicate that even low
doses of nimodipine can inhibit the autoregulatory adjustment
to altered BP (33,15), depending on the size of the BP stimulus.
The large s.d., which is more obvious for nimodipine, suggest a
contribution in this study from biological variability of BP
responses to the results.

The intervention with sumatriptan had no effect on normat
CBF, as measured by all three tracers (p > 0.05).

" CONCLUSION

The most obvious observations noted in the CBF values, as
measured by ['ZI]IMP, are the close approximation to R = 2in
the control studz and the high R values with acetazolamide.
Furthermore, ['“I]IMP measures, after nimodipine interven-
tion, a reduction in CBF, as does **™Tc-ECD, contrary to
#mTe.HMPAO, It is known that ["**[JIMP follows a pattern of
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linearity with flow over a wider flow range than do et
HMPAOQ and *™T¢c-ECD, and it could, therefore, be regarded
as the truer CBF agent. On the other hand, as a basic drug,
amphetamme uptake is influenced by urinary and intracellular
pH, as is scen when it is used with acetazojamide (increased
uptake) and in subacute stroke (decreased uptzke), respectively.
Technetium-99m-ECD also demonstrates hypoactivity in sub-
acute stroke, which is linked o altered ecsterase function in
hypoxia, and its low CBF values, measured afier the nimodipine
intervention {which {'**I)IMP also measures), couid, therefore,
be scen as relating to 2z drug-tracer interhction, in which
metabolic processes play a role. Technetium-99m-HMPAC
shows a focal area of hyperactivity during subacute stroke, The
inclination to caution due to drug—tracer interactions with CBF
SPECT measurements is, therefore, not unfounded. The famil-
iar differences of back-flux and, possibly, saturation between
#mTc.HMPAO and ™ Tc.ECD were also observed, which
could influence the diagnostic sensitivity of the particular
tracer.

It is, in addition, an interesting finding that sumatriptan does
not appear to change normal CBF.

This study confirms that the interpretation of CBF SPECT
data after pharmacological interventions could be a challenge
and should be viewed with cognizance of tracer and drug
characteristics.
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‘Summary

Sodium valproate (CAS 1069-66-5, Epilim®) has been used in the management of epilepsy

during the last three decades. Although impottant information on the pharmacological actions
and efficacy of sodium valproate has accrued to date, limited research has been conducted on
its effects on cerebral blood flow. In recent years, with the aid of SPECT (single photon
emission computed tomography) and PET (positron emission tomography) it has been shown
that marked cerebral blood flow changes occur in epilcpti:_:dfatients Furthermore it was estab-
lished recently that sodium valproate influences the cerebral blood flow in children by decreas-
ing the flow significantly. The present study investigated the effects of sodium valproate on the
cerebral blood flow, usin ”‘“’PO-HMPAO {hexamethyipropylene amine oxime) and SPECT, in
a primate model, as well as the effects of its drug Interactions with therapeutic agents that
influence cerebrovascular dynamics, e.g. sumatriptan, nimodipine and acetazolamide. The cur-
rent study using single dose treatment with sodium valproate did not detect a decrease or
increase of the cerebral blood flow when compared with control baseline results. Drug nterac-
tion between sodium valproate and nimodipine may occur as a reduction of 25 % in cerebral
blood flow from the baseline control was observed in this case. The effects observed for the
combinations of sodium valproate respectively with sumatriptan and acetazolamide are attrib-
uted to the influences of the sumatriptan (decrease) and acetazolamide (increase) alone. The
cerebral blood flow effects of these dPrugs and possible interactions during an acute epileptic
seizure need to be investigated.

' Zusammenfassung

" Einfluf von Natriumvalproat in Arzneimittelkombinationen auf die Hirndurchblutung

beim Schimpansen

Natriumvalproat (CAS 1069-66-5, Epilim™®) wird seit drei Jahren zur Behandlung von Epilep-
sie benutzt. Obgleich wihrend dieser Zeit wichtige Informationen @iber die pharmakologischen
Wirkungen und Effizienz von Natriumvalproat erhalten wurden, erfolgten bis heute nur sehr
begrenzie Forschungen beziiglich seines Einflusses auf die zerebrale Durchblutung. In den
letzten Jahren wurde mit Hilte von SPECT (Single-Photon-Emission-Computertomographie)
und PET (Positron-Emission-Tomographie) igt, daB betriichtliche Schwankungen in der
zerebralen Durchblutung von e¢pileptischen Patienten auftraten. Weiterhin wurde in letzter
Zeit festgestellt, dall Natriumvalproat die zerebrale Durchblutung bei Kindern signifikant her-
absetzte, Die vorlielg:ude Studie untersuchte den Effekt von Natriumvalproat auf die zerebrale
Durchblutung mit Hilfe von *™Tc-HMPAO (Hexamethylpropylenaminoxim) und SPECT am
Primatenmodell. Zusdtzlich wurde seine Wechselwirkung mit Medikamenten untersucht, die
die zerebrovaskulare Dynamik beeinflussen, wie z. B. Sumatriptan, Nimodipin und Acetazol-
amid. Die vorliegende Studie, die ¢ine Einzeldosisbehandlung von Natriumvalproat beinhal-
lete, ergab weder einen Anstieg noch ¢inen Abfall der zerebralen Durchblutung verglichen mit
den Kontrollwerten. Wechselwirkung zwischen Natriumvalproat und Nimodipin kénnte der
Grund fir eine 25%ige Reduktion der zerebralen Durchblutung im Vergleich zi: Kontroller-
gebnissen sein, wie sic in diesem Fall beobachtet wurden. Die beobachteten Effekte fiir die
Kombination von Natriumvalproat mit Sumatriptan und auch mit Acetazolamid werden den
Einfliissen der Einzelsubstanzen (Abfall durch Sumatriptan und Anstieg durch Azetazolamid)
zugeschrieben. Die zerebralen Durchblutungseffekte dieser Arzneimittel und die mdglichen
Wc%hselwirkungan wiahrend eines akuten epileptischen Anfalls erfordern noch weitere Unter-
suchungen. -

“Key words Acetazolamide - CAS 1069-66-5 - Epilim® - Nimodipine - Sodium valproate,

cerebral blood flow effects, drug interactions, primate model - Sumatriptan

" Arzneim.-Forsch /Drug Res. 48 (), 10581063 (1998)
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1. Introduction

Sodium valproate (CAS 1069-66-5) has been intro-
duced into the arsenal of anti-epileptic drugs about
three decades ago in Eyrope and was approved by
the Food and Drug Administration in the United
States in 1978 [1]. Its effectiveness as an anti-epi-
leptic drug is well established and it has been
shown to mhibit seizures in a variety of models.
Also its modes of action are well documented [1-
5]. Recently an intravenous preparation of sodium
valproate has been developed and is currently been
marketed in South Africa as Epilim®", Drug inter-
actions of sodium valproate with significant clin-
ical implications have been demonstrated: amongst
others the plasma concentration of phenobarbital
may rise by as much as 40 % when valproate is
administered concurrently, which may involve in-
hibition of the metabolism of phenobarbital [1].
Valproate also competes for plasma protein bind-
ing sites with subsequent increased plasma concen-
tration of free (unbound) tolbutamide. The devel-
opment of cerebral blood flow tracers such as tech-
netium labelled *™Tc-HMPAQO (hexamethylpro-
pylene amine oxime) and *™Tc-ECD [(ethyl
cysteinate dimer) has made it possible to investi-
gate the cerebral blood flow dynamics under vari-
ous conditions, e.g. during pharmacological drug
interventions, anaesthesia and in drug combination
studies [6-11). A non-human primate model de-
veloped by us [6] has proven to be adequately sen-
sitive for measuring the effects of anaesthesia,
pharmacological interventions, and drug combina-
tion on cerebral blood flow (CBF) using single
photo emission computed tomographic technigues
and the above mentioned cerebral blood flow
tracers,

It has recently been reported that there is a signifi-
cant {although slight) reduction in cerebral blood
flow in children upon treatment with sodium val-
proate and carbamazepine {12]. Several studies
have indicated that ocregral blocd flow abnormal-
ities are present in epileptic patients [t3-18]. The
monitoring of cerebral blood flow of epileptic
patients during therapy as well as during drug
combination administrations i3 becoming more im-
. portant for our understanding of the mechanisms
involved in epilepsy. The objective of the current
study was to mvestigate the possible drug interac-
tions of sodium valproate with other cerebrova-
soactive drugs, i.e. sumatriptan (CAS 103628-46-2)
(used during the treatment of migraine), nimodip-
ine (CAS 66085-59-4) (a calcium channel blocker),
acetazolamide (CAS 59-66-5) (the standard drug
for investigating cerebrovascular reserve, a car-
bonic anhydrase inhibitor). Clinical important in-
formation on the influence of these combinations
on cerebral blood flow could be gained from these
studies. They could also add to the knowledge of
the pharmacology of these drugs.

1 Manufacturer: R & C Pharmaceuticals, a Division of
infa‘c.kit)t and Coleman, Merebank (Republic of South
rica).

2. Materials and methods

Adult male baboons (Papio ursinus, average weight 27
kg) were used for this study. The animals were obtained
from Mr. E. Venter, Vaalwater, Northern Province (Re-
public of South Africa). The studies were performed
after approval from the Ethics Committee of the Univer-
sity of Pretoria, according to the guidelines of the Na-
tional Code for Animal Use in Research, Education and
Testing of Drugs and Related Substances in South
Africa. These guidelines are in line with international
standards.

Five different procedures {A-E) with six animals per
procedure were carried out (Fig. 1), Procedure A was a
control study where changes in CBF which occurred
during anaesthesia of 29 min were measured. This was
also the duration of the anaesthesia used for procedures
B-E when CBF changes werc measured after sodium
valproate (obtained from the manufacturer) only (B) and
after various double drug interventions at appropriate
response times. The drug interventions studied were : so-
dium valproate (100 mg/ml/min i.v, infused over 10 min;
procedure B) at response time t = 15 min; and then drug
combination interventions which consisted op sodium
valproate (100 mg/mF/min i.v. infused over 10 min) with
one af either acetazolamide (100 mg/ml i.v. [5 mi]; proce-
dure C), nimodipine (I pg/kg/min infused over 10 min;
procedure D), and sumatriptan (6 mg i.m.; procedure E),
cach injected so as to allow measurement at the appro-
priate response time t = 15 min for sodium valproate, t =
5 min for acetazolamide, t = 10 min for nimodipine; t =
23 min for sumatriptan.

For each study the baboon was sedated with ketamine
hydrochloride (10 mg/kg i.m.} (Anaket-V®, Centaur
Labs, Bryanston, Gauteng, SA). Was followed immedi-
ately by maintained and controlled infusion of thiopen-
tone sodium {70 mlh of 0.5% solution) (Intraval®,
Rhéne-Poulenc Rorer S.A ., Mirand, Gauteng, SA) using
an administration {drip) set. After a 12-min-stabilisation
period under thiopentone, procedure A, the control
study under anaesthesia, started with an i.v. injection of
222MBq of ®™Tce-HMPAQ at time t = 0 (see Fig. 1). §
min later the first SPECT acquisition (SPECT-1) fol-
lowed with a Siemnens Orbiter gamma camera, using 32
projections of 20 s during a 360 ® rotation.

The baboons were always positioned in the supine posi-
tion with a special head rest to ensure reproducible and
comparable tomographic slices for all procedures. A sec-
ond i.v. administration of #*Tc—-HMPAO (444 MBq, i.c.
double the first dose) was administrated at t = 29 min
taking care not to exceed the 30-min time limit of use
after reconstitution and allowing for pharmacologically
appropriate response times as described above. 5 min
later a similar SPECT acquisition, SPECT 2 followed
(the split dose method), which measures anaesthesia re-
lated changes in CBF taking place in between the two
HMPAO administrations. Procedure B is similar to Pro-
cedure A described above but includes an intervention
with sodium valproate at t = 14 min, Procedure C, D
and E describe combination drug interventions with so-
dium valproate (t = 14 min), vz. acetazolamide (t = 24
min) (procedure C), nimodipine (t = 19 min) (procedure
D) and sumatriptan (t = & min} (procedure E). The ar-
terial biood pressures were recorded during all the pro-
cedures form a catheter in the femoral artery. Heart rates
were monitored as well,

After back projection and reconstruction the brain im-
ages consisted of transacial, sagittal and coronal slices
representing CBF and rCBF information during condi-
tions prevailing under the procedure of anaesthesia only,
and under the various drug interventions. Eight transax-
ial slices represented the whoie brain each of which was



Appendix 3 - Reprints

270

15" HMPAO 2° HMPAG
{double dose’
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Thiopentone MINUTES
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SPECT-A Sodium
Vaiproate Acetazolamide
" min " Procedure A " Procedure B Procadure C " Procedure D " Procedure E
" Ketarnine " Ketamine " Ketamine " Ketamine i Ketamine
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Fig. 1: The time schedule for the various drug interventions procedure protocols indicating the time of each intervention,

Table la: The mean R ratios (+ SD) {(n = 6) from transaxial views of eight equal cerebral regions and total brain for the five
_d:l‘fcr:nt procedures with the slice number starting from the frontal to the occipital lobes,

Procedure | Region 1 | Region2 | Regionl | Regiond4 | Region 5 | Region 6 | Region7 Region 8 ]Total brain
2253032 | 2124018 2104013 | 2.14£ 0,08 [2.13£0.16 | 2092 0.11 | 2.09 £ 0.08 : 2001019
12194024 §212+0.17 | 205+0.15 [ 2.08£0.13 |2.09%0.36 | 2.15+0.15[ 2144+ 0.18 | 2.14£0.12
279+048 { 27612035 2.73+£030 1 2.81£0.34.12944039 | 2961043 | 288+ 0.44 | 2.85+0.46
1.67£040 11.59+0.32 | 1.53+£031 | 1.53+£0.29 | 155+ 030 | 1.56+0.31 | 1.54+0.34 | 1.54£0.32
2052017 1 193£0.14 | 1944015 1.96:0.14 [2.0020.17 l2.031:0.19 I2.01:!:0.14 1.99+0.14

7Slatistically significant differences between Procedure A and C (p < 0.05) for the transaxizl views of the total brain.

Table Ib: The mean R ratios (+ $D} (n = 6) from saggital views of eight equal cerebral regions and total brain for the five different
_pmoedures with the slice number from left to right of the brain.

" Procedure Region | | Region 2

“Region 3 | Region 4

“Region 5 | Region 6 | Region7 | Region 8

2.12£0.18
2.26+0.25
2.94+0.50
1.63+0.31
1.93+0.18

2251 8-32
2.40+0.44
3.15+0.72
1.78+£0.32
1931026

2.10£0.13
220+0.17
2931042
1.55+0.30
1951 0.16

2.14:0.08
213018
291 £043
1.52£0.29
1.95£0.14

2.13£0.06
2.0710.12
2.89+0.39
1.54+0.29
1.96+0.15

2091011
2041013

1.56 £0.31
202£0.17

2.83+040

2.09 £ 0.08
201+£0.19
276031
1.63+0.34
| 2.0410.17

i

total brain.

