
















--- .---

Bedankings viii

Proefdiersentrum personeel, Universiteit van Pretoria, vir die onbaatsugtige

versorging en hantering van hierdie uitsonderlike proefdiere vir meer as 'n

dekade.

Nasionale Navorsingsstigting (NNS), Mediese Navorsingsraad (MNR),

Potchefstroomse Universiteit vir CHO, Universiteit van Pretoria, en

Farmaseutiese Industrie (nasionaal en internasionaal), vir die ruim finansiele

steun en skenkings van geneesmiddels.

Kollegas by die PU vir CHO, wat maar altyd gevra het, "en hoe gaan dit met

die bobbejane?". Julie belangstelling word opreg waardeer.

My ouers, oorlede skoonouers, familie en vriende vir al die ondersteuning

en belangstelling deur my lewe. Dit dra mens altyd saam.

Hierdie proefskrif word opgedra aan

SABEL -- RUDI -- ZANDER -->,jACQ,UE

Baie dankie vir alles

Papio ursinus

We know nothing at all. All our knowledge
is but the knowledge of schoolchildren. The
real nature of things we shall never know.
Albert Einstein

Science is not a scared crow. Science is a
horse. Don't worship it. Feed it.
Aubrey Eben



































































Chapter 2 -Literature Review of Primates in ~edical Research and Cerebral Blood Flow Linked 22Diseases

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.

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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Figure 2-2 SPECr scan with vascular dementia showing hypoperfusion in the
frontal region (taken from Starkstein and Vazques 1997 )

Figure 2-3 SPECr 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

HMPAO 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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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) .

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.

Chierichetli 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 hyperpertusion 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 Grunwald et

al. 1994)
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Figure 2-8 HMPAO SPECT interictally (top), 15 min before seizure onset (middle)
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 bloodj1ow 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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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 a/. 1995; Koyama et a/. 1997; Siennicki-Lantz 

et a/. 1999). Furthermore there are also cases where the uptake of 99m~c-  

HMPAO and 9 9 m ~ c - ~ ~ ~  differs significantly due to the difference in the 

conversion mechanisms of the tracers (Rieck et a/. 1998; Huyn et a/. 2001). 

Some of these differences'between 9 9 m ~ ~ - ~ ~ ~ ~ ~  and 9 9 m ~ c - ~ ~ ~  SPECT are 

in fact opposite findings. Rieck et a/. (1998) reported recently in patients with 

herpes simplex encephalitis that 9 9 m ~ c - ~ ~ ~ ~ ~  presented unilateral regional 

increases whereas 9 9 m ~ c - ~ ~ ~  presented a decrease in uptake in the affected 

temporal lobe, and may lead to masking of the pathology. 

Glutamatergic Astrocyte Capillary Astrocyte 
synapse 

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 1231 Iodoarnphetamine (IMP) 

l Z 3 1 - l ~ ~  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. 

1 2 3 1 - ~ ~ ~  is prepared by an isotope exchange method by heating isopropyl 

amphetamine and lZ31-~al  at 150 "C for 30 min. Ether extraction procedure and 

purification by washing with dilute hydrochloride acid follow to yield an ' 2 3 1 - ~ ~ ~  

containing solution. The pH of the 1 2 3 1 - ~ ~ ~  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 bioavailability 

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 a/. 1991;Trucco et 

a/. 1994; Camargo et a/. 2001; Brewster et a/. 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. 



Chapter 3 -Methodology
Cerebral Blood Flow Model 53

3.5 SPECT Instrumentation

Since the first reports of scintillation cameras and emission tomography

(Jaszczak et al. 1997; Keyes et aI, 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(TI) 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 105to

108electrons being produced. This pulse is finally delivered to the preamplifier

and amplifier after final collection on the anode (Gopal 1998).

OUTPUT
SIGNAL

ANOOE

"1000...

1"500v

PHOTO-
MUL TIPLIER

TUBE

...400v

1"300v

PHOTCXATHOOE

TRANSPARENT
OIL OR CEMENT

OPTICAL WINDOW

NoI(TI) CRYSTAL

REFLECTING POWDER

CRYSTAL
ALUMINUM CONTAINER

Figure 3-5 Schematic representation of scintillation detection processes in the
crystal and photomultiplier tube (Designed from Bernard et a/.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(TI) detector heads

mounted on a gantry, that rotates around the long axis of the subject at small

angle increments for 1800 or 3600 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 (GopaI1998).