Statistically significant differences between Procedure A and C (p <0.01), and A and D (p < 0.05) for the saggital

views of the

Table Ic: The mean R ratios (x SD) (n = 6) from coronal views of eight equal cerebra! regions and total brain for the five different
7wnh the slice number from the cerebellum to the dorsal slice of the cerebrum,

" Procedure Region ¢

" Region 2

"Region 3

’ Region 4

"Region 5 | Region 6

2.06+0.33
2.01+0.28
2.65+0.2
1.571£0.44
L.B8+0.17

2.1040.19
20510.24
2704£0.28
1.5210.37
1.92+0.14

2.124+40.11
2.06+£0.17
2721031
1.52£0.33
196 £0.11

208+0.14
2.08+0.12
2824037
1.54£0.29
2.02+0.16

2.14+023 2171024
2114013 21140.14
2861042 2911047
1.604£0.30 1604027
2.0210.16 2.00+0.17

2.1940.36
2144017
2894048
1.65+0.30
2034021

i Region 7 i Region 8

1

Statistically significant diff¢rences between Procedure A and C (p < 0.01), and A and'D (p < 0.05) for the coronal views of the

total brain.
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considered for count rate evalvation by the ROI (region
of interest) feature. Similarly eight sagittal and eight cor-
onal stices covering all of the brain were selected and
analysed.

Count rate data for each slice in each view were then
inserted into the following equation to obtain a corres-
ponding ration R, for each procedure:

- (SPECT-2)~(SPECT-1)*
(SPECT-1)

R is an indication of the level change of the CBF during
the thiopentone anaesthesia (procedure A), or, in addi-
tion, due to the drug interventions (procedures B to E),
measured by SPECT-1 and SPECT-2, at the selected re-
sponse times. The equation allows for the subtraction of
retained activity originating from the SPECT-1 study
after decay correction (*). For all three views graphs
were plotted of R vs. slice number starting at the occi-

ital lobes to the frontal lobes transaxially, from right to
E:ﬂ sagitally and from the cerebellum to the dorsal stice
of the cerebrum coronally {Table la—c¢).

2.1. Statistical methods

Mean ratios R (n = 6) and standard deviations were cal-
culated per procedure for similar regions (slices). An av-
erage r-value was obtained for the total brain for a par-
ticular procedure by considering all the slices of all the
views. These were compared for interprocedual effects
and the comparisons assessed for significant differences
using Student’s two-tailed t-test for paired variables on
a 5 % confidence limit.

3. Results

The curves of R-values (mean £ SD) vs. slice num-
ber in all three views are plotted for each procedure
in Table la—c for procedures A to E, respectively.
With no intra-procedural regional, slice dependent
differences statistically significant, mean R-values
were obtained and used to represent the total brain
for each procedure (Table 2). Percentage changes
with respect to the control anaesthesia only study
{procedure A) are compared in Table 2.

Haemodynamic changes for Procedures A-E ap-
pear in Table 3. The control R value for cerebral
blood flow under thiopentone anaesthesia ob-
tained during the current study is similar to previ-
ous data [6] vz, R = 2.13 (Table la—c). From Table
la—¢ and Table 2 it is ciear that sodium valproate
did not change the control R-values at all and
therefore did not influence the cerebral blood flow.
The drug combination interventions with sodium
valproate and sumatriptan, or acetazolamide, or
nimodipine reveal that the cerebral blood flow is
differently influenced by these combinations. The
combination (Procedure C) of sodium valproate
and acetazolamide (Table la—c and Table 2}
yielded total brain R-values which were statisti-
cally significantly increased (34 %) when compared
10 both the control and the single sodium valproate
drug intervention (2.84 +038 vs. 2.13 £0.12, p
< (0.01). Conversely, the combination (Procedure
D) of sodium valproate and nimodipine (Table 1a—
c and Table 2) yielded total brain R-values which
were statistically significantly decreased (25 %)
when compared to both the control and the single

4

Table 2: The mean R value + 8D (n = 6) for total brain as

averaged from all slices and all views for each procedure, per-

centage changes of these R-values with respect to control and
_ significance.

Procedure R-value |% Changet | SE0if;

Procedure A 2,13+0.12
Coonrol .
Procesure B 2.13+0.12 0 p>00s
Sodium valproate i

* Procedure C 2841038 | +34% p <0.0%
Sodium valproate p <0.01
+ Acetazolamide )
Procedure D 159031 [ -25% p <0.05
Sodium valproate p<0.01
+Nimodipine ]
Procedure E 190014 | -11% p>0.05
Sodium valproate p<0.1
+ Sumatriptan

"®) With respect to control.

" Table 3: The effect of all the procedures on petipherat blood
 pressure.

- ABP % ABP %
Procedure 0-29 min | ACBF % 14-29 min
(sodium valproate)™

" Procedurs A +12 0 T+7

Control .

Procedure B +19 0 +7

Sodium valproate ]

Procedure C +23 +34 +11

Sodium valproate

+ Acetazolamide )

Procedure D +% =25 -3

Sodium valproate

+ Nimodipine

Procedure E +19 -11

Sodium valprotate

+ Sumatriptan

"% With respect to control.

sodium valproate drug intervention (1.59 £ 0.31 vs.
2.13 £0.12, p <0.01). From Procedure E, i.e. the
combination of sodium valproate and sumatriptan
{Table 1a~c and Table 2) showed a slight decrease
(11 %) in cerebral blood flow approaching statisti-
cal significance difference when compared to both
the control and the single sodium valproate inter-
vention (1.90 £0.14 vs. 2.13+£0.12, p > 0.05 to p
<0.1).

No significant changes occurred for any of the in-
terventions in the heart rate taken just before drug
administration versus just before the second
HMPAQ injection. Changes in blood pressure with
respect to initial values (before drug intervention)
(see Table 3) occurred with sodium valproate (in-
creased 19 %), combination of sodium valpreate
and acetazolamide (increased 23 %), combination
of sodium valproate and nimodipine combination
(increased 9 %) and combination of sodium val-
proate and sumatriptan (increased 19%). It was
previously shown that drug interventions, such as
acetazolamide, and combinations of sumatriptan
may influence blood pressure [19). Furthermore,
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anaesthesia is also known to influence the blood
pressure [6, 20, 21). The increase in blood pressure
observed for the current anaesthetic regime (see
Table 3), i.e. the control Procedure A, was found
to be approximately 12 % with respect to the initial
value at the beginning of the procedure. Based on
the effect of the anaesthesia on blood pressure the
following blood pressure effects can be deduced for
the different procedures: Procedure B (sodium val-
proate) increase of 12 %; Procedure C (sodium val-

proate and acetazolamide) increase of 11 %; Proce- -

dure D (sodium valproate and nimodipine) de-
crease of =3 %; Procedure E (sodium valproate and
sumatriptan) increase 7 %.

4. Discussion

The results clearly indicate that sodium valproate
had no effect on the cerebral blood flow, both on
the regional and total brain flow. This is in con-
trast to the significant decrease (although slight)
in cerebral blood flow reported in children upon
treatment with sodium valproate {12}. The differ-
ence in the study procedures (chronic vs. acute) be-
tween the latter and the current study may explain
the different outcomes. It was previously observed
that acetazolamide increased the cerebral blood in
the baboon model by approximately 35% [7, 9)].
This increase is nearly identical to the 34 % ob-
served for the drug combination of sodium valpro-
ate and acetazolamide in the current study, indicat-
ing the increase in cerebral blood flow is only due
to the azetazolamide and supports the previous
conclusion that sodium valproate does not influ-
ence the cerebral blood flow.

Nimodipine, the dihydropyridine calcium channel
blocker, has recently been shown to diminish the
increased cerebral blood flow induced by acetazol-
amide [9, 19] and that a combination of nimodip-
ine and sumatriptan decreased the cerebral blood
flow markedly {19]. The present study using nimo-
dipine and sodium valproate is in line with the pre-
vious two findings and clearly shows that cerebral
blood flow is decreased below the control baseline.
Nimoedipine has however previously been reported
in-a study with the same tracer to dilate the cere-
bral arterioles and thus to increase cerebral blood
flow {19, 22]. The current study therefore points to
an interaction of sodium valproate and nimodip-
ine, and therefore calls for caution when simui-
taneously used.

Sumatriptan has been shown to reverse the in-
creased cerebral blood flow due to prolonged an-
aesthesia [10]. The nearly significant (0.05 > p
< 0.1) decrease in cerebral blood flow upon simul-
taneous treatment with sodium valproate and sum-
atriptan suggests that the decrease may be due to
the reversal of the anaesthesia induced increase
[10] cerebral blood flow by sumatriptan. Drug in-
teraction between sumatriptan and sodium valpro-
ate is therefore not implicated by this study. Al-
though changes in the blood pressures (Table 3)
were observed during these studies, the effect were

“only a slight increase which could be attributed to

the action of sodium valproate. These were gener-
ally smaller than those observe during anaesthesia
alone. No significant changes in blood pressure
were noted for the combination studies with so-
dium valproate when compared to the anaesthesia
control and no peripheral drug interaction is there-
fore envisaged.

5. Conciusion

The present study clearly indicated that sodium
valproate exhibits no acute effects on cerebral
blood flow. The current investigation did not ad-
dress the effects and drug interactions upon
chronic treatment with sodium valproate. The
changes in the blood pressure observed during
these studies were only insignificantly different
than the increase during anaesthesia alone. No
drug interactions with respect to cerebral blood
flow dynamics are envisaged when sodium valpro-
ate and acetalzolamide or sumatriptan is adminis-
tered simultaneously in acute treatment. Possible
drug interaction may occur between sodium val-
proate and nimodipine as shown in the current
data upon single dose treatment. The current study
could be follow-up using halothane for anaesthe-
sia, due to its marked induced increases in cerebral
blood flow. The decrease in cerebral blood flow
previously reported for sodium valproate might
then be noticeable using halothane.
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“Summary

Nitroglycetin (CAS 55-63-0, Nitrocene®) has successfully been used in the management of
angina during the last several decades. Although important information on the pharmacolog-
ical actions and efficacy of nitroglycerin have been extracted, to date, limited research has
been conducted on its effects on cerebral blood flow. In recent years, with the aid of SPECT
(single photon emission cor:jputed tomographﬁ) and PET (positron emission tomography) it
has been shown that marked cerebral biood tlow changes occur under treatment of a wide
variet of drugs. Hlucidation of the pharmacological mode of action of nitroglycerin has gained
momentum with the discovery of nitric oxide (NO) as an endogenous mediator and with the
knowledge that nitroglycerin acts as a NO donor. The present study investigated the effects of
nitroglycerin (0.25 pg/kg/min over 10 min) on the cerebral blood flow, using *™Tc-HMPAQ
(hexamethylpro?ylene amine oxime) and SPECT, in an anwthetiseiﬁﬁma!e model, as well
as the effects of its drug interactions with therapeutic agents that influence cerebrovascular
dynamics, e.g. sumatriptan, nimodipine and acetazolamide. The present study with nitrogly-
cerin indicates that the response time to measure cerebral blood flow effects seems to be
present and an important factor as the transient is relatively short. The current treatment
regime with nitroglycerin indicates a slight increase, when compared with control control re-
sults, although not significant, except for regional significant increases in particular the occi-
pital regions of the brain. Drug interactioﬁetween nitroglycerin and nimodipine may occur
as a reduction of 20 % in cerebral biood flow from the control control was observed in this
case. The results for the combination of nitrogiycerin with sumatriptan showed a further in-
crease of the cerebral blood flow to near significance, when compared with the control results
and is signficantly increased (+27 %) when compared with sumatriptan treatment alone. Effec-
tive treatment with sumatriptan may therefore be compromised with simultaneous administra-
tion of nitroglycerin or NO donor drugs. The combination of nitroglycerin and acetazolamide
suggested that the increase in cerebral blood flow is primarily attributed to the influence of
acetazolemide. The cerebral blood flow effects of these drugs and possible interactions during
an angina attack need to be investigated.

“ Zusammenfassung

i Einfluf} des Stickoxid-Donator Nitroglycerin allein oder in Kombination auf die Hirn-
durchblutung bei Pavianen

Nitroglycerin (CAS 55-63-0, Nitrocene®) ist erfolgreich bei der Behandlung von Angina wih-
rend der letzten Jahrzehnten angewandt worden, Qbwohl wichtige Informationen Ober die
gharmakologische Funktion und Wirkung von Nitroglycerin erhalten worden sind, ist bis

eute nur eine begrenzte Forschung beziiglich seiner Effekte auf den zerebralen BlutfluB er-
folgt. Mit Hilfe von SPECT (single photon emission computed tomography) und PET (posi-
tron emission tomography) konnte in den letzten Jahren gezeigt werden, dall deutliche Ande-
rungen im zerebralen Blutflub bei der Behandlung mit einer groBen Vielfalt von Medikamen-
ten erfolgten. Die Aufklirung der pharmakologischen Wirkungsweise von Nitroglycerin ver-
starkte sich mit der Entdeckung von Stickoxid (NO) als einem endogenen Mediator sowie mit
der Erkenntnis, daB Nitroglycerin als ein NO-Donator fungiert. In der vorliegenden Studie
wurden sowoh! die Wirkungen von Nitroglycerin (0.25 pg/kg/min dber einen Zeitraum von 10
min) auf die zerebrale Durchblutunﬁ unter Benutzung von 99m-Tc-HMPAO und SPECT in
cinem anésthesierten Primatenmodell (Papio Ursinus) dls auch die Effekte seiner Wechselwir-
kungen mit solchen Substanzen, die die zerebrovaskulare Dynamik beeinflussen, gemessen:
z. B. Sumatriptan, Nimodipin und Acetazolamid. Die voriiegende Studie mit Nitroglycerin
weist darauf gin, dabB seine Ansprechzeit fiir die Messungen des zerebralen Blutflusses einen
wichtigen Faktor darstellt, da der transiente Effekt relativ kucz ist. Die gegenwiirtige Behand-
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lung mit Nitroglycerin weist, verglichen mit Basiskontrollen unter Andstehsie, auf eine leichte
Zunahme hin, obwohl das nur filr regionale Anstiege speziell in den occipitalen Hirnregionen
statistisch signifikant ist. Wirkstoffwechselwirkungen zwischen Nitroglycerin und Nimodipin
erschienen als eine 20%ige Reduktion in der zerebralen Durchblutung, verglichen mit der in
diesejn Fall becbachteten Basiskontrolle. Die Ergebnisse fir die Kombination von Nitroglyce-
rin nlit Sumatriptan zeigten cinen weiteren nahezu signifikanten Anstieg des zerebralen Blut-
flusses, verglichen mit den Kontrollwerten, und einen signifikanten Anstieg (+27 %) gegeniiber
ausschiieBlicher Behandlung mit Sumatriptan. Eine effektive Behandlung mit Sumatriptan
konnte daher bei einer gleichzeitigen Verabreichung von Nitroglyzerin oder NO-Donatoren
beeinttichtigt werden. Die Kombination aus Nitroglycerin und Acetazolamid lieB darauf
schlieBen, daB ein Ansteigen des zerebralen Blutflusses in erster Linie dem EinfluB von Aceta-
zolamid zuzuschreiben ist. Die zerebralen Durchblutungseffekte dieser Substanzen sowie dic
moglichen Wechselwirkungen wihrend eines Anginaanfalls miissen noch untersucht werden.

“Key words  Acetazolamide + CAS 55-63-0 - Nimodipine - Nitrocene® - Nitrogiycerin, cercbral

blood flow effects, drug interactions, primate model - Sumatriptan

1. Introduction

Since the discovery, indentification and subsequent
characterisation of the nitric oxide, NO (CAS
10102-43-9} as an important endogenous vascular
and inflammatory mediator in living organisms,
NO has received ever increasing attention from re-
searchers investigating its wide range of biological
effects and its biochemistry [t, 2]. NO is syn-

thesised from L-arginine and molecular oxygen by -

nitric oxide synthase (NOS) through enzymatic de-
amination of L-arginine to L-citrulline. Several iso-
forms of NOS have been sought and discovered [3,
4]. Subsequently novel structures have been sear-
ched for and have been discovered, such as the ni-
tric oxide synthase inhibitors, such as methyl argi-
nine and nitroarginine, that influence the vast array
of responses observed for NG [1]. The effect of NO
or NO donors on cerebral blood flow has recently
been the focus of various studies using a variety of
experimental models [5-8]. Part of the pharmacol-
ogical mode of action of the classical cardiovascu-
lar drugs, such as nitroglycerin and sodium nitro-
prusside is now attributed to their decomposition
and subsequent action as NQ donors [1, 9, 10, 11].
They therefore are able to mimic some of the ef-
fects of endogenousiy released nitric oxide.

The success of the non-human primate model de-
veloped by the present authors [12-21], to investi-
gate drug interventions prompted the study of the
effects of the NO donor, nitroglycerin (CAS 55-63-
0) on the cerebral blood flow. The baboon (Papio
ursinus) model has previously been used, for single
photon emission computed tomography (SPECT)
brain imaging utilising the radiopharmaceutical,
Tc-99m hexamethylpropylene amine oxime (**™Tc-
HMPAQ), to measure cerebral blood flow during
pharmacelogical interventions with drugs used in
different pharmacological fields, ie migraine
(serotonin receptors), cardiovascular disease (cal-
cium channel blockers), epilepsy, cognitive dis-
orders and glaucoma (carbonic anhydrase inhibi-

2
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“tion) [12-21]. The current study reports the cere-

brovascular effects of the NO donor, nitroglycerin,
also in its drug combinations with other known
cerebrovascular drugs, i.e. sumatriptan (CAS
103628-46-2), nimodipine (CAS 66085-59-4) and
acetazolamide (CAS 59-66-5) in the primate
model, using the split-dose {22, 23] method.

2. Materials and methods

Six adult male baboons (Papio ursinus, average weight
27 kg) were used for this investigation, The animals were
obtained from Mr. E. Venter, Vaalwater, Northern Prov-
ince (Republic of South Africa). The baboons were
housed, maintained and cared for according to the
guidelines laid down in the National Code for Animal
Use in Research, Education, Diagnosis and Testing of
Drugs and related substances in South Africa. These
guidelines comply with international standards. The
studies were performed after the approval of the Ethics
committee of the University of Pretoria. Each baboon
was subjected to 5 different procedure (A-E) at least six
weeks apart (Table 1).

As limited dose-response data have been reported using
nitroglycerin with respect to the current baboon model,
a preliminary study was conducted to investigate the ef-
fect of dose-time responses upon treatment with nitro-
glycerin in order to select a treatment regime which
could be followed during the current study. The follow-
ing dose-time intervals were investigated for cerebral
bleod flow effects: 0.03 pg/kg/min at 12 min; 0.166 pg/
kg/min at 5 min; 0.166 pg/kg/min at 10 min; 0.25 ug/kg/
min at 2 min; 0.25 pg/kg/min at 5 min; 0.25 pg/kg/min at
min; 1.0 pg/kg/min, at 3 min. For all the above described
regimes the nitroglycerin was initially administered over
10 min before the time intervals as indicated were
started. Based on the results presented in Table ], a
dose-time regime of 0.25 pg/kg/min at 2 min was selected
for the present study, i.c. procedures B-E.

Procedure A concerned the control cerebral bloed flow
(CBF) study using the **™Tc-HMPAQ split-dose method
[22, 23} with two respective SPECT acquisitions after
two consecutive *"Tc-HMPAO administrations at
chosen times (se¢ Table 1), under standard anaesthesia
conditions. This entails induction with ketamine hydro-
chloride {Anaket-V®, Centaur Labs, Bryanston, Gaut-
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Table 1. The time schedule for the various drug intervention protocols indicating the time of each intervention.

1st HMPAQ " 2nd HMPAO
| double dosc
Ketamine 1 .
Thiopentone min
-12 0 5 | 6 17 l 19 W 24 29 } 34 i
Sumatriptan Nimodipine
Nitroglycerine Acttazolamide
SPECT-1 . SPECT 2
min Procedure A Procedure B Procedure C Procedure D Procedure E
ketamine ketamine ketamine ketamine ketamine
-12 thiopentone thiopentone thiopentone thiopentone thiopentone
0 tst HMPAO st HMPAO 1st HMPAO 1st HMPAO 1st HMPAO
5 SPECT-} SPECT-1 SPECT-1 SPECT-i SPECT-1
6 sumatriptan
17 nitroglycering nitroglycering nitroglycerine nitroglycerine
19 nimodipine
24 acetazolamide
29 2nd HMPAO 2nd HMPAO 2nd HMPAO 2nd HMPAO 2nd HMFPAQ
34 SPECT-2 SPECT-2 SPECT-2 SPECT-2 SPECT-2

eng, S.A.; 10 mg/kg), followed by maintenance on thio-
pentone sodium (Sandothal®, Sandoz Products, Rand-
burg, Gauteng, S.A.; 70 mi/h of a 0.5 % solution, Proce-
dure A). A period of 12 min stabilisation under anaes-
thesia followed before the start of the each study.

Procedures B, C, D and E investigated the CBF changes
at 2 min post the end of alternatively administration of
nitrogiycerine (Nitrocene®, Schwarz Pharma AG, Rand-
burg, S.A.; 0.25 pg/kg/min for 10 min, Procedure B), a
combination of nitroglycerin (0.25 pgfkg/min for 10 mim)
and sumatriptan {6 mg, Procedure C), a combination of
nitroglycerin (0.25 pg/kg/min over 10 min) and nimodip-
ine (1 pg/kg/min over 10 min, Procedure D), and a com-
bination of nitroglycerin (0.25 pg/kg/min over 10 min)
and acetazolamide at 24 min (500 mg/5 ml, Procedure
E}. The test substances were obtained from the respec-
tive manufacturers.

2.1, Procedure A (control study)

Anaesthesia was induced in each animal by darting with
ketamine hydrochloride, and maintained with thiopen-
toal sodium, using an administration (drip) set. The ba-
boon is placed in the supine position, positioned with a
special head rest to ensure a reproducible position to
compare tomographic slices. After a period of 12 min
stabilisation, the control study under apaesthesia (thio-
pental ~ thiopental), started at time T = 0 with an i.v.
injection of 222 MBq *™Tc-HMPAQ. The baboon was
maintained and controlled with thiopental for the dura-
tion of the study (Table 1). The first acquisition, SPECT-
1, was performed at 5 min with a Siemens Orbiter
gamma camera coupled to a Sophy 256G computer us-
ing thirty-two 20 s views and a 360 ° rotation, in 64 x 64
word mode with the baboon in a supine m‘sition. At 29
min, the baboon was reinjected with *™Tc-HMPAO
(444 MBq, i.e. doyble the first dosage) and SPECT-2
performed at 34 min {22, 23]. These data represented the
CBF pattern of #®*™Tc-HMPAO under thiopental anaes-
thesia to be compared with the patterns after the drug
interventions.

" 2.2 Pracedure B (nitroglycerin)

Procedure B (nitroglycerin) followed the same protocol
as described for the control] study except that the nitro-
glycerin (0.25 ug/kg/min over 10 min) was i.v. adminis-
tered at 17 min post administration of the first *™Tc-
HMPAO injection (Table 1). The 2nd **"Tc-HMPAO
administration and 2nd scan followed the same protocol
as the controf study. Results for Procedure B would de-
pict cerebral blood flow changes due to the nitroglycerin
intervention, 2 min after completion of the drug inter-
vention.

2.3, Procedures C (nitroglycerin and sumatriptan),

Procedure D (nitroglycerin and nimodipine), Procedure
E (nitroglycerin and acetazolamide)

The drug combination Procedures C, D, and E followed
the same sequence as procedure B, the nitroglycerin
study (administered at 17 min over 10 min), but with the-
additional administration of an i.m, injection of suma-
triptan, 6 mg at 6 min of the study, ie 23 min drug
response time (Procedure C), administration of nimodip-
ine, 1 pgkg/min over 10 min starting at 19 min of the
study {Procedure D), and administration of acetazol-
amide, 500 mg i.v. at 24 min of the study, i.e. 5 min drug
response time (Procedure E). The 2nd #™Tc-HMPAO
administration (at 29 min)} and 2nd scan, SPECT-2 (at
34 min) followed again the same protocol as the control
study (Table 1). The results from these Procedures C to
E, would represent the effects of these drug combina-
tions on the cerebral blood flow in the baboon.

The arterial blood pressures were recorded during all the
procedures via a catheter in the femoral artery. Heart
rates were monitored together with a 12 lead ECG.
After backprojection and reconstruction (filter: Butter-
worth 4.25), the brain images in all procedures consisted
of transaxial, sagittal and coronal slices representing
rCBF related information due to the above mentioned
drug interventions. Eight slices of one pixel thickness
each, represented the brain area in each siice, and in all
three views. Regions of interest (RQOls) were placed on
the total brain area and count rate data (counts/pixel)

!
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thus obtained were inserted into the following equation
to obtain the ratio R:

(SPECT-2)- (SPECT-1)*

(SPECT-1) ,

where * refers to decay corrected data from SPECT-1,

resent during SPECT-2, which has to be subtracted
rom the SPECT-2 data, as background; R is an indica-
tion of the level change of ¥CBF due to the changed
conditions prevailing during the second HMPAO ingec-
tion with respect to that of the first injection, i.e. due 1o
prolonged anaesthesia alone (Procedure A), or addition-
ally with drug interventions.
A value of R =2 (due to the double second dose of
Pmre.HMPAO) will indicate no rCBF change during
procedure A due to prolonged anaesthesia. R for proce-
dure B, C, D and E will additionally reflect on changes
due to the nitroglycerin (B), the combination of nitrogly-
cerin and sumatriptan (C), of nitroglycerin and nimodip-
ine (D) and the nitroglycerin and acetazolamide (E), and
was compared to R (Procedure A as control) to assess
the effects of these drugs.

2.4, Statistical analysis

Mean ratios (n = 6) and standard deviations (SD} were
calculated per procedure for similar regions (slices) and
for the total brain in the various projections. These were
compared for interprocedural effects as well as regional
effects for a particular procedure. The comparisons were
assessed for significant differences using Student’s two-
tailed t-tests on a 1% and 5% level of confidence.

R=

3. fesults

Table 2 presents the data reflecting the time-dose
cerebral blood flow responses upon treatment with
nitroglycerin. Based on these preliminary results
the treatment regime for the current study was de-
termined (i.e. 0.25 pg/kg/min administered over 10
min with 2 min response time, after the end of the
nitroglycerin administration, before the 2nd
HMPAQO injection at 29 min). The data are pre-
sented in Tables 3, 4 and 5 and Fig. 1 and 2.

Tables 3 and 4 present the mean ratios (R + SD)
{n = 6) for the total brain under anaesthesia only
(Procedure A: control), and after the various drug
interventions (Procedure B: nitroglycerin (NQ),
Procedure C: nitroglycerin and sumatriptan, Pro-
cedure D nitroglycerin and nimodipine, Procedure
E: nitroglycerin and acetazolamide). Mean per-
centage (%) changes of ratios from the total brain,
comparing the different procedures with each
other, are also reflected in Tables 3 and 4. Table 4

Tuble 2: The mean ratios for the time-dose cerebral blood flow
responses at time (min) post the administration of nitroglycerin
(pe/kg/min over 10 min) inverventions compared to control.

Dose Time (min} R ratio
control - 2.13+0.11
0.03 12 211 10.16
0.166 10 2091004
0.166 20 2.03+0.00
0.25 2 2231012
0.25 5 2.06+0,18
0.25 10 1.74 £ 0.25
1.0 5 2051002
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Fig. ]a: Transaxial curves of mean ratio {R) (n = §) versus slice
number starting at the frontal 1o the occipital lobes for the con-
trol, nitroclycerin, sumatriptan and combination of surnatriptan
and nitroglycerin.
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Fig. 1b: Transaxial curves of mean ratio (R} (n = 6) versus slice
number starting at the frontal to the occipital lobes for the con-
trol, nitro rin, nimodipine and combination of nimodipine
and nitroglycerin.
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Fig. le: Transaxial curves of mean ratio (R) (n = 6) versus slice
number starting at the frontal to the occipital lobes for the con-
trol, nitroglycenne, acetazolamide and combination of acetazol-
amide and nitrogiycerin.



Appendix 3 - Reprints

277

T 3s80 -I
3,00 4
2.50 4
% 2,00 4
% 1,50 { .
~4—Control = Niroghyoetin (NO)
- iplan =M=NO-
1004 o N0 Nimode
=t Acytazolamide
0.50 4 ——NChACHEZOMMIOD
0.0¢ PPy ——p—

1 2 3 4 5 8 7 a
Transexdal slice number
Fig 2a: Curves of mean ratio (R) (n = 6) versus slice number
of all procedures and single drug interventions in the transaxial
view starting from the frontal to the occipital lobes.
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Fig. 2b: Curves of mean ratio {R) (n = 6) versus slice number
of all procedures and single drug intcrventions in the coronal
view from the cerebellum to the dorsal slice of the cerebrum,
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Fig 2c: Curves of mean ratio (R} (n = 6) versus slice number
of all procedures and single drug interventions in the saggital
view from left to right of the brain.

_presents the mean percentage (%) changes of the

ratios, comparing with the drugs previously investi-
gated as single drug administrations, i.e. sumatrip-
tan, nimodipine and acetazolamide.

Table 5 presents the effects of these drug interven-
tions during the different procedures A to E and
sumatriptan, nimodipine and acetazolamide, on
the cardiovascular parameters, i.e. heart rate and
blood pressure. The data has been transformed to
difference data and compared with the control
data. Fig. 1a, b, ¢ present R-values vs, slice number
for the transaxial views for the different Proce-
dures. Fig. 2a, b, ¢ present R-values vs, slice num-
ber for the transaxial, coronal and saggital views
for the the combined data for all the Procedures.
Only the transaxial views (Fig. la, b, c) are pre-~
sented here as the saggital and coronal views pre-
sented similar ratios.

It is clear from Table 2 and Fig. | and 2 that the
nitroglycerin (R value 2.19 + 0.08) did not signifi-
cantly alter the cerebral blood flow when com-
pared with the control R value of 2.13 £0.12, al-
though an increasing trend was noted. The drug
combination interventions with nitroglycerin and
sumatriptan (Procedure C), or nimodipine (Proce-
dure D), or acetazolamide (Procedure E)} reveal
distinct different influences on the cerebral blood
fiow by these combinations (see Table 3 for per-
centage changes with respect interprocedural dif-
ferences). The combination of nitroglycerin and
acetazolamide (Procedure E, Table 3) significantly
increased the cerebral blood flow (total brain R
values increased by 35%) when compared with
both the control (2.89 £0.14 vs 2,13 £0.12, p
< 0.01) and the nitroglycerin response alone (2.89
+0.14 vs. 2.19 £ 0.08, p < 0.01). Conversely, the
combination of nitroglycerin and nimodipine (Pro-
cedure D, Table 3) yielded total brain R values-
which were statistically significantly decreased
when compared with both the control (-20 %; 1.69
£0.18 vs. 2.13 £0.11, p <0.0!) and the single
nitroglycerin drug intervention (—-22 %; 1.69 £ 0.18
vs, 2.19 +0.08, p <0.01). The combination of
nitroglycerin and sumatriptan (Procedure C, Table
3) did not significantly alter the R values when
compared with both the control (2.22 £0.07 vs.
2.13 £0.11, p > 0.05) and the nitroglycerin alone
(2224008 vs. 2.19 £ 0.08, p > 0.05).

Table 4 presents the total brain R values for all the
Procedures in the current study (A to E), com-
pared to single drug interventions with sumatrip-
tan, nimodipine and acetazolamide [15, 16, 19].
Comparative % changes of all these data seis will
follows in the Discussion.