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 (1 991) reported the technique to measure cerebral blood flow changes 

and this was followed soon after by Pantano et a/. (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 (countslpixel 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 

a/. 2003). Decreases and increases for the target-to-background ratios of 

neuroreceptor tracers were found for ketaminelxylazine 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 mglkg intra-muscular) ( ~ n a k e t - p ,  Centaur Labs., 

Bryanston, Gauteng, SA.). This was followed immediately by a maintained and 

controlled infusion of thiopentone sodium (70 mllh 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 99m~c-hexamethylpropylene amine oxime (HMPAO) or 
99m Tc-ethyl cysteinate dimer (ECD) or '231-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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1st HMPAO 2nd HMPAO

(double dose) SPECT-2
MINUTES

24
I

Drug B

29 34

Figure 3-9 Atypical time schedule illustratingthe split-dose procedure

r
1\
I.

Figure 3-10 Baboon Supine Positioningfor 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

peripheralbiokineticsvia the femoralarteryto the heartand lungs,immediately

after the intravenousinjectionof the radiotracer(i.e. first-passtransit). Note

min Procedure A Procedure B Procedure C

Ketamine Ketamine Ketamine

-12 Barbiturate Barbiturate Barbiturate

0 1st HMPAO 1st HMPAO 1st HMPAO

5 SPECT-1 SPECT-1 SPECT-1

6 Drug A Drug A

24 Drug B

29 2ndHMPAO 2ndHMPAO 2ndHMPAO

34 SPECT -2 SPECT-2 SPECT-2
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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).

1
2
3

__4
~.--;;:;~--

BAROON CORONAL SUCI'S (COMP"CTED).
NOT ALIGNED lD BRAIN AXIS, nil IS

RESEMBUNG TRANSAXIAI SLla:S OF

HIE. HUMAN BRAIN.

J

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 (C02 and 02). 

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 t-test for 

paired variables was used, with a 5% level of confidence, to establish statistical 

significant differences. 
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Flow effects of Sumatriptan in Drug Combinations in the Baboon 

Model. Amneimittel ForschunglDrug Research, 45 (9):952-956. 

Chapter 8 

DORMEHL, I.C., OLIVER, D.W., HUGO, N. & ROSSOUW, D. 1995. 

A Comparative Cerebral Blood Flow Study in a Baboon Model with 

Acetazolamide Provocation: 9 9 m ~ c - ~ ~ ~ ~ ~  vs. 1 2 3 1 ( ~ ~ ~ ) .  Nuclear 

medicine and biology, 22(3):373-378. Chapter 9 

DORMEHL, I.C., OLIVER, D.W. HUGO, N., LANGEN, K-J. & CROFT, 

S. 1997. Technetium-99m-HMPAO, Technetium-99m-ECD and 

Iodine-123-IMP Cerebral Blood Flow Measurements with 

Pharmacological lnte~entions in Primates. The journal of  nuclear 

medicine, 38(12):1897-1907. Chapter 10 

OLIVER, D.W. & DORMEHL, I.C. 1998. Cerebral Blood Flow Effects 

of Sodium Valproate and its Drug Combinations in the Baboon Model. 

Anneimittel ForschungA3rug Research, 48(11): 1058-1 063. Chapter 

11 

OLIVER, D.W. 8 DORMEHL, I.C. 1999. Cerebral Blood Flow Effects 

of the Nitric Oxide Donor, Nitroglycerin and its Drug Combinations in 

the Non-Human Primate Model. Anneimittel ForschungD~g 

Research, 49:732-739 (1 999). Chapter 12 

OLIVER, D.W. 8 DORMEHL, LC., LOUW, W., MORETTI, J-L. 8 

KILLIAN, E. 2000. Effect of Cyclodextrin Complexation on the in vivo 

Disposition of the Brain Imaging Radiopharmaceutical, 99m~echnetium 

Ethyl Cysteinate Dimer ( 9 9 m ~ c - ~ ~ ~ ) .  A~zneimittel Forschung/Drug 

Research, 50:75-81. Chapter I 3  

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 et a/. (1993); Hashikawa et a/. (1994); Trucco et a/. 