No significant changes occured for any of the in-
terventions in the heart rate for the Procedures A
to E (Table 5). The largest increase in heart rate
(8 %) was noted for the combination of nitrogly-
cerin and nimodipine but was statistically insigni-
ficant. Changes of blood pressure of more than
10 % with respect to initial values (before drug in--
tervention) (Table 5) occurred with nitroglycerin
(Procedure B) (increase 16 %) alone. It is known
that anaesthesia also influences the blood pressure
and it was previously shown that the current anaes-

s
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Table 3: The mean R value + 8D (n = 6) for total brain as averaged from all slices and all views for each procedure, percentage

changes of these R-values with respect to the different procedures, and the statistica) significance.

o - % Change with % Change with
"Procedure R-value % Chatnge Wi:bl “ %&3{: t‘:ﬂh . r;lspect. to a it “’ISP““. 1o a
respect to contro . © nitro rine and | nitroglycerine an
! B pee nitroglycerine sum"gcl?'iplan m%nodipine
Procedure A 2.1310.11
Control
Procedure B 219+ 0.08 +2.8
Nitroglycerin (p > 0.05)
Procedure C 2.224007 +4.2 . +i4
Nitroglycerin Pp>005p<0.10) @ >0.05)
+ Sumatriptan
Procedure D 1.69%0.18 -20.7 -22.8 -239
Nitroglycerin (p<0.01) (p<001) (p <0.01)
+ Nimodipine
Procedure E 2891014 +35.7 +32.0 +30.2 +71
Nitroglycerin (p<0.01) (p<0.0D {p<0.01) (p <0.01)
+ Acetazolamide

Table 4: The mean R value & 5D (n = 6) for total brain as averaged from all slices and all views for each procedure, percent
changes of these R-values with respect to sumatriptan, nimodipine and acetazolamide only interventions, and statistical signifi-

cance,
: -+ | % Change with | % Change with | % Change with | % Change with
. . % Change with
Procedure R-valve | res 5 t-}? control nirter:)};;::é?in Suﬁsﬁg];;n nrier:lgﬁicitpit:e ae:?;gg?m:ﬁde
ignificance} {significance) | (significance) (significance} (significance)
Precdure A [2.13:0.11
Control i i
Procedure B 2191008 +2.8
Nitroglycerin | {p > 0.05) )
Procedure C 2221007 +4,2 +14 +27.6 -11.6 =218
Nitroglycerin {p>0.05p<0.10) (p > 0.05) (p<0.01) (p <0.02) (p<0.01)
+ Sumatriptan . i :
Procedure D 1.6910.18 =207 -22.8 -2.9 -32.6 -40.5
Nitroglycenin {(p < 0.01) (p <0.01) {p > 0.05) (p<0.01) {p <0.01)
+ Nimodipine i A }
Procedure E 289+0.14 +35.7 +32.0 +66.1 +13.1 +0.02
Nitroglycerin (p <0.01) {p <0.01) {p < 0.00) (p < 0.05) (p > 0.05)
+ Acetazholamide | )
Sumatripan [16] | 1.74 £0.10 -18.3 -20.5
) {p < 0.05) (p<0.01)
Nimodipine [15] 2511014 +17.8 +14.6 +443
I (p<0.01) (@ <0.02) (p<0.01)
Acetazolamide [19] | 2.841£ 038 +33.3 +29.7 +63.2 +13.1
(p<0.01) {p<0.01) (p<0.01) {p <0.05)

Table 5: The effect of all the procedures on heart rate and blood
pressure with respect 1o control.

Procedure AHR JAHRY%! ABP ABPY%
Procedure B 0 0 +13+ 4 | +16
Nitroglycerine
Procedure C +02+ 58 {+ 0.2 | +42% 54f +5
Nitroglycerin
+ Sumatriptan
Pracedure D +9.2+21 +8 -134+ 987 -7
Nitroglycerin
+ Nimaedipine
Procedure E -16+ 36| -14 [+10.8:11.6] +9
Nitroglycerin
+ Acetazolamide
Sumatriptan {[16] | -1.5¢ § ~14 [ +53+ 38| +5
Nimodipine [15] | +4.5% 7.9 | +4 -13¢ 79{ -7
Acetazolamide [19]] -5.0+140 [ -4 -7.8% 35| -7

thetic regime for control Procedure A increased the

blood pressure with approximately 12 % with re-
spect to the initial value at the beginning of the
procedure [19]. The increase (16 %) observed after
the single nitroglycerine intervention is therefore
not meaningful.

4, Discussion

It was previously demonstrated that various forms
of anaesthesia [13, 24, 23] influence cerebral blood
flow. Sumatriptan [16}, nimodipine [15) and aceta-
zolamide {14, 15] also caused statistically signifi-
cant changes in the cerebral blood flow with re-
spect to control {see Table 4). However, contrary
to a literary report [26], sodium valproate did not
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influence the cerebral blood flow in the primate
model [19]. It was suggested that chronic treatment
used in the literature report [26] compared to the
acute single dose approach used in the primate
study [19] might explain the inconsistencies in cere-
bral blood flow effects.

Although in the current study only a slight cerebral
blood flow increase of the total brain was observed
for nitroglycerin, when compared with the contro}
study, it was not statistically significant with re-
spect to the control (R = 2.19 vs. 2.13). However,
statistically significant regional increases in cere-
bral blood flow was observed for the occipital
areas of the brain, i.e slice 7 for the transaxial
view, with an increase of approximately to 10%
(R =2.24 vs. 2.0; p < 0.05). Similar increases were
observed in the occipital regions for the combina-
tion of sumatriptan and nitroglycerin (R = 2.23 vs.
2.0). Diverse cerebral blood flow responses have
been reported after nitroglycerin administration. A
study in cynomolgus monkeys suggests that tonic
production of NO contributes to the control of
cerebral blood flow during isoflurane anaesthesia,
which is decreased by nitric oxide synthase inhibi-
tion, i.e. with N omega-nitro-L-arginine methyl es-
ter (L-NAME) [6]. This study was performed by
firstly NOS inhibition by L-NAME, and secondly
followed by L-arginine administration which re-
versed the initia} decreased cerebral blood flow [6].
This reversal was however not above the control
values. Studies have also showed decreases in cere-
bral blood flow after inhibition of nitric oxide syn-
thase for different anaesthetic regimes {5, 8). It was
also shown that nitroglycerin increases local cere-
brai blood flow in man [27]. Furthermore, it was
shown that cerebral blood flow was unchanged in
beagle dogs after nitroglycerin treatment [28].
From the above and our preliminary investigation
it is clear that nitroglycerine treatment regime can
be of importance in the clinical situation; further-
more that nitroglycerin related increases in cerebral
biood flow may be more evident through the re-
versal of decreased cerebral blood flow after NOS
inhibition, §

For the drug combinations is was found that ritro-
glycerin reversed the nimodipine-induced increase
in cerebral blood flow to below the control control
value (R = 2.51 vs. 1.69). An increase in cerebral
blood flow after nimodipine administration has
also been reported previously [29). A similar re-
versal was recently observed upon the combination
treatment with sodium valproate and nimodipine
{19]. This marked influence supports the impor-
tance of calcium and the action of nitroglycerine
through the NO process. Drug interaction from si-
multaneous administration of these two drugs is
therefore implicated by these results,

The sumatripan-induced decreased cerebral blood
flow [16] was reversed by nitroglycerin to values
that are slightly higher than the control but not
statistically significantly. This result indicates that
sumatriptan did not influence the cerebral blood

“flow due to nitroglycerin treatment which may sug-

gest that sumatriptan would not be effective in tre-
ating cerebral blood flow increases due to nitrogly-
cerin therapy, i.e. the nitroglycerin induced head-
ache [9, 10]. These results may also sugpest that in
so far as the action of sumatriptan is concerned in
the treatment of migraine, NO seems to play a
lesser role in the cerebrovascular pharmacological
mode of action of sumatriptan. However the effec-
tive treatment of migraine with sumatriptan may
be compromised from simultaneous treatment with
nitroglycerin as was indicated by reversal of the ef-
fect of sumatriptan.

No significant interaction between nitroglycerin
and acetazolamide is envisaged and the effects ob-
served are primarily attributed to acetazolamide
for the drug combination. A similar observation
was reported in the drug combination of acetazol-
amide with the anti-cpileptic drug, sodium valpro-
ate [19] with no drug interactions envisaged.

Nitroglycerin treatment alone exhibited the largest
influence on the arterial blood pressure, i.e. an in-
crease of 16 % with respect to the control. The in-
crease is insignificant when the increase (12 %) due
to the anaesthesia alone [19] is taken into consid-
eration. The increase in blood pressure was lower
for all the combination studies with nitroglycerin
and a decrease was even observed for the combina-
tion of nitroglycerin and nimodipine. The heart
rates were only marginally influenced with the larg-
est effect being an increase of 8 % for the combina-
tion of nitroglycerin and nimodipine. The dosage
regimes used in the present study for nitroglycerin
and nimodipine. The dosage regimes used in the
present study for nitroglycerin and the other drugs
therefore exhibit insignificant cardiovascular ef-
fects when compared with the control.

5. Conciusion

The current study was emphasised the clinical im-
portance of a NO donor drug in drug combina-
tions with respect to cerebrovascular effects. The
study has shown that, although only marginal total
brain cerebral blood flow increases were observed
on nitroglycerin treatment, significant regional in-
creases in the occipital areas were noted. Nitrogly-
cerin influences the effects of various cerebrovascu-
lar drugs administered simultaneously, in different
ways: drug interactions seem possible between
nitroglycerin and nimodipine; nitroglycerin treat-
ment may compromise migraine treatment with su-
matriptan; the combination of acetazolamide and
nitroglycerin was found to be acceptable with re-
spect to cerebral blood flow responses. The influ-
ences of the drug combinations of nitroglycerin on
the haemodynamic parameters (blood pressure
and heart rate) were found to be insignificant with
respect to anaesthesia contro! data. The cerebral
blood flow effetts of NO synthase inhibitors, such
as L-NAME is currently being under investigation.

7
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in vivo Disposition of the Brain Imaging
Radiopharmaceutical **™Technetium Ethyl
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Université Paris Nord?, Bobigny (France)

" Summary

The brain imaging radiopharmaceutical, **Technetium ethyl cysteinate dimer (**™Tc-ECD,
P Te-bicisate) is the most recent addition to the available set of radiopharmaceuticals for
measuring cerebral blood flow. Ideally radiotragers should be trapped in the brain long enough
50 that their distribution can be quantitated and should demonstrate good spatial resolution.
Furthermore, the stability {(chemical and metabolic) and bicavailabily ofradi?harmaoeulicals
have in general proved to be a challenge during development and clinical administration. In
view of these challenges and background, this study with **"Te-ECD is presented. The aims
of this research program wete to develop novel approaches to improve the chemical and meta-
bolic stability and the bioavailability of ™ Te-ECD across the blood brain barrier for cerebral
blood flow determinations, using the weil known non-human primate in vivo baboon model.
These aims were addressed b investiﬁating the influence of cyclodextrin - **™Tc-ECD com-
plexation on normal cercbral blood flow patterns, using two different cyclodextrins, ie., y-
cyclodextrin (CAS 17465-86-0) and B-trimethylcyclodextrin (CAS 55216-11-0). The effect of
incubation of ™™Tc-ECD (with or without cyclodextrin complexation) in plasma, on meta-
bolic esterase action, was also investigated. Possible protection against plasma esterase by
acetylcholine (CAS 51-84-3) of **"Tc-ECD was further determined. The current study has
shown that t:gclodextrin complexation of ®™Tc-ECD indeed offers a useful approach to im-
prove the stability of the radiopharmaceutical against peripheral metabolism. acetylchol-
ine shows also potential to protect BoTe.ECD. However, it is clear from the current data that
the choice of cyclodextrin is of utmost importance, as has been observed from significantly
reduced the biogvailability of *™Tc-ECD when complexed with B-trimethylcyclodextrin. The
plasma incubation procedures showed that y-cyclodextrin offers protection with only slightly
reduced bioavailability, This study has indicated that novel approaches, such as cyclodextrin
techm}logiw, indeed show potential to modify the performance in its currently available #™Tc-
ECD form.
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- Zusammenfassung

Einflufl der Cyclodextrin-Komplexierung auf die In-vivo-Verteilung des Hirnszintigraphie-
Radiopharmakons %™ Tc-Ethylcysteinat-Dimer (%" T1e-ECD)
Technetium-**™_Ethylcysteinat-Dimer (**™Tc-ECD) ist das jiingste Radiopharmakon zur Mes-
sung des zercbralen Blutflusses. Im Idealfall sollten Radiotracer ausreichend lange im Gehirn
gespeichert werden, um eine Qualifizierung ihrer Verteilung bei guter réumlicher Auflésung
zu gewihrleisten. Eine besondere Herausfqrderuni wilhrend der Entwicklung solcher Radio-
pharmazeutika ist die generelle Gewdhrleistung ihrer Stabilitdt (chemisch und metabolisch)
sowie ihrer Bioverfiigbarkeit. Die vorliegende Studie mit **Tc-ECD konzentriert sich auf
diese Probleme. Neue Anndherungen zur Verbesserung der metabolischen Stabilitit und Bio-
verfiigbarkeit durch die Blut-Hirn-Schranke zur Messung des zerebralen Blutflusses werden
vorgestellt. Dabei wurde das bewilhrte Primatenmodel! benutzt. Im einzelnen wurde 1. der
EinfluB der Cyclodextrin-***Te-ECD-Komplexierung, sinerseits mit y-Cyclodextrin, anderer-
seits mit B-Trimethylcyclodextrin, und 2. der Effekt der Inkubation von ¢-ECD (mit oder
ohne Cyclodextrin-Komplexierung) in Plasma auf die metabolische Esterase-Aktivitit unter-
sucht. Dabei ergab sich ein gewisser Schutzeffekt von **™Tc-ECD durch Acetylcholin. Die
Ergebnisse zeigen, daB 1. die Cyclodextrin-Komplexierung die Stabilitit des Radiopharma-
kons im peripheren Metabolismus erhéht, 2, die y-Cyclodextrin-Komplexierung dabei nur zu
einer geringen, die B-Trimethylcyclodextrin-Komplexierung aber zu einer deutlichen Reduk-
tion der Bioverfligbarkeit filhrt, 3, auch Acetylcholin einen Schutzeffekt auf ***Tc-ECD hat.
Die Studie zeigt, daB die Cyclodextrin-Technologie in der Tat geeignet ist, die gegenwirtig

vorhandene Form von **™Tc-ECD fiir die Hirnszintigraphie deutlich zu verbessern.