(1994); Ohnisshi et a/. (1997); Van Laere et a/. (2000); lmaizumi et a/. (2002); 

and Clauss et a/. (2002). These studies were mainly performed in humans, 

except the studies from Dormehl et a/. (1993) and Clauss et a/. (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 photon emission computed tomography of the brain could be useful in 

animal experimentation directed toward cerebral conditions. A well-established 

and understood baboon model, necessarily 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 9 9 m ~ c - ~ ~ ~ ~ ~ .  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. 8 PILLOY, W. 1992. The Baboon model 

under anaesthesia for in vivo cerebral blood flow studies using single photon emission computed 

tomographic (SPECT) techniques. Journal of medical pnmatology, 21:270-274. 
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be followed up with SPECT for disease progression and for monitoring the 

efficiency of pharmacological interventions [lo]. Additionally, results of cerebral 

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

The radiopharmaceutical hexamethylpropylene amine oxime ( 9 9 m ~ ~ -  

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, 91. It 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 [ I ,  6, 131. 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 model for in 

vivo CBF studies using SPECT and 9 9 m ~ c - ~ ~ ~ ~ ~ .  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 ( ~ e t a l a r ~ ,  Parke-Davis, S.A.; 10mglkg) and was followed 

immediately by an intravenous injection of 9 9 m ~ c - ~ ~ ~ ~ ~  (148 MBq), the 

distribution of which would then represent the effect of ketamine. Five minutes 

later the baboon was intubated, maintained, and controlled for the duration of 

the study under a second anaesthetic agent, which was alternatively 
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thiopentone sodium (lntravala, Maybaker, S.A.), pentiobarbitone sodium 

(sagatalm, Maybaker. S.A.), or halothane (~luothane~, Maybaker, S.A.). 

The subsequent SPECT acquisition to obtain the HMPAO distribution in the 

brain during ketamine was done with a Siemens Orbiter gamma camera 

coupled to an MDS computer using 32 views and 360' (10 sec I view). 

Following the first acquisition, the baboon was reinjected with 9 9 m ~ ~ - ~ ~ ~ ~ ~  

(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 99m~c .  

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 0)  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 (70mllhr of a 0.5% 

solution) using an administration (drip) set. After 30 minutes when the 

thiopentone blood levels predominated, 9 9 m ~ c - ~ ~ ~ ~ ~  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 

(30mllhr of a 9 mglml 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 ROI'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

R = (Intervention 2nd anaesthesia) - (Baseline 1stanaesthesia)
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.
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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 (SO) 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 SO 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 double dosage of 9 9 m ~ ~ - ~ ~ ~ ~ ~  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 

significance (P > 0.05). The prolonged maintenance (30 minutes) under 

thiopentone during this last procedure could possibly account for the ratios 

distinctly larger than 2. The barbiturates (BP 95, HR 108, pC02 36, p02 96) 

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

pC02 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 4-18 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 Region 4 Total Brain 

Procedure A 2.27k0.62 2.17k0.36 2.16t0.33 2.13t0.22 2.18k0.06 

Procedure B 1.73t 0.87 1.88 + 0.19 1.86k 0.37 1.95t 0.36 1.86 + 0.09 

Procedure C 1.82 + 0.52 2 0 6 +  0.35 1.92 k 0.29 2.18 t 0.36 2.00+ 0.16 

Procedure D a.b 2.21 + 0.50 3.04 t 0.18 2.82 + 0.28 2.74 + 0.31 2.70 k 0.35 

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

b 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, pCO2 38, p02 61), 

leading to augmented CBF [5, 111, 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 (5 SD) ratios from sagittal views of four equal cerebrai regions 
and from the total brain region as obtained from different anaesthesia procedures a 

Region I Region 2 Region 3 Region 4 Total Brain 

Procedure A 2.35f0.83 2.25i0.36 2.30k0.29 2.56i0.67 2.37k0.14 

Procedure B 1.84 f 0.29 2.102 018 1.97 f 0.39 1.83k 0.54 1.94 r 0.13 
Procedure C 2.06 k 0.49 2.06 r 0.42 1.82 f 0.55 1.62 k 0.38 1.89 k 0.21 

Procedure D 2.43k 0.70 2.90k 0.22 2.99 k 0.19 2.86 k 0.32 2.805 0.25 

a NO regional statistical significant differences (P > 0.05) 

b Statistically significant changes (P < 0.05) between procedure D, and procedures A, 6, 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. In 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 (f SD) ratios from coronal views of four equal cerebrai regions 
and from the total brain region as obtained from different anaesthesia procedures 

Region 1 Region 2 Region 3 Region 4 Total Brain 

Procedure A 2.18 f 0.48 2.08 k 0.27 2.71 k 0.90 2.47 i 0.48 2.36 r 0.29 
Procedure B 1.91 k 0.32 1.93 f 0.23 1.92 k 0.28 1.73~ 0.59 1.87f 0.10 

Procedure C 1.96r0.24 2.04f 0.35 2.09f0.45 2.30f 0.52 2.10k0.15 

Procedure D a.b 2.20 k 0.37 2.99 k 0.34 2.99 f 0.22 2.66 r 0.51 2.71 5 0.37 

' 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, 6, 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), Le., after baseline subtraction, in (a) for the ketamine-lntravalGPcombination

(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, pC02 33.3,

p02 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 99mTc_HMPAOin 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 

99m~c-hexamethylpropylene amine 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 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 pOz 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, 0. W & HUGO, N. 1993. Dose response from pharmacological interventions for 

CBF changes in a baboon model using 9 9 ~ ~ m - ~ ~ ~ ~ ~  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 99m~c-hexamethylpropylene amine oxime (HMPAO). This model 

[I], 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 (~iamox', 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 afler intravenous (i.v.) administration. An additional study concerned the 

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

[51. 

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 [ I ]  in which induction was with 

ketamine hydrochloride (10 mg kg-' i.v)  etala lap, Parke-Davis, Cape Town) 

followed immediately by an i.v. injection of 148 MBq 9 9 ~ c m - ~ ~ ~ ~ ~ .  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) (lntravalB, 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, 71. 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 9 9 ~ ~ m - ~ ~ ~ ~ ~  (296 

MBq, i.e. double the first dosage), the split-dose method [8, 91 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-I), 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 

HMPAO injection (296 MBq), 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 [6-91. 

Procedure E differed from the above acetazolamide procedures in that the 

second HMPAO injection (296 MBq) 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 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 
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lipophilic 9 9 ~ c m - ~ ~ ~ ~ ~ ,  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 (pC02 and 

p02) 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 compacted 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 (ROls) 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. 

[SPECT - 2](counts 1 pixel) - [SPECT - I ]  * (counts 1 pixel) 
R =  

SPECT - l(counts l 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 effects (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 (? 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 HMPAO cerebral distribution 16, 9, 101. 

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 [I]. This does not change with the low 

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 o b s e ~ e d  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 obse~ations [2]. Although substantial, 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 also true for comparisons between effects of 

procedure C with the low dose procedure B, where the average increase 

because of the 500 rng acetazolamide amounts to 37% (Table 5-2) 

Table 5-1 Mean (n = 6) regional and total brain ratios 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 1.73 1.88 1.86 1.94 1.85 1.84 2.10 1.97 1.63 1.88 

SD 0.87 0.19 0.31 0.36 0.36 0.29 0.80 0.39 0.51 0.41 

B R 1.52 2.04 2.03 1.94 1.87 1.58 1.89 1.82 1.72 1.80 

SD 0.28 0.54 0.41 0.53 0.33 0.72 0.62 0.55 0.58 0.46 

C R 2.37 2.58 2.50 2.71 2.57 2.23 2.58 2.56 2.23 2.40 

SD 0.94 0.72 0.58 0.61 0.66 0.57 0.57 0.64 0.53 0.49 

D R 2.09 2.59 2.41 2.42 2.37 1.99 2.45 2.24 2.12 2.30 

SD 0.05 0.39 0.51 0.44 0.40 0.92 0.74 0.74 0.64 0.59 

E R 1.93 2.36 2.26 2.43 2.24 1.90 2.29 2.13 1.70 2.00 

SD 0.46 0.60 0.48 0.50 0.45 0.33 0.60 0.56 0.67 0.33 

Coronal regions 

Total 

Procedure 1 2 3 4  brain 

A R 1.91 1.93 1.92 1.73 1.87 
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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 % 

A to B 2.0f 1.7 B to C 37.0k1.5 B to E 20.0k3.0 

A to C 39.0i7.0 B to D 27.6k2.0 C to E -13.0k3.2 

A t o D  27.0k4.5 C to D -8.6k 1.5 E to D 10.3f5.0 

A to E 18.3i 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 5-3 Mean (n = 6) haemodynamic and blood gas values (kSD) 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 pc02 poz 

A1 106k10 1 12k42 46.73k2.31 69.50k2.33 (n = 6) 

A2 107k12 11 8+39 45.17k2.33 75.9356.77 

Bl 121k23 114i31 45.83k4.63 70.07k8.50 

B2 122k27 122k38 44.67k5.15 76.41k11.08 

c1 117i13 117f 4 41.60i2.07 56.35k4.91 (n = 4) 

c2 112f17 1102 5 40.08k4.87 76.43i7.47 

Dl 1 17k21 131i32 45.47k3.84 67.82k4.24 

D2 1 16k24 133k39 47.95k2.05 70.75k9.86 

El 118k10 111k27 41.23+6.70 66.83k6.65 

E2 114i20 110i15 42.00k4.50 82.37k3.29 
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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, pCOz and p02 in the arterial line are summarized in 

Table 5-3. The heart rate and pC02 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 p02 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 p02  were observed for procedures B and D. 