"Key words  Brain imaging - Cyclodextrin, corg})lcxation with technetium-7°™ ethyl cysteinate

dimer - Radiopharmaceuticals - Technetium-

cyclodextrin

m ethyl cysteinate dimer, compiexation with

1. Introduction

Several radiopharmaceutical agents, e.g., N-isopro-
pyl-['Z*1)B- jodoamphetamine (['2*[JIMP}, ¥ tech-
netium hexamethyl-propyleneamine oxime (*™Tc-
HMPAO) and % technetium ethyl cysteinate dimer
(®**Tc-ECD) have found useful application as
tracers to measure cercbral blood flow (CBF) [1,
2}. Ideally these tracers should be trapped in the
brain long enough so that their distribution can be
quantitated, and should demonstrate good spatial
resolution, The abovementioned agents each show
unique properties that, although they are far from
the optimal, warrant their chnical application in
nuclear medicine. Despite its widespread use, the
iodine labeled amphetamine, IMP appears to redis-
tribute in the brain with time [3], and its retention
mechanism is stereoselective which depends on its
metabolism [4]. Furthermore, the stability {chem-
ical and metabolic) and bioavailability of radio-
pharmaceuticals have in general proved to be a
challenge during development and clinical admin-
istration. The retention of *®™Te-HMPAOQ in the
brain is further limited to the enzymatic reactions
with glutathione {5, 6]. *™Tc-ECD exhibits a high
initial brain extraction with a slow clearance {7]
with brain metabolism yielding hydrophylic mono-
acid esters trapped in the primate brain [8]. Peri-
pheral systemic enzymatic esterase metabolism [9,
10] of ®™Tc-ECD, further negatively impacts on
the amount of brain extraction for the tracer, due

2

" Arzneim.-Forsch./Drug Res. 50 (11), 758-764 (2000)

" the formation of hydrophylic acid derivatives, un-

able to cross the,hydrophobic blood brain barrier.
Recently, improved stability was demonstrated
with ¥™Tc-labeled liposomes through formation of
a hydrazino nicotyl derivative {11]. Moretti’s group
recently investigated the uptake of liposome-encap-
sulated 9™Tc-MIBI by both sensitive and multi-
drug-resistant tumour cell lines [12]. Cyclodextrin
technologies have frequently been employed during
the last decade to improve the bioavailability of
poor water soluble drugs, i.e. miconazole, lora-
zepam, cyclosporin A and others [13-15]. In view
of these challenges and background, the current
study with #™Tc-ECD is presented. The aims of
this research program were to develop novel ap-
proaches to improved the metabolic stability and
the bioavailability of ¥™Tc-ECD across the blood
brain barrier for cerebral bicod flow determina-
tions, using the well known non-human primate in
vivo baboon model [11. These aims were addressed
using cyclodextrin complexation technologies {us-
ing two different cyclodextrins, i.e., y-cyclodextrin
(CAS 17465-86-0) and p-trimethylcyclodextrin, i.e.
heptakis 2,3,6-tri-O-methyl-p-cyclodextrin (CAS
55216-11-0)) and incubating *"T¢-ECD in plasma
with or without cyclodextrin complexation prior to
in vivo administration. It was further assessed if
acetylcholine (CAS 51-84-3) was able to protect
9mTc-ECD from peripheral esterase metabolisms
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2. Materiais and methods

Six adult male baboons (Papio ursinus, average weight
25 kg) were used for this study. The animals were ob-
tained from Mr. E. Venter, Northern Province (Republic
of South Africa). The studies were performed after ap-
provat by the Ethics Committee of the University of Pre-
toria, according 1o the guidelines of the National Code
for Animal Use in Research, Education and Testing of
Drugs and Related Substances in South Africa. These
guidelines are in line with international standards. Previ-
ously conducted studies used the sensitive familiar ba-
boon model developed for cerebral blood flow deter-
minations with single photon emission computed tomeo-
graphy [16-23]. An identical approach was followed for
the current investigation.

Six different procedures (A-F) were carried out on each
of the six baboons with three week intervals between.
These procedures were: five modifications in the use of
#¥mTe-ECD as CBF tracer with hopefully higher
bioavailability to the brain than is the case of unmodi-
fied, conventional **"T¢ labelied ECD which made out
the sixth study (see Procedure A in Table 1).

For the control study (Procedure A), each baboon was
sedated with ketamine hydrochloride (10 mg/kg im)

" (Anaket-V®, Centaur Labs, Bryanston, Gauteng, SA).

This was followed immediately by maintained and con-
trolled infusion of thiopentone (thiopental) sodium (70
ml/h of 0,5 % solution) (Intraval®, Rhone-Poulenc Rorer
S.A., Midrand, Gauteng, SA). After a {2-min stabilis-
ation period under thiopentone, Procedure A, the con-
trol study started at t = 0 with an i.v. injection of 222
MBq of c-Ethyl Cysteinate Dimer (ECD), Neurol-
ite®, Du Pont Pharma). The ECD was labelled accord-
ing to the manufacturer’s directions Five min after the
tracer injection for Procedure A, the first SPECT ac-
quisition (SPECT-]) followed with a Siemens Orbiter
gamma camera, using 32 projections of 20 s per view
during a 360 ° rotation. The baboons were always posi-
tioned in the supine position with a special head rest to
ensure reproducible and comparable tomographic slices
for all procedures. SPECT-1 was foliowed by a second
intravenous administration of tracer *™Tc-ECD of
double the radioactivity dose (i.c. 444 MGq) at t = 20
min. After another 5 min a similar SPECT acquisition,
SPECT-2 foliowed (the split dose method), which, for
Procedure A, measures the anaesthesia related CBF
changes taking place in between the two ECD adminis-
trations. Procedure B, was the same as Procedure A, ex-
cept that the second tracer application was of *™Tc-

‘Table 1: The time schedule for the various tracer procedure protocols indicating the time of each procedure.

min Procedurc A | Procedure B Procedure C | Procedure D Procedure E Procedure F
ketamine ~ ketamine | ketamine ketamine ketamine ketamine
-12 [ thiopental thiopentai thiopental penlobarbitai pentobarbital
|9 P Te. ECD - S BT ECD 1% ¥9mTe-ECD 15t T ECD 15t 9 Te.ECD
SPECT-1 SPECT-1 SEPCT-1
mix ECD
+ plasma
1 " mix + plasma
+ acetylcholine
8 ] incubation incubation
|37°C, 10 min) | (37°C, 10 min)
18 mix *Tc + ECD | mix *™Tc + ECD |
i + plasma + acetylcholine )
+ plasma |
"20 | injection i injection injection '
20 WM T ECD 2% 9 Te.ECD 2vd BT ECD
+ plasma + acethylcholine
+ plasma
25 |SPECT-2 TSPECT-2 SPECT-2
' "} complexation " complexation complexation
2 ¢-ECD 2~ c-ECD nd ¢-ECD
+ y-cyclodextrin  + P-trimethyl- + ycyclodextrin
cyclodextrin
45 SPCT-1 SPECT-1 | SPECT-1 and mix
YW ECD
+ y-cyclodextrin
+ plasma
47
"60 injection injection
20d BT ECD 2W BT ECD
+ y-cyclodextrin  + B-trimethyl-
cyclodextrine
105 SPECT-2 | SPECT-2
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ECD incubated in 2 mi plasma, which was obtained
from 10 ml of the baboon’s blood which was previously
drawn and centrifuged. The ECD and plasma were
mixed at 6 min and at t = & min the incubation period
for 10 min (37 °C) started. tAt 18 min double the first
activity dose of ™™Tc (444 MBq) was mixed with ECD
in plasma and the second i.v. administration of *®™Tc-
ECD in plasma took place at t = 20 min, Thus, SPECT-
2, which again followed 5 min after the second injection
at t = 25 min reflected the influence of the ptasma in-
cubation of ECD in relation to its bioavailability to the
brain.

Procedure C had the same protocol as Procedure B, but
the second application was an infusion of Tc-labelled
ECD, plasma and acetykholine (1 % solution) the latter
to act as an esterase substrate in the plasma. This tracer
modification was achieved as follows: at t = 7 min the
plasma and acetylcholine were mixed and incubation
(37°C) started at t = § min, for 10 min, At 18 min
double the first dose of ¥ Tc.-ECD (444 MBq) was
mixed with the plasma and acetylcholine. This was in-
jected iv. as a second tracer at t = 20 min. SPECT-2
followed 5 min later {t = 25 min), SPECT-2 should re-
flect improved brain bioavailability with respect to
SPECT-1, if the acetylcholine protected the ECD from
degradation by plasma esterases.

Procedure D and E concerned corplexation of the ECD
into two different cyclodextrin formulations, y-cyclodex-
trin and B-trimethylcyclodextrin, i.e. heptakis 2,3,6-tri-
O-methyl-f-cyclodextrin. For both these procedures the
maintaining anaesthesia was changod to the long acting
sodium pentobarbitone (30 ml/h of a 0.8 % solution)(Sa-
gatal®, Kyron Laboratories Pty Limited, Benrose, Gaut-
eng, SA), due to the longer time involved, to allow for
release of the ECD from the complex to cross the blood
brain barrier (see Table 1). ®™Tc-ECD was complexed
with y-cyclodextrin by incubating the **Tc-ECD with a
10-30 molar excess (y- CD: ECD) for 30 min at room
temperature in physiological normal saline solution. In
Procedure E, the y-cyclodextrin was replaced by p-tri-
methyleyclodextrin and the complexation performed as
before. Split dose SPECT was performed as in Proce-
dures A-C, except that SPECT-] folfowed 45 min after
the first i.v. administration of **"T¢-ECD, and the se-
cond SPECT-2, likewise 45 min after either ECD + ¥-
cyclodextrin, or ECD + B-trimethylcyclodextrin, labelted
with the double dose of ™ Tc-ECD, was administered.

Additionally Procedure F was eventually performed,
similarly to Procedure D, but the second injection was of

#mTe ECD + y-cyclodextrin with additional incubation .

done in 2 ml plasma for 10 min, starting at 47 min, in-
jected at 60 min and scanning started at 105 min.
During all the above procedures arterial blood pressures
were recorded from a catheter in the femoral artery and
heart rates were monitored.

After backprojection and reconstruction of SPECT-1
and SPECT-2 data, the brain images in all procedures
consisted of transaxial, sagittal and coronal slices, repre-
senting total brain CBF and some regional related CBF
information. Eight slices of one pixel thickness each re-
presented the brain in all three views, as mentioned
above.

Regions of interest were placed on the total brain, as
viewed in each slice and count rate data {counts/pixel)
thus obtained were inserted into the following equation
to obtain the ratio R:

(SPECT-2) - (SPECT-1)*
SPECT-1

where * refers to decay-corrected data from SPECT-1
which is present during SPECT-2 and has to be subtra-
ced from the SPECT-2 data as a background correction.

R =

4

"R is an indication of the level chaxllagc of (r)CBF during
extended anaesthesia using **™T¢-ECD, or in addition,
becanse of modifications of the second tracer in each
study.

2.1. Statistical methods

The R values for eight slices in transaxial, sagittal and
coronal view could be compared between control and
modified studies and between modified tracers studies.
A two-tailed Student’s t-test for paired variables was
used, to express significance with a 5 % level of confid-
ence.

3. Results

R values (mean + SD) are presented in Tables 2-4
(transaxial, sagittal and coronal), for each of the
eight slices, and each Procedure A-F. It is clear
from Tables 24 that the biodisposition of the Tc-
ECD radiopharmaceuticals is influenced differ-
ently. With no intraprocedural regional, slice de-
pendent differences showing statistical significance
(see Fig. 1-tansaxial), mean R-values including all
slices and all views were obtained, and used to re-
present the total brain for each procedure, as
shown in Table 4. Percentage changes due to the
tracer modification (AR) are given between the dif-
ferent procedures in Table 5. No significant
haemodynamic changes were experienced for Pro-
cedures A-F. The control R value for cerebral
blood flow under thiopentone anaesthesia, and
measured with ®"Tc-ECD in the normal way
(Procedure A) is similar to previous data [2], viz.
R =2.07 +£0.15. From Table 5 it is clear that incub-
ating the ECD with the animal’s plasma for 10 min
before injection for the 2nd scan (Procedure B) sig-
nificantly reduced (R = 1.75 £0.11) the bioavail-
ability to the brain by 15.5% (p < 0.05), and that
this attenuation was only slightly altered {~13 %)
with the additzon of acetylcholine (Procedure C) to
the plasma (R = 1.80 £0.20%, change —13%,

> 0.05, p <0.10 with respect to Control). The ef-

2.50 4
2.00 4
- 1.50 4
1]
=
[
® 4004 —o—Control {A}
—6-- Plasma (B)
—d— Acetyicholins (C}
0.50 J —¥—-Gamma-Cyclodex (D}
~@~ Bata-Cyclodux (E}
—8- Gamma-Cyctodex - Plasma (F)
0.00 T oy Y Pr———r v
1 2 3 4 § s T B
Transaxial slice number

7 Fig. 1: Curves of the mean ratio (R) (n = 6) versus slice number
of all the procedures (A-F) in the transaxia) view starting from
the frontal to occipital lobes. .
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Tabfe 2: The mean R-ratios (+ SD) (n = &) from transaxtal views of eight equal cerebral slices for the six different procedures with

the slice number starting from the frontal (o the occipitat lobes.

Procedure | -SMcel |- Stie2 |. Stoed | .Slicc4 .| Soes il Shces: | Slice7: | - Shce§
A 203£0.15 | 1.99£021 | 2052026 | 2.1040.28 | 2134030 | 2192028 | 2.1420.28 { 2.07£0.36
B 168013 | 173+0.10 | 1752014 | 176+012 | 1782010 | U73x0.12 | 17220010 | 1772015
C 1772004 | 17840.11 | 1814016 | 180+022 | 1752001 | 176015 | 139+0.08 | 1.96 001
D 2005046 | 1982034 | 202031 | 203032 | 2004030 | 2.02£0.31 | 204£0.18 | 204 £0.15
E 166008 | 165+0.10 | 166012 } 1.6610.12 | 1.68+£010 | 1.69+£0.09 | 1.69+0.10 | 1.6810.02
F 1924023 | 1954028 | 196£0.15 | 199030 | 2004030 | 2.03£0.30 | 1981023 | 1831026

Table 3: The mean R-ratios (* SD) (n = 6) from sagital views of eight equal cerebral slices for the six differem procedures with

the slice number from the left to right.

A 2184040 | 2124030 | 2122027 | 209£026 | 210£0.15 | 2.07£0.30 | 206£0.30 | 2.03£0.15
B (75007 | 1742007 | 1.24+0.01 | 181+0.13 | 178016 | (742011 | 1752011 | 1.74+0.12
c 159037 { 1.70£0.25 | 1.75£013 | 1794005 | 1:86+0.01 | 1.81£0.01 | 1944016 | 2.04£0.35
D 173085 | 2054024 | 202+0.27 | 200£0.28 | 200£027 | 2.01£0.25 [ 198+0.24 | 196027
E 1832020 | 1712013 | 168012 | 1664011 | 1.66£0.12 | 1.67£0/1 | 1.67£0.09 | 1.68+0.07
F 208+063 | 1874027 | 183£027 | 1924027 | 1.95£028 | 1.96+028 | 192+027 | 1.84+0.28

Table 4: The mean R-ratios (£ SD).(n = 6) from coronal views of eight equal cerebral slices for the six different procedures with

_the slice pumber from the cerebellum to the dorsal slice of the cerchtum.