These results support previous suggestions that acetazolamide may have an 

effect on local cerebral oxygen metabolic rate [ I I ,  121. The p02 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 pO2 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 [ I  1, 121. 

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 9 9 m ~ c - ~ ~ P A ~  [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 small 

changes in blood radioactivity in the brain [I31 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 inte~entions 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. 
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Drug Effects of Cerebral Blood 
Flow in the Baboon Model - 

Acetazolamide and Nimodipine * 

Summary 

The sensitivity of the baboon model under anaesthesia for single photon 

emission computed tomography (SPECT) of the brain with 9 9 m ~ c - ~ ~ ~ ~ ~ ,  as 

recently developed by us to study cerebral blood flow patterns, 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 observed that correspond well with other studies. Statistically 

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, pC02 and p02. 

A blood pressure decrease was noted for both drugs, while acetazolamide had 

a marked influence on p02. The results indicate that the baboon model is 

sensitive for evaluation of drug effects on cerebral blood flow. 

KEY WORDS: SPECT, acetazolamide, 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 1211. ""'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 

9 9 m ~ c - ~ ~ ~ ~ ~  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 [I-3, 7, 161 and nimodipine [6, 11, 12, 

191. 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 (~etalar', Parke-Davis, S.A.; 10 mglkg) and was followed 

immediately by an intravenous injection of 9 9 m ~ ~ - ~ ~ ~ ~ ~  (148 MBq), 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 (lntravalm, Maybaker, S.A.; 70 mllh of a 0.5% solution). The 

subsequent SPECT acquisition to obtain the HMPAO distribution in the brain 

during ketamine was done with a Siemens Orbiter gamma camera coupled to 

an MDS computer using 32 views and 360' (10 seclview). Following the 

first acquisition the baboon was reinjected with 9 9 m ~ c - ~ ~ ~ ~ 0  (296 MBq) and 

tomographed to detect the radionuclide distribution attained during what was 

then thiopentone anaesthesia. Care was taken to administer the two HMPAO 

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 called procedure A. 

The effects of acetazolamide (Diamox @, S.A.; 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 mglml), and only after another 5 min was the second 

double dose (296 MBq) administration of 9 9 m ~ c - ~ ~ ~ ~ ~  given, allowing 

adequate blood levels of acetazolamide to be reached. The animal was 

subsequently tomographed, according to procedure A, to obtain a tracer 

distribution representative 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 

9 9 m ~ ~ - ~ ~ ~ ~ ~  (148 MBq) was followed by a very slow infusion (over 15 min) of 

nimodipine (1 pglkglmin) [I51 taking care to use only PVC-free tubing or a 

stainless steel needle in the administration to avoid any absorption resulting in 

a decrease in the concentration of nimodipine [lo]. After 10 min of nimodipine 

infusion the second injection of 9 9 m ~ c - ~ ~ ~ ~ ~  (296MBq) followed, and 
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tomography started after another 5 min at the time that the infusion was 

terminated [ l4 ,  151. 

Procedure D investigated the effect of a combination administration of 5 ml 

acetazolamide (100 rnglml) and nirnodipine (1 pglkglmin). 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 9 9 m T c - ~ ~ ~ ~ 0  injection followed after yet another 5 min. 

Tomography began 5 min later when the infusion was stopped, and the 

HMPAO 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). 

Figure 6-1 Time-activity curves from the dynamic acquisition on count-down 
indicating uptake of 9 9 m ~ c - ~ ~ ~ ~ ~  under anaesthesia only (control), under 

acetazolamide, and nimodipine (the latter two from double dosages of HMPAO). 

~~p - ~ 
~ ~ 
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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 

behveen solid lines 

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 ROI (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 ROls (Fig. 6-2a, b, c) for count ratelpixel 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. 

[lntervention](2"" tracer injection) - [Baseline](l" tracer injection) * 
R = 

Baseline(lU 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 [*I) 

I 4 1  a) 
Transaxial 

1 2 3 4 5 6 7 8  
Slice number 

-PmcedureC t. P mcedure B 
t P m c e d u r e  D ---Proced~reA 

Sagittal 
b) 

1  2 3 4 5 6  

Slice number 

I 4 -  

Coronal 
C) 

----,--- ~---~- 
Slice number 

7 - P  mcedure C +P mcedurec  
t P m c e d u r e D  ---Procedure 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 (a), from the right to the lefl 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, c). 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 9 9 m ~ ~ - ~ ~ ~ ~ ~ ,  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, 

pC02 and pOz 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 5 indicates a decrease in blood pressure from 

acetazolamide (P < 0.05) and nimodipine (P > 0.05) but the combination 

showed no effect. The pCO2 values indicate no influence from any of the 

procedures. Acetazolamide and the drug combination procedure significantly 

increased the arterial p02 (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 99mTc-HMPAOresults (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.
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Failure of the total brain and regional brain ratios to yield a value 2, which 

would correspond to the second double dose of 9 9 m ~ c - ~ ~ ~ ~ ~  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 6-3); 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 a/. [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 1 Region 2 I Region 3 1 Region 4 1 Total brain 

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

Procedure A 

Procedure B 

Procedure C 

Procedure D 

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 

1.73k0.87 

2.37k0.94 

3.30k0.73 

2.51 k0.96 

1 .88i0 .19 

2.58k0.72 

2.31 k0.63 

2 .14i0 .47 

1.86k0.37 

2.5650.64 

2.33k0.60 

2.135 0.46 

1.95k0.36 

2.2350.61 

2.5550.77 

2.50k0.71 

1.86k0.45 

2 . 4 4 2 0 7 3  

2.62it0.68 

2.32it0.65 
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region 1 transaxially (cerebellum) 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 slices and 
from total brain 

No statistically significant differences 

Region 1 Region 2 Region 3 Region 4 Total brain 

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

Region 1 Region 2 Region 3 Region 4 Total brain 

Procedure A 

Procedure B 

Procedure C 

Procedure D 

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

1.84 k 0.29 

2.2320.57 

2.73 + 0.88 

2.06k 1.47 

Procedure A 

Procedure B 

Procedure C 

Procedure D 

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 

2.10k 0.18 

2.58k0.57 

2.46 t 0.63 

1.99i0.47 

1.91 k0.32 

2.35k0.52 

2.68k 1.00 

2.24k 1.00 

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. 

1.97 i0 .39  

2.565064 

2.30 k 0.53 

2.31 k0.67 

1.93k0.23 

2.80k0.83 

2.34t0.60 

1 . 9 9 i  0.63 

Procedures 

Procedures A-B 

Procedures A-C 

Procedures A-D 

Procedures B-C 

Procedures 6-D 

Procedures C-D 

1.83k 0.54 

2.23k0.53 

2.25 t 0.92 

2.89k 1.87 

1.92k0.28 

2.75k0.84 

2.40i0.53 

2.10k0.76 

Transaxial 

32 

42 (1:91%) 

25 

9 

-4 

-10 

1.94 k 0.35 

2.40k0.58 

2.44 k 0.75 

2.31 t 1.12 

1.73i0.59 

2.66k0.34 

2.6920.78 

1.96t  0.73 

Sagittal 

24 

26 

20 

2 

-3 

-4 

1.850.36 

2.64if0.63 

2.53k 0.73 

2.07k 0.78 

Coronal 

41 (4:54%) 

36 

11 

-3 

-2 1 

-1 8 
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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, pC02 and pO, in arterial blood in 

baboons 

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

Measurement I Heart rate I Blood pressure I pc02 

Nimodipine was previously reported to increase the cerebral blood flow 

Po2 

without significant influence on the blood pressure and arterial blood gases [I41 

and it was suggested that the cerebrovascular autoregulation is resistant to 

nimodipine [14]. Niashikibe eta/ .  [I71 showed that the blood pressure is dose- 

dependently decreased by nimodipine (1 - 10 pglkg). 

It was previously shown that neither nimodipine nor acetazolamide 

significantly influence the pC02 [7, 10, 14, 171. Acetazolamide is known to 

produce metabolic acidosis due to its carbonic anhydrase activity, giving rise to 
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increased C02 tensions in the expired gas [5]. However, the current dose and 

time scale of the determination of pC02 showed no significant change in the 

intravascular C02 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 C02 tension. In accordance with other authors nimodipine 

showed no significant effect on the PO:! (P > 0.05); only sporadically was the 

p02 increased in some animals [14, 171. Table 6-5 indicates that the increase 

in p02 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 Po2 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, 201. 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 Po2, 

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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Effect of Sumatriptan on 
Cerebral Blood Flow in the 

Baboon ~ o d e l *  

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-HTfD 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 99m~c-labelled hexamethylpropylene amine 

oxime P g r n ~ c - ~ ~ ~ ~ 0 )  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. 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), lowenng the cerebral blood flow by more than 20%. No 

significant changes in the biochemical parameters (blood pressure, heart rate, 

p02 and pCO;) were observed. These results also suggest that sumatriptan 

reverses the increased cerebral blood flow most likely via 5 - H T f ~  receptor 

stimulation. 