Procedure | el | Slice2 | Stioe3 ] .stoes, | Sices 1 S [ shie7 [ sliocs
A 212:3045 | 2152041 | 2.11:%0.33 } 2.11::026 | 2.06:%0.26 | 2.03:£024 | 1921027 | 1.71£0.68
B 1.77:4012 [ 1754008 | 1.76:+0.11 | L75%008 | 1.7540.13 | 1.73.40.10 | 1.73£0,10 | 1.72+0.10
C 145:£0.78 | 1.38+0.51 | 1.57-2030 | 1,71 £0.08 { 1.85+0.04 | 1.95%0.07 | 208£0.30 | 2.3210.60
D 1.94:£028 { 1991026 | 2.04:20.28 | 201 1:0.24 | 204 3024 | 201 £026 | 204 £024 | 2.02+024
E 1.63:40.09 | [.65+£0.10 | 1.66 £0.10 1 1.67 £0.10 { 1.69 £0.11 | 1.70:0.11 | 1.71£012 | 1.71 £0.1§
F 2012037 [ 209£0.38 | 207031 | 1964025 | 1.82 2025 | 1.4 2025 | 1.63+£0.26 | 1.5t £0.46

fect of cyclodextrin complexation with the ra-
diotracer is clearly evident in the results obtained
from Procedures D and E. Complexing ECD with
y-¢yclodextrin for SPECT-2 as described in Proce-
dure D, yielded an R-value of 2.00 +0.30, which
although 3.4 % below the control of Procedure A,

Table 5: The mean R-values + SD (n = 6) for total brain as

averaged from all slices and all views for cach Procedure, per-

centage changes (AR) of these R-values with respect to the pro-
_cedure indicated in brackets

Change % _—
Procedure R-value ( M{'; Significance
" Procedure A 207£0.15
Cotro] .
Procedure B 1752 0.11f-15.5% (A) p<0.05
ECD in plasma
incubat i
Procedurs C 1.80+0.20(-13.0% (A) lp < 0.10, p > 0.05
ECD + plasma +1.0% (B) p> OI.’OS
+ acetylcholine
incubated |
Procedure D 20 £6.30) -34% (A) p=>0.05
ECD + y-cyclo- +8.6% (B) {2>0.05, p<0.10
dextrin
Procedure E 1.68+0.11 [~18.8 % (A) p <002
ECD + P-tri- -16.0% (D) p<005
methylcyclodex-
tnn ;
Procedure F 1911£0.12 | -7.7% (A) p > 005
ECD + y-cyclo- +9.0% (B) p <005
dextrin in plasma —4.5% (D) p>005
incubated

" was not statistically signiﬁcantlirl different from the

control value (p > 0.05). On the other hand, the
complex between ECD and B-trimethyleyclodex-
trin resulted in significantly decreased R-value
when compared to both the control, Procedure A
(R = 1.68 £0.11 vs. 2.07 £0.15, p < 0.02) and the
v-cyclodextrin complex, Procedure D (R = 1.68
+0.11 vs. 2000 £0.30, p <0.05). The changes
are —18.8 % and —16 % between Procedures A and
D and Procedures B and D, respectively. The resuit
from Procedure F, where the complex of ECD and
v-cyclodextrin was incubated in plasma shows a R-
valug of R = 1.91 £0.12. This result was signifi-
cantly higher (+9 %) than the R = 1.80 +0.20 ob-
served in Procedure B, for uncomplexed ECD that
was incubated in plasma. Conversely, the result
from Procedure F is a slightly but not significantly
lower (—7.7 %) R-value than the control result (R =
2.07 £ 0.15). The results from Procedures D (2.00
£ 0.30) and F (1.91 +0.12) are similar with no sig-
nificant difference.

4. Discussion

The current study indicated that the metabolic
stability and central nervous system bioavailability
across the blood-brain barrier are important com-
ponents for cerebral blood flow radicactive tracers,
such as techpetium labeled ECD. Furthermore,
these aspects can be influenced, e.g. to improve the
brain imaging properties of the radiopharmaceu-

‘5
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tical. The present study focussed on the effect of
compiexation of the ECD with two different cyclo-
dextrins during cerebral flow determinations. The
instability of ECD due to metabolism by plasma
esterases was further po‘inted out by incubating
ECD in vitro in plasma with of without being com-
plexed with the cyclodextrin prior in vivo SPECT
investigation.

The marked reduction (~15.5 %) in the R-value for
Procedure B (plasma incubation) when compared
with the control (Procedure A} clearly indicate that
the incubation of ECD in plasma adversely af-
fected the ECD metabolic stability. This additional
exposure of ECD to the plasma esterases ex vivo
before the in vivo administration, clearly resulted
in significant additional esterase metabolism of
ECD. Inoue and co-workers [24] eatlier reported
the in vitro metabolism of ECD in blood. They
concluded that the majority of the enzyme that is
involved in the metabolism of ECD exists in the
red blood cells. An approach to protect ECD from
this esterase degradation was attempted with Pro-
cedures C (adding acetylcholine) and Procedures
D and E (using different cyclodextrins complexes).
The improvement of 3 % in the case of Procedure
C (adding acetylcholine) above Procedure B is
measurable and maybe indicative of the slight pro-
tection of acetylcholine towards the esterase de-
gradation of Tc-ECD, but insignificant (p > 0.05)
under the current dosage regimes.

On the other hand complexing ECD with y-cyclo-
dextrin for SPECT-2 as described in Procedure D,
yielded an R-value of 2.00 £ 0.30, which although
3.4 % below the control of Procedure A, was not
statistically significantly different from it (p
>{.05). The cyclodextrin complexation showed
protection of ECD when compared with Procedure
B. An improvement of 8.6 % was observed for the
complexed ECD over the ECD not being com-
plexed with the cyclodexirin and incubated in
plasma. This finding is further supported by the
result obtained from Procedure F, i.e. that y-cyclo-
dextrin offered some protection to the ECD
against degradation. This can be seen from the R-
vaiue, R = 1.91 + 0.12 for Procedure F, where the
incubation of v-cyclodextrin complexed ECD in
plasma did not show the same degree of degrada-
tion as in Procedure B (AR = +9%, p <0.05),
while not significantly differing from Procedure A
(AR = -7.70%, p > 0.05) or from Procedure D
(AR = —4.5%, p > 0.05) where no plasma incuba-
tion was involved.

The somewhat lower bioavailability of y-cyclodex-
trin complexed ECD to the brain (Procedure D vs.
Procedure A, AR = -3.4%) although not signifi-
cant, could point to a slightly decreased release of
the b"’"‘Tc-ECD from the complex, to cross the
blood brain barrier. This seems to be confirmed by
the results from Procedure E, where complexation
of #™Tc-ECD with the other cyclodextrin, i.e. B-
trimethylcyclodextrin for the SPECT-2 injection
rendered R values significantly lower than in the
control Procedure A (R = 1.68 £0.11, AR =
-18.80%, p <0.02). The B-trimethylcyclodextrin
was shown to display a binding by a factor of ap-

6

“proximately 66% stronger than y-cyclodextrin

(AR = 16 % between Procedure D and E, p < 0.05)
{J.-L. Moretti, personal communication). A mar-
ked reduction in the release of the ¥*T¢-ECD
from the P-trimethylcyclodextrin complex or a too
stow release from the complex could account for
the significantly lower R-value for Procedure E.
The complex of ECD with B-trimethylcyclodextrin
therefor reduces the availability of ECD for cross-
ing the blood-brain barrier during the course of
the experiment, while protection against the ester-
ase degradation is observed through the complex
formation.

5, Conclusion

The complex of ECD with y-cyclodextrin showed
similar R ratios as both the control and when the
complex was incubated in plasma. In support of
this finding, incubation of ECD alone showed sig-
nificantly lower R ratios. This study therefor revea-
led that biodegradation can indeed be reduced with
the complexation approach using cyclodextrin
technologies. The B-trimethylcyclodextrin however,
reduced the availability of the ECD significantly,
resulting in low R ratio values. Therefor, this study
has also shown that the availability of the ra-
diotracer from the complex is of significant impor-
tance with respect to the timely release of the ra-
diopharmaceutical, which is critical as not to nega-
tively influence it availability and clinical applica-
tion. The choice of cyclodextrin for the com-
plexation with ECD must therefore be direct to
protect the ECD against metabolic degradation as
well as to ensure timely release for successful im-
aging characteristics,
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The Primate Model in | ‘Chapter
Neuropharmacology for Cerebral 62

Blood Flow Determinations with
HMPAO SPECT

I.C. Dormehl, D.W. Oliver' and N. Hugo

Animal models in medical research

Early man obtained information by abserving his environment. Animals, as an
integral part of the environment, contributed to stimulate the understanding and
creativity of reasoning man to improve his way of life.

Early recordings of serious investigations on human biology and anatomy point
towards initial dissections on human corpses and cadavers, untit these fell into
disfavour and were banned in the Middle Ages. The emphasis for research in the
medical sciences then reverted to the deliberate use of a variety of animals.
Richard Lower successfully performed blood transfusions on dogs in the middle
of the t7th century. In June 1667, the first biood transfusion on 2 human was
carried out in France by Jean Bapiiste Denis who transfused sheep’s blood into
two boys, both of whom subsequently died. it was much laler that the rescarch
activities of Nobel Prize winncr, Karl Landsteiner (1868-1943) eventually
provided blood transfusions with sound scientific basis, and thus confirmed the
impact of carly animal research on the shaping of civilisation,

In the 1800s, David Ferrier stimulated animal cortex to localise brain functions,
and around 1892 animal seizure models were demonstrated using a variety of
icchniques. Such animal research, made with circumspection, with care to avoid
suffering, with respect for life. and upholding scientific merit, is still justifiable.
and continuing even if under the watchful eye of concerned animal protection
groups. Among others, animal models hive been useful in pharmacology for
evaluating drug cfficacy, and for supplying information on the toxicity of a wide
variety of pharmaceutical agents, including those active on the central nervous
system (CNS) and influencing cerebral blood flow (CBF} patterns.

The use of non-human primates for medical research has been documented

already in the carly years of this century, when Robert Koch used monkeys © 4 pc [nainute for Life Sciences,
study the pattern of infection with human trypanosomiasis. Noa-human primates  yueuiee of Medicine, University
are morphologically and often functionally similar to man. The morpbological ¢ preraria, Box 2034 '
and functional superiority of the non-human primate is represented by #5  preoria 0001, South Africa
human-like brain, hands and uterus. The kidney of the non-human primate 8 *Nepartment of Pharmacology,
also unique among animals, because only man and the non-human primate have  powciwefseroom Univensity for
kidneys with a maulti-papillar structure, and microscopic examination of  CHE, Privarc Bag X600,
nephritis in rhesus monkeys confirmed identical results to those in man. Alsothe  potchetizroom 2520, South
ECG of the non-human primate has been identified to be similar to that of man'.  Afica
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The susceptibility of the non-human primate to
pharmacological and toxicological effects of drugs
frequently resembiles that of man, and many examples
exist where drugs were relatively toxic to the rat and
dog in comparison to the non-haman primate and man.
The importance of the pon-human primate in
dependence studies is weil recognised®”?, Withdrawal
syndrome, manifesied in morphine or barbiturate
dependent rhesus monkeys, closely resembles that in
human addicts. It shows a similar attilude o that of
man in his drug-seeking behaviour and psychological
susceptibility to the principal drugs of abuse, such as
morphine, codeine, pentobarbital and alcohol. Even if
hypnotics or alcohol are freely available. the rat will
not self-administer drugs up to the point that it is
severely depressed or anaesthetised, but the rhesus
monkey loves to self-anacsthetise. There is a limitation,
however, in the use of the monkey for drug assessmeat:
it does not take hallucinogens and THC.

The relatively large size of the Cape baboon Papio
ursinus with a weight of 27-30 kg for 4 large male,
makes this animal especially suitable for in vive
studies, using nuclear medical instrumentation and
techniques. It becomes an almost jdeal model for in
vivo rCBF investigations with SPECT imaging and a
perfusion teacer such as ™fc-HMPAO. The brain of
the baboon is relatively large when compared with its
body weight. The relative sizes of the cerebral
hemispheres, pons, cerebellum and medutla are similar
to the values for man* (Figure 1). The cerebral
hemispheres are incompletely separated from each
other by the longitudual fissure. The cerebral conex
spreads over the surface of the hemisphere, and its area
is increased by the presence of gyri. separated by sulei.
1t is demarcated by several important sulei into frontal,
panietal, temporat and occipital lobes. The con-
figuration of the convolutions shows a general increase
in complexity with man. There is a reiation between the
degree of fissuration and the size of the brain, and these
factors are related to body weight®. The major
difference from baboon to man is the development of
secondary and tertiary sulci, which adds greater detail
of fissuration. The eerebelium of the baboon is, as with
man, divisible into three main lobes; the floccular lobes
are comparatively large and the petrosal lobe projects
from the anterofateral margin of the paraflocculus,
According to inost aothories the anatomical
differences between baboon and human brain appear to
be quantitative. e.g. cell densitics, rather than
qualitative, There is no Xnown neomorphic element’
thint distinguishes the one from the other®. 1 is therefore
with some confidence that the baboon is being used for
neuroSPECT purposes.

522

Figure 1 The brain of a, Papio and b, Homa (from An Adas of
Primare Gross Anatomy, Doris R Swindler and Chades D Wood,
1982)

Cerebral blood flow as disease indicator

in neurophysiology and
ncuropsychiatry

SPECT brain studies with ¥ 1c-HMPAQ have been
used for the assessment of cerebral perfusion in many
reurological and psychiatric disecuases, demonstrating
that abnormalities of cérebral perfusion may be present
in both neurological as well as psychiatric pathology.
1333 ec-inhalation investigations with scintiliation
multiprobe systems were pecformed by several teams™
to measure rCBF, and it was noted under many
circumstances that it could be equated with local brain
physiology.

The assessment of rCBF therefore could amd asually
does provide useful diagnostic information, and/or
information for a better understanding of the complex
clinical presentations in patients with such neurological
and psychiatric manifestations.

Mean normal CBF is kept relatively constant by
autorsgulation. It varies between S0 and 60mimin/
100 g brain substance and is higher in grey matter than
in white matier. Normal cerebral function is still
possible with mean CBF values as low as 20
ml/min/100 g, the brain compensating with an increase
in oxygen extraction from the circulation. Values below
this lcad to abnormalitics of brain functioning
detectable by electroencephalography. Task-related

SPECT Section 11: Techniques
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variations in rCBF in healthy breins, and in patienis
with functional psychiatric discase are of smaller
magnitude, 2 - 35% of resting flow'%. In the normal
brain az well as in nevropsychiatric pathology, rCBF is
coupled to metabolic demand and changes in CBF
could reflect on neuronal metabolism.

Local reductions in CBF in Alzheimer's Disease {AD)
may paint to reductions in aeuronal activity in relevant
areas due to cell loss through atrophy and loss of
synapses. In the early phase of AD, abnormal patterns
of perfusion, i.e. hypoperfusion have becn established
in the temporo parietal contex. The predictive value of
this observation is high in AD patients with memory
and cognitive impairment!’,

Using HMPAC SPECT, it was found that increasing
age (range 21-80 years) was associated with both an
increase in side-to-side asymmelry and a preferential
decline of rCBF in the frontal cortex'2 1%,

CBF evaluations with HMPAQ SPECT of patients with
schizophrenia indicated a physiological dysfunction of
the prefrontal cortex and sometimes the temporal lobe,
at the onset of the illness prior to neuroleptic
treatment™ (Figure 2),

Paralimbic hypoperfusion was detected in unipolar
depression from HMPAQ SPECT stuchies, although the
psychiatric rating scales correlated poorly with CBF
(Figure 3), Major differences in functional images are
found in cases of epilepsy, depending on whether the
patient is in the interictal, Ictal or postictal siate
(Figure 4). Hyperfusion at the focus during the ictal
state is to 95% positively predictive, but the study is
logistically difficult 1o perform, especially with
HMPAO. "Tc-BCD with its longer in vitro
consistency appears to be a better proposition for use in
patients with epilepsy'™'5,

Cerebral toxoplasmosis is a common opportunistic
CNS infection in AIDS patients. Nevropathological
findings include inflammatory infiltrates with
polymorphonuciear leukocytes, in addition 1o
lymphocytes, plasma cells and histocytes. In the later
stages, cysts and areas of necrosis are present. Initially
no abnormalities may be observed on a CT scan. AIDS
patients present with abnormal HMPAO SPECT
indicating the early stage of a CNS toxoplasma
lesion!?,

Patients with AIDS dementia complex {ADC - an
AlDS-related dementia) were found, using HMPAO
SPECT, to have exclusive cortical CBF derangements
and maximum hypoperfusion in the frontal and parietal
lobes. The degree of hypoperfusion significantly
corvelated with the severity of the dementia complex'*.
Cocaine-induced seizures occur due to the local

SPECT Section 11: Techniques

angesthetic  actions of this compound. Severe
vasospasm is caused by the brain catecholamines
leading to reduced CBF'. Various resting patterns of
disruption of fCBF and metabolism as observed in
functicnal imaging are assuciated with Parkinsonian
disorders. Temporal frontal lobe perfusion secms to be
affected.