KEY WORDS: Antimigraine drugs, CAS 103628-46-2, Cerebral blood flow, 

Serotonin, Sumatriptan, pharmacology. 

OLIVER, D.W., DORMEHL, 1. 8 HUGO, N. 1994. Effect of Sumatriptan on Cerebral Blood Flow in the 

Baboon Model. Anneimiltel Forschung/Dmg Research, 44, 925928. 
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7.1 Introduction 

Migraine significantly affects the lives and productivity of about 10 to 15% of 

adult population [ I ] .  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 - 81. 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; 

111. Sumatriptan (CAS 103628-45-2) a new 5-HT1~ 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 -HT1~  receptors. Friberg et a/. recently reported that 

sumatriptan reversed the migraine pain that is associated with middle cerebral 

artery dilatation [13]. Diener et a/. 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 well-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 ( 9 9 m ~ ~ - ~ ~ ~ ~ ~ ) .  
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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 9 9 m ~ c - ~ ~ ~ ~ ~  and SPECT under only the standard anaesthetic 

conditions of anaesthesia induction with ketamine hydrochloride (Ketalar @, 

Parke-Davis, S.A.; 10 mglkg), followed by maintenance on thiopental sodium 

as previously described by us (Intraval @; 10 mllh 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 9 9 m ~ c - ~ ~ ~ ~ ~  (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 mllh 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' (IOs/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 allow 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 afler the first HMPAO injection in order to attain an 18 

min duration of thiopental infusion at 10 min afler the administration of 

sumatriptan immediately afler 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 afler 23 min required a separate 

experiment as well as a changed procedure in order not to exceed the 

maximum interval of 30 rnin between reconstitution of 9 9 m ~ c - ~ ~ ~ ~ ~  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. afler 

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 afler 10 min of sumatriptan. 

The second double dose of HMPAO (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 (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 thiopental blood levels predominated. 

9 9 m ~ c - ~ ~ ~ ~ ~  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 (ROls) were placed on the total brain (Fig. 7-1) and count rate date 

(countslpixel) thus obtained were inserted into the following equation to obtain 

the ratio R: 

(SPECT - 2 )  - (SPECT - 1) * 
R =  

(SPECT - 1) 

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 HMPAO 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 99mTc-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 (pOzand pCOz) 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 also improve statistically. 

Table 7-1 

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 othetwise 

follow from the control study under prolonged anaesthesia (procedure D) (P < 

0.05). 

Procedure 

A 

B 

C 

D 

The blood pressure, heart rate and blood gases (p02 and pC02) were 

monitored for any influence during the different procedures. Transient marginal 

increases were observed for blood pressure, heart rate and pC02 at the 10 min 

interval (procedure C) of the sumatriptan intervention. A non-significant 

increase in the pC02 level was observed at the 23 min sumatriptan 

intervention. 

Mean CBF and SD (n = 6) 

1.89 k 0.12 

1.96 + 0.10 

1.82 * 0.08 

2.30 + 0.27 
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Figure 7-2 R-values per slice (means; n = 6 )  for procedure A, (solid line) and 
procedure B (dashed line) with maximum and minimum SDs indicated, in (a) 

transaxial, (b) coronal and (c) sagittal views. 

.- 
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SLICES 

Figure 7-3 R -values per slice (means; n = 6) for procedure C, (solid line) and 
procedure D (dashed line) with maximum and minimum SDs indicated, in (a) 

transaxial. (b) coronal and (c) sagittal views. 
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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, 191. 

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 pC02 effect could result from their release during a 

prolonged study, leading to increased CBF from additional vasodilation (seen in 

the intewentional phase of procedure D) in the absence of controlled ventilation 

P O I .  

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 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 count at 23 min ---- 
sumatriptan related count at 10 rnin 

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. Also 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. 



Chapter 7 - Effect of Sumatriptan on Cerebral Blood Flow in the Baboon Model 120 

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 p02 

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 middle cerebral arteries, during a 

headache phase of a migraine attack, was reversed by sumatriptan [13, 221. 

The present results may indicate that the serotonin, 5-HTlo 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, lmigranQ) has established itself as an 

impodant 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 9 9 m ~ c - ~ ~ ~ ~ ~  (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 

neurogenic inflammato~y responses via serotonin receptor stimulation and ca2' 

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

KEY WORDS: Acetazolamide, Antimigraine drugs, CAS 103628-46-2, Cerebral 

blood flow, Halothane, lmigran @, Nimodipine, Sumatriptan, pharmacology. 