There is increasing evidence that HMPAO SPECT for
rCBF determinations is a viable technique for detecting
cortical lesions following traumatic brain injury (TBI)
{(moderate and mild), revealing a greater number of
lestons than CT or MRI®, especially during the first
hours following an ictus (Figure 5). In a study on
patients with chronic traumnatic brain injury, brain
SPECT was found to correlate with performance on a
number of neurophysiological tests?!,

A combination of HMPAQ SPECT and carotid
angiography increased the refiability of the Matss test
as a means of determining the effect of carotid artery
ligation®?, CBF changes refating to neurotexicity from
various industrial substances, e.g. Cd, Mn, were
detected with SPECT and correlated 1o behavioural
abpormalities?®, It is also true that confirmed normal
CBF coupled to changed receptor disiribations fore.g.
D,-distribution. measured in the basal ganglin by
1BZM, contributes to the diagnostic result?,

The evidence is, therefore, that SPECT has obvious
diagnostic potential, and with pharmacological
interventions and compuier analysis, is & new tool in
the assessment of brain disease. Although the literature
clearly abounds with applications of SPECT in
neurcpathology, only small numbers of patients are
being scanned in nuclear medicine facilities compared
with the farge numbers treated for meurological
disorders. Clinicians arc still sceptical about the
diagnostic sensitivity and specificity of brain SPECT.

Cerebral blood flow from HMPAO

SPECT data

Fundamentally, all medical imaging involves visual
comparisons. When vsed for diagnosis, images arc
frequently compared with mental pictures, which in
any event are the interpreter's concepts of normality
and different diseased stales. For prognosis or
treatment, monitoring comparisons often focus on
changes in serial studies in the same patient, and
depend on patterns seen in the images.

In nuclear medicine, these patterns represent spatial
and temporal arrangements and rearrangements of the
physiological and biochemical processes under
investigation. The imaging techniques, should have
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Figure 2 HMPAO SPECT slices at 36 mm above the
frontocerebellar line in (top) a representative control subject,
and (bottom) a representative schizophrenic patient. a, Resting
scan; b, Wisconsin Card Sorting Test (WCST). An increase in
prefrontal rCBF is noticed in the control during WCST. For the
patient prefrontal hyperperfusion is present ar rest, and a
decrease in rCBF for this region follows during WCST
(reference 14)

Control

Depressed

Figure 3 Transaxial (upper) and sagittal (lower) views of
HMPAO SPECT images from a depressed patient and an age-
matched, sex-matched, non-depressed control (taken from
Mayberg et al. | Nucl. Med. 1994)

Figure 4 Ictal and interictal perfusion patterns in a 38-year-old
woman with bilateral EEG foci and suspected left temporal
sclerosis. **™Tc-HMPAO SPECT shows decreased perfusion in
the left temporal lobe intericrally and markedly increased
perfusion in the left temporolateral and temporopolar region,
and slightly increased perfusion in the mesial structures during
the seizure (taken from Griinwald &7 al. J. Nucl Med. 1994)

Figure 5§ A 65-year-old woman with sudden onser of toual
aphasia: transaxial SPECT images obtaincdat 1.8 h after onset
demonstrate an area of severe low perfusion (arrows) enclosed by
a large arca of mild hypoperfusion (arrowhcads) which is
consistent with the territory of the right middle cerebral artery
(taken from Shimosegawa er al. J. Nucl. Med. 1994)
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adequate spatial and time resolution 1o capture the
available information in as much detail as possible.

A methodology for brain SPECT has been defined for
establishing consensus among experts - a kind of
modified Delphi-technique for tracer preparation and
optimal imaging®, but stifl no formal guidelines or
recomsnendations exist whereby the diagnostic efficacy
could be upiversally validated.

A key test of computer-based techniques for qualitmtive
as well as quantitative image information will be their
ability to detect lesions at low thresholds without loss
of specificity. [mage manipulation, such as filtering and
smoothing should be standardised, as should be slice
orientation. Compuler-assisted image interpretation
follows three routes: comparing activity in one pan of
the image with another, looking for ratios; comparing
activity in the regions of interest (ROI) with & normal
data base; and gencrating kinetic data. These
procedures introduce a degree of quantitation into the
SPECT technique. Quantitation is desirable above
visual-only interpretation for better differentiation, e.g.
between AD and other possible treatable dementia-
related diseases, and also for sensitive monitoring of
therapy.

Although it is known that counts/pixel in regions of the
brain are related to blood flow in the region®®??,
absolute  blood flow  non-invasively  with
radiopharmacenticals such as HMPAQ is not easily
attainable, The approach of calculating ratios could
vary: the ratic of counts in a particular ROI to the
counts in an identical contralateral segion as in
unilateral TBI, or w the counts in the unaffected
hemisphere®, even to counts in the cerebellum which
could he comected for early diffusion of tracer®%. The
last ratioc depends orn the assumption that the
cerebetlum is itself not activated by the test procedure.
In AD, the basal ganglin can be the reference structure
as it is in this case usually spared. A lesion is identified
if the ratio is below a centain threshold value. This
threshold is chosen by defining 2 range of values rom
‘normal’ volunteers.

Normals, especially where age-matching is needed, are
not always adequately available, Furthermore, what is
normal? A clear and unequivocal knowledge of normal
brain perfusion is an ahsolute prevequisite 1o objective
interpretation of scans and assessment of the accaracy
of such interpretadons. Normal perfusion and the
acceptable Himits &t cach region must be mapped and
recognised. The appreciation of normal patterns and
variability is the accumulated result of a Jarge aumber
of normal observations.

With respect to the analysis of SPECT images, ihe
fimited anatomical information derived from blood

SPECT Sectiont 11: Techniques

“flow images renders it difficult 1o localise the

anatomical site of imerest. Hence the ability of the
technique 1o give information about smalf arcas of
braift is limited not only by intrinsic properties such as
spatial resolution and the partial volime effect, but also
by the reliable idemtification of precisely the brain
regions observed. The extent of anatomic variability
must be recognised and accounted for.

To aid interpretation of normals. an atlas of normal
structures was defined and correlated with the widely
recognised  Talairach  Tournoux  stereotactic
neurosurgical atlas?®™ . Hereby the brain image is
mathematically resized into a defined stereotactic
space, following which the use of the comesponding
coordivate system allows identification of specific
arcas {Figure 6]. All normals are, however, not alike,
not only amatomically, but also there are age-relared
changes in cortical perfosion. and gender differences™,
A brain SPECT database from different parvicipating
institytions is needed. Important advances at various
ventres have been made in defining normal brain
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" Figare 6 SPECT region of interest remplate: transaxial views at

six standardised brain levels. The rCBF was measured in
sandardised brain regions by using gtneralised vemplate
modifications from the Matsai and Hirano brain atlas {taken
from Matsui ¢f al. [gwin-Shoin (New York 1978, The regions of
interest weee defined in cortical and subcortical regons {taken
from Mavberg ¢ al. [ Nucl. Med 1994}

528"




Appendix 3 - Reprints

SPECT in Newmotogy and Psyctumry

perfusion and condensing such descriptions into usable
digital formats - also identifying the perfusion pattems
associated with various disease entities and correlating
these patterns with clinieal outcome. A multicentre
interobserver agrecment or dementia studied with
HMPAQ SPECT was published®, with encouraging
discrimination of subtypes of dementia. More imaging
centres are developing the resources necessary o
superimpose functional ithages onto simitarly orient-ated
cranial MR images of the same subject. This technique
currently represcats the best way to obtain precise
anatomical localisation in functional brain images.

Shapes of ROIs are also not consistent. Sometimnes
predetermined and regular shapes are used, in other
cases irregelar shapes designed to enclose a spexific
structure. The placement of regions can likewise vary,
i.e. either individually and manually, or with the aid of
a standardised computer aigodithm. Region placement
is normally planned before results become available for
objectivity {Figure 6).

The reslity, however, remains that threshold values of
ratios are observer-dependent and also display-
dependent. Work is in progress on the accuracy of
various methods of image display and colour scale
mapping™. However, one has to frecognise a high level
of complexity and normal variability ia brain structure
and functional interrelationships which make brain
SPECT difficult to interptet with the ungided eye, and
the techniques for analysis are not yet adequately
standardised.

Avtomated computer pattern recognition could be the
alternative. Given onc ser of images from a normal
population and another from patients (e.g. with AD),
the artificial nevral network {ANN) will find the best
means of differentiating these Iwo image patterns with
no interference from pathophysiclogical knowledge of
the disease proccss. A neural network algorithm™
proved offective at recognising the pattern of AD -
more than just & measure of parietal uptake or an
asymmetry index. An image is reviewed for patterus,
not a single finding but a constellation of findings,
individually non-specific but diagnostic when taken
together. This is also the way the human mind works.
However i provides neither a quantitative measuare of
distinguishing between groups for comparisons nor
kinctic data, and therefore does not yet fully tap the
diagnostic potential of SPECT. Nor could more than
two different groups be handled successfully.

The sensitivity and specificity of diagnostic brain
SPECT i3 therefore still an upknown, and a reason why
clinicians do not in general involve this modality in
their diagnostic procedures. Interpretation and
techniques applied to thar effect are alse not simple.

 Measurement and interpretation of

CBF changes following interventions
Although tracer uptake in the brain is influenced by
various parameters such as cardiac outpnt®, retention
fraction’®, and lipophitic and hydrophilic fractions®, a
numerical valoe that could monitor brain uptake of
HMPAO would be useful for follow-up, activation and
pharmacological studies. Quantification of absolute
CBF or uptake has been pointed out to be problematic
and not yet a routine diagnostic clinical practice.
Various methods have been suggested to convert brain
counts into brain uptake, such as using calibrated poinit
sources as external standard®®, but these have not yet
found easy application.

Follow-up studies, however, measuring changes in
CBF and HMPAO uptake in the same patieat after an
intervention do not demand absolute values, e.g.
relative rCBF increases could be measured after shunt
susgery in  patients with  normal  pressure
hydrocephalus, and some of these regional
improvements correlated with improvement in
psychiatric symptomatology. Successful follow-up
CBF-measurements after vascolar reconstructive
surgery in moyamoya disease have also been reporied.

Measures of pharmacclogical modulation of rCBF
have been used 1o learn about cerebral acuvity of the
administered drug, It provides the ideat scenario of the
follow-up study to assess pharmacological effect and
weatment efficacy in neerological and psychiatric
patholegics. Another example would be to iavolve
activation paradigms whereby the magnitude of CBF
change could be monitored after a pharmacological
challenge®. This could show how reversible the
defictts are and how treatable a patient might be,
Acetazolamide is a drug often used to determine
cerebral’ reserve before and after a surgical
intervention®,

Alignment of muitiple studies for comparison is a
major problem. Pelizzari*! looks at surface contours,
others at the aaterior commissure - posterior
commissure Jine for reference®, Alternatively, external
fiduciat markers can be used'’. To avoid subjectivity,
alignment uof scans can be performed by an uutornated
computer algorithm. However, with each patient as his
own contrgl, the trained human obscrver is still very
pood at compensating for artefacts and recognising
anatomical variability and functional changes.

Semiquantification of CBF changes, induced
pharmacologically or otherwise, bétomes comparat-
ively easy and still reliable, using the split-dose
method™43 It is an ieal method to use in drug
development where rcute effects of the drug need to be
menitored, as js the case with cercbral infarction. An

SPECT Section 11: Techniques
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Figure 7 Patient with narrowing of the right carorid-fork IMP
SPECT image beforc acerazolamide {C). Activity slightly
deorcased in the entire Jeft cerchral hemisphere. (D} IMP
SPECT image after acetazolamide. Markedly decreased activiry
in the entire feft cercbral hemisphere (taken from Hoshi er &l
] Nuct Med. 1994}

Acetazolamide stress testing has also been .used to
assess cerebrovascular reserve in patients with epilepsy
and dementia®. In these instances the purpose of the
test is to determine whether alterations in resting rCBF
are of neuronal or vascular origin. Primary neuronal
dysfunction (such as AD), produces 1CBF
abnormalities only as an epiphenomenon, through
antoregulation. Such areas have & normal
acetazolamide response.

CBF changes measured after pharmacological
intervention can be assessed for their therapeutic
significance in various discases, e.g. the use of calcium
channel blockers in stroke patients, where the drug
might only be effective prior to induced or spontaneons
reperfusion. If given acutely, some artidepressants
administered o patients with affective disorders inhibit
the re-uptake of noradrenaline and/or serotonin in the
syrapse, while others block inactivation®®, Possible
CBF changes induced in this manner and their
significance could be studied by the split-dose method
of HMPAQO SPECT. Research has also demonstrated
that many antidepressants exhibit effects on receptor
sensitivity after chronic administration. A decrease in
bets-asdrencrgic receptor sensitivity and enhanced
responsiveness to serolonergic and alpha-adrenergic
stimulation has been noted. Monoamine oxidase
inhibitors block the inactivation of biogenic amines and
thus increase the concentration of those
neuroirznsmitters™. Thevefore monitoring changes of
tCBF in patients with mood disorders may be useful to
direct therapy. It could also bhe applied in the
development of appropriate pharmacological agemis,
and for better understanding of the pathophysiclogy of
depression, the latter especially when correlated to
cogritive behavioural changes. A clear correlation
between pathological HMPAO SPECT findings and an

increasing Hamilton depression rating scale (HDRS)
was reported®, which was not the case in patients with
normal beain SPECT.

It appears that deranged CBF and cercbral metabolism
are present in schizophrenia®, and subsyndromes
could be regionally correlated in the brain. It has been
hypothesised that in schizophrenia there is an
averactivity of the dopaminergic system, with higher
D, receptor densities in the left than right putamen, not
found in controls®. This agrees with the work showing
increased perfusion and metabolism in the basal
ganglia on the left side. The phenomenon will find
application in the field of pharmacology, i.e. studying
receptor systems and cerebrul metabolism and the
perfusion response to pharmacological interaction by
agonists and amtagonists®®. This research provides
exciting opportunities to test hypotheses refating to
antipsychotic pharmacodynamics and clinical response
in fiving humans.

Preliminary results from a group of normal ageing
patients under extended therapy with oral piracetum, or
alternatively a combination of nicotinic acid with
pentifylline, point towards improved rCBF and
comesponding improvement in memory. Drugs may
increase blood flow withowt altering cercbrai
metabolism. A significant increase in glucose meta-
bolism was fourd with PET after piracetam treatment
in an AD group of patients®, The small number of
patients, however, prohibits a conclusion on the
therapeutic relevance of metabolic effects in this case.

Although neurotransmifter and receptor interactions
with drugs can be effectively monitored in vive with
SPECT and PET, leading to dose determinations and
investigations of the impact of pharmacological
manipulations on receptor systems, the aival of both
the tracer and the drug is blood flow and brain
perfusion dependent, and this must be taken imwo
consideration, if not also measured.

The split-dose method with HMPAO lends itself
ideally to newro-activation studies®™. In order to
observe the pattern of CBF associated with a task, it is
necessary to perform that task only during the
relativefy short fixation petiod of the tracer, stafting
shortly before administration of HMPAO and
continuing for approximately 4 min. This minimises
problems such as initial lcaming effects in cognitive
tasks and the time needed for the development of a
physiological response after the HMPAO injection.

The verbal fluency task was found to be associated
with a small but significant increase in rCBF in the ieft
dorsolateral prefrontal cortex, which did not always
prove lo be the case with the Wiscopsin Card Sorting
Test®, despite it being considered equatly robust in
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testing this cerebral region. A SPECT study of
schizophrenic patients performing a verbal fluency task
showed that compared with a control group, the
schizophrenic sample had decreased HMPAO uptake in
left fromtat corticat and Ieft posterior cortical regionsh?.

Two lests were also performed during the CBF-
imaging of 20 medication-free schizophrenics and 25
normals, viz the Wisconsin Card Sorting Test, and a
simple number matching test. In the controls, the flow
to the dorsolaters] prefrontal cortex was clearly
increased during the card test, not so in the patients.
Number matching did not affect flow to this area for
either group®®.

A split-dose subtraction HMPAO SPECT study was
performed on schizophrenic patients in collaboration
with a verbal memory activation lest to look for
deficiencies in temporal lobe function (Busatio, vn-
published results), Despite low frontal lobe flow and
significantly poorer performance on the memory task,
the degree of medial temporal activation measured in
the schizophrenic group was nor significantly different
from that of the control group, Grossly, the brain is
only subtly abaormal in schizophrenia. it is instractive
in this regard to note that the fronial lobe, which has the
more sabtle pathology, tends to be more disordered
functionally.

Based upon the premise that increased neuronal
{synaptic} activity leads to an increase in regional
cerebrai blood flow, activation studies for Parkinson's
disease patients have been developed in which subjects
are scanned under two or more differing conditions e.g.
at rest and while moving a limb in order o identify
brain regions whose blood Row differs between the
conditions. From this, it i5 inferred that localised
changes in neuronal activation are responsible for, or at
least involved in, the human activity under study.

Interactions between cognitive and pharmacological
manipulations (i.e. neuro-modulation) and measured
by SPECT and PET can also be very informative.
Certain drugs were found to augmem task-induced
increases in rCBF e.g. buspirone and apomorphine
acting on memory-induced rCBF increases in the
retrospinal region and dorsolateral prefrontal cortex
respectively®®, The particular experimental model can
be chosen for pharmacological reasons, i.e. to find the
effect of a drug on cognition, or for neuropsychological
purposes where a task will be selected if it is known to
tmplicale a particular ncurotransmitter system.
Methodological problems are matching the time-course
of drug activity with that of tracer uptake and
washout®®, and analysing data to distinguish between
global and regional drug effects on  biood
flow/metabolism.
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" A recent example of this strategy is the reaction of

akinctic Parkinson’s patients before and after &
subcutaneous injection of apomorphine (a dopamine
agonist), during a finger opposition task™. The akinetic
patients, unlike pormal controls, failed to incroase
rCBF to contralateral primary sensory arcas and the
supplementary mator cortex during the task. Following
apomorphine, akinesia resolved and rCBF to motor
regions in patients resembled that of controls. This was
the evidence for functional differentiation of motor
arcas in akinetic patients, which was shown to be
reversibie by a dopaminergic deug.

It was also found that schizophrenic patients did aot
activate fronlal regions following apomorphine - unlike
controls. Schizophrenic paticnts are known to perform
poorly on the Wisconsin Card Sonting Test, which is
a measure of prefrontal function and have relatively
low flow to frontal regions™. These dota provide
support for the hypothesis of a refalive fromtal
cortical dopamine deficiency in schizophrenia (Pedro,
unpublished results).

The importance of the methods of neuropharmacology
outlined above is clear. In fuwre brain SPECT and PET
studies will have a necessary role 1o piay in the
development and evaluation of novel and classical
psychotropic drugs, and some of this of necessity
involves animal experimentation.

The non-human primate and split-dose
HMPAO SPECT

Although it is now possible lo relate the basic
molecular structure of a receptor to its cellular,
biochemical and hiophysical responses and
pharmacologicat specificity in the test-tube, animals
have a major use to enable understanding drug action
on neurophysiclogy. Behavioural responses of animals
to psychotropic drugs provide some indication of
neuroreceptor function in vive but extrapolation to
human neuropsychology, even. from the non-human
pomate, has limitations, For one there are no
appropriate animal models for schizophrenia, but
models of masmatic brain injury and seizures have
been used, as were primates which were rendered
parkinsonian by admmistration of MPTP {1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine)?".

The baboon model has found frequent application in
receplor imaging with SPECT.

Ir developing a baboon mode! for CBF delerminations
with SPECT imaging and ™"Tc-HMPAO, it was found
to be meaningfully sensitive to the effects of
anaesthesia on CBF2,
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Angesthesia is necessary for restraining the animal
during scintigraphy, and it bacomes critical when the
procedure becomes prolonged. The split-dose method
used with the model compares rCBF before and after a
drug interveation, (i.e. from wo sets of SPECT dala,
viz SPECT-1 and SPECT-2}, and the resuit is given as
a ratio (R) of the two determinations once the
background contribution from SPECT-1 tu the SPECT-
2 data had been subtracted. To assess and understand
the resuits from this model, i.e. the R values. a control
representation for each investigation is required which
describes throngh R values, rCBF changes taking place
during an angesthesia-only experimental run, and,
choosing a corresponding point in time for the second
HMPAQ injection (o match the intervention response
in the subsequent drug-intervention study. Anaesthesia
is chosen to least disturb normal CBF, and to be casy v
maintain and monitor. A useful form of anaesthesia
would be ketamine-barbiturate combinations. The
ketamine {10 mgfkg of ketamine hydrochloride) is
necessary for induction, but not useful for maintenance
because of the possibility of convulsions during longer
studies. Thiopentone sodium can be used For
maintenance (70 mlAh of 2 0.5% solution) for shorter
studies (1 h}, and pentobuarbitone for swdies of 2 h and
longer. The bascline study will then have the first
HMPAO injection with the baboon still under the
influence of ketamine from darting, and the second
double dose of HMPAQ after SPECT-1, (performed
gnder barbiturate mainienance), and injected to match
the imervention of the experimental protocol.

Table I gives R wvalues from various anaesthesia
combinations for tomographic slices as acquired in the
transaxial, sagittal and coronal views, and for the
global brain'?, The ratio R is an indication of the level
change of rfCBF at a chosen time during the second
anacsthesia with respect to the first. Curves plotted of
R versus slice number (Figure 8) display some regional
information from the various slices as they pertain
predominantly 10 analomical structures.

If no changes in CBF occur during the switch to a
second anaesthesia (e.g. ketamine-thiopentone), or
during prolonged anaesthesia, (e.g. thiopentone-
thiopentone) (Table 1}, a value of R = 2 would be
expected because of the double dose of HMPAO for the
second injection, The mean value of R= 1.79 + 0,03 for
ketamine-thiopentone from many studies is statistically
meaningfully less than two (R<2). Ketamine
hydrochioride is known, and has been shown in
correlation studies, to increase blood pressure and heant
rate, leading to zugmented CBF which is. not
maintained during the barbituraie phase, and this will
reduce the R values.

53¢

- = = = ketamine-thiopentons
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Figure 8 A sct of ypical curves of ratio {R) versus slice number,
starting at a, the occipital lobes transaxially, b, from right 1o left
of the brin sagitally and ¢, from the cerebeflum to the donal
shice of the cerchrum coronally. Dotted lines represent ketamine-
thivpentone data; solid lines ketamine-halothane data

The model under halothane anaesthesia (ketamine-

halothane; 1.5% halothase in oxygen) renders R values
significantly > 2, Halothane reduces blood pressure and
heart rate. Inhibition of the autoregulation of CBF in
response o blood pressure changes leads 1o the
vasodilatory effects of halothane, and changed blood
flow distribution to various organs, with specifically
decreased cerebral vascular resistance, which explains
the icreased CBF measured in this case.

With the cercbrovascular effects of the anaesthesia
known, the model has found application for assessing
acute responses from drug intervention. A study with
acetazolamide (500 mg) produced a similar increase in
CBF after 10 min, i.e. 32% as has been shown in
humans™. An infusion of the calcium channel blocker
nimodipine increased CBF globally after JO min by
approximately 35%, also known for humans: in
addition it has a distinct regional effect with a near to
90% increase of rCBF in the cerebellum. These two
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Tablc 1 Mcan (£ 5.d.} rados from wransaxial, sagittal and coronal views of four equal cerebral vegions and from the toral brain regions

Region | Region 2 Region 3 Region 4 Total Brain
Procedure A 2272062 2172036 Transaxial 2.6 2033 2132022 2182006
Procedure B 1.7 £ (.87 188 +0.19 (.85 027 1.95 £ 0.36 1.86 £ G.00
Procedure C 1.82 2052 205x035 1922029 218 £0.36 200¢0.16
Procedure D 22)£0.50 I =008 2822028 274031 270035
Sagital
Procedure A 2352083 225+0.% 230+029 2.56 £ 067 237:0.14
Procedure B 1842029 210018 1972039 1832054 194013
Procedure C 106 £ 0.49 206042 1.82 % 0.5% 162 £ .38 139 €021
Peoccdure [ EREPYIN i) 190022 2992019 286 £0.32 2.80 £ 025
Coronal
Procedure A 218 £ DAR 208 £0.27 271 2090 247 £ 0438 2361029
Procedure B 191 £0.32 193023 1922028 LT3+ 0.59 1872010
Procedure C 1962 0.24 204 +0.35 2092045 M 032 2102015
Peowedure D 220 £037 299 £ 034 299022 266 = 0.51 1N £ 037
A, Prolongad thiopentone ¢1.79 +0.03 {n = 48]}; B, ketamine—thiop rCk ine-p barbitone; [, ketaming-halothane

results help 1o vahidite the baboon model for HMPAQ
SPECT and the split-dose method. In addition it was
obscrved that, although acetazolamide is known to
produce metabolic acidosis due 1o its carbonic
anhydrase activity, the increase in CBF did not
correlate with an increase in PaCQ,, but rather with an
increase in PaQ), (35%). The increased CBF from
nimodipine was achieved without influence on blood
pressure and arterial blood gases. It is known that
cerebrovascular  awtoregelation is  resistant to
nimixdipine.

An investigation of the combined effect of
acetazolamide and nimodipine on the CBF in the
baboon model showed a suppression of CBF with
respect to the individual responses; also the increase in
P20, duc to acctazolamide, was reduced to 23%,
suggesting that nimodipine attenuates the effect of
acetazolamide, and that acetazolamide may have an
effect on the Jocal cerebral metabolic rate for oxygen,
This vbservation was substantialed in a subsequent
study where dose and time responses of acetazolamide
were investigated with this model™.

The antimigraine drug sumatriptan, a 35-HT
serotonergic agonist, yielded with this model no or an
insignificant effect (slight increase) on CBF, 10 min

SPECT Section 11: Techmiques

after being administered intramuscularfy’™. However,
after 25 min, a significant decresse (20%) was
observed in the CBF, when compared with an
anaesthesia-only baseline study which showed a
marked increase in CBF during the prolonged
anasesthesia. It was proposed that sumatriptan oaly had
an effect when an abnormal increased CBF existed.
St using the split-dose HMPAO SPECT method. a
combination study of sumatriptan (at 25 min} with
pimodipine showed a significant decrease in the
nimodiping-induced high CBFE, but no cffect on the
increased CBF due to acetazolamide. There was also no
effect on increases found under balothane anaesthesia.
There is therefore a specificity in the action of
samatriptan, which implicates Ca®*, and an indication
that the serotomin receptors are likely to be involved in
the normalisation of CBF (Dormchl, unpublished
results),

The baboon model was modified 10 investigate the
effect of various forms of local anaesthesia on CBF in
the acute phase. It allowed for control of PaCO, by
ventilation under general anaesthesia. This model
describes the functional dependence of ACBF versus
APaCO, using SPECT HMPAQ and the split-dose
method together with induced PaCO, changes between
the twa HMPAQ injections. Normal reactivity to

531
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PaCO, changes were validated (Figure 9). The model
with thiopentone anaesthesia and controlied ventiation
was used 1o investigate the mechanisms of CBF
increase kanowan to follow on the local anaesthetic
lidocaine (6 mg/kg), The baboons were maintiined at
constant tespirmory mate and volume. The resuits
indicate that the correlation between ACBF and the
corresponding change in PaCQ, deviated from the
baseline pattern of the model, and had only a slight
dependence on APaCO, confirming a cerchrovascular
contribution by the lidocaine. The increase in CBF
(24%) at around 2 min after lidocaine administration,
agrees with known information™. The increased slope
of the CO, reactivity curve might indicale an increased
sensitivity to CO, afier administration of lidocaine™,

The use of '*'l-iodoamphetamine (IMP) with the split-
dose techrigue was explored. The question was
whether it provides the same information as does
HMPAO - can the two agenis be interchanged at will?
Comparing R values (i.e. rCBF changes) as measured
by the HMPAQ, and by the IMP split-dose method
during prolonged thiopentone anaesthesia, produced
13% higher values as determined by IMP, which were
not statistically significant, but could relate to the iv.
IMF nceding 20 min to reach a steady seae. However,
doing the same comparison but with an acetazolamide
imtervention, increased CBF as measured with IMP by
52%, with respect to the IMP anacsthesia-only study,
compared with the 37% from the HMPAO
measurement to its own control. This could have
positive diagnostic implications identifying IMP as the
more sensilive drag to check CBF changes in a test of
cercbrovascular reserve, The induced metabolic
acidosis and atkaline wrine from acetazolamide had

25
=0 5557
Lidocaine % *

T 2.0 4
o * P
o X -
= x =TT e 0548
& 18 eI

1.0 Basaline

-6 5 0 -] 10
DELTA PaCO,

Figure 9 Lincar regression fives to fit the mw data of CBF
changes [R) versus PaCOy changes for the baseline study (r «
6.9546, p<0.00001) and the lidocaine study {r = 0.5557,
p=0.0001)
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Table 2 Percentage changes* in total brain uptake of HMPAQ

and EMP due to various procodures
Percentage  Swstixticd significance
Procadures chisnge pvalues
Awl +3xl p>0.04
AwB +3Tx8 p<0OI
CwbD +5223 pd )
BwD +268 po0.05
AnD + T2t P00t
CieB 12016 p<0.03, p>0.01

Perceniage changes are expressed with vespect o the procedure
mentioned first: A | thiopentone anacsthesia and ™ Te-HMPAQ fix
boak: tracer injections; B, thiopenione anacsthevia ™I HMPAQ for
both tracer Injections and acetazolamide (500 mg and 10 min
response (ime); C, thiopentone anaesthesia, Y H(IMP) for both tracer
injectionk; D, #s above with C, but with scetazolantide (300 mg. 10
min response time)

apparently altered biodistribution of the iwo
radiopharmaceuticals to differsmt degrees, A dual-
isotope study, split-dose with the rwo tracers combined
for whichever reason will, according to this study, give
incorrect values (Table 2)78,

Conclusien

The diagnostic and investigative importance of
cerebral blood flow measurements, using SPECT
techniques with lipophilic tracers such as HMPAQ has
been shown here. It is also apparent that both diagnosis
and investigation benefit tremendously when
pharmacological modulation of rCBF is applied.
Semiquantitative data on cerebral function can be
gained from the split-dose method. This method is also
ideal 1o assess the therapeutic significance and
directions of pharmacological interventions in
neurgpathotogy and psychiatric disease. It is especially
here, in drug research and development, that the
baboon model as described can find wide application.
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