DORMEHL, I.C., OLIVER, D.W. 8 HUGO, N. 1995. Cerebral Blood Flow effects of Sumatriptan in Drug 

Combinations in the Baboon Model. Arzneimitfel ForschungDrug Research, 45 (9):952-956. 
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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 [I-41, using 99m~c-labelled hexamethylpropylene 

amine oxime (HMPAO). Increased cerebral blood flow (CBF) was observed 

after treatment with the carbonic anhydrase inhibitor, acetazolamide, and the 

calcium channel blocker, nimodipine [2, 31. 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, 41. 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 [I], 

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 

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-I), with at least a six-week 

interval between the consecutive procedures. 

Figure 8-1 Time schedule for the various procedure protocols indicating time of 
each intervention 

Procedure A was the control study under anaesthesia only [ I ]  in which 

induction was obtained with ketarnine hydrochloride (10 mglkg-' 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 

(70mllh 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 HMPAO distribution (uptake and retention) in the brain, resulting from CBF 

during ketamine sedation [5, 61. 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 9 9 m ~ c - ~ M ~ ~ ~  (296 MBq - 

double the first dose) followed, i.e. the split-dose method [7, 81, 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 (HamminglHamm) the brain images consisted of two sets 

(SPECTI 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](countsl pixel) -[SPECT - 1] * (counts1 pixel) R =  
SPECT - l(counts 1 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 (lmigranm, 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 min 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 HMPAO, 500 mg of acetazolamide (100 mglml) 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 pglkglmin) 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% halothaneloxygen, Boyle's machine), immediately 

after having been immobilized by ketamine. The first injection of 9 9 m ~ c - ~ ~ ~ ~ ~  

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 

HMPAO 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 (*SD) (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, acetazolamide 

and nimodipine, in the transaxial (a), sagittal (b), and coronal (c) views. In Fig. 

8-3 the single drug sumatriptan intervention (procedure B) is also compared to 

the combination drug intervention, procedures D and F. 

0 0 5 L  1 2 3 4 o.:L 1 2 3 4 O.L------ 1 2 3 4 

slices slicer slices 

Figure 8-2 Curves of mean ratio (R) (n = 6) vs. slice number frontal to the 
occipital lobes transaxially, from right to lefl of the brain sagittally, and from the 

cerebellum to the dorsal slice of the cerebrum coronally. . Procedure A; x 
Procedure B; A Procedure C; . Procedure E. This figure compares single drug 

interventions with anaesthesia (ketamine-thiopental) baseline. The largest 
standard deviations for each procedure are indicated. 

4.0- transaxial la1 4.0- 

The possible role that the anaesthesia can play is illustrated in Fig. 8-4, 
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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. 

L.0 cormal 

to 1.0 
0.5 0.5 

1 2 3 4 1 2 3 6 1 2 3 4 
dhx slices slices 

Figure 8-3 As in Fig 8-2. . Procedure 8; A Procedure D; Procedure F; x 
Procedure C; Procedure E. This figure illustrates drug interactions and 

comparative changes with respect to single drug effects. 

In Table 8-1 means (n = 6) kSD 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, pC02 and pO2. 

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 k 0.36 vs. 1.82 k 

0.55, P > 0.05); also not with halothane anaesthesia (2.18 k 0.32 vs. 2.23 k 

0.28, P > 0.05); Fig. 8-4). 

Figure 8 4  As in 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 nirnodipine 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 (-t 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) 

% Change in I 

+32 

+36 

+35 

-28 

+40 

-26 

-4 7 

Procedure A 

(Baseline) 

Procedure B 

(Sumatriptan) 

Procedure C 

(Acetazolamide) 

Procedure D 

(Acetazolamide + Sumatriptan) 

Procedure E 

(Nimodipine) 

Procedure F 

(Nimodipine + Surnatriptan) 

Procedure G 

(Halothane Baseline) 

Procedure H 

(Halothane + Sumatriptan) 

Procedure A to C 

Procedure A to D 

Procedure A to E 

Procedure A to F 

Procedure B to D 

Procedure B to F 

Procedure E to F 

R f SD 

1.87 k 0.36 

1.82 i 0.22 

2.49 i 0.34 

2.54 k 0.32 

2.53 2 0.40 

1.34 2 0.31 

2.18 * 0.32 

2.23 k 0.28 
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No significant changes occurred for any of the interventional procedures in 

HR and pC02 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 = -la),  and the combination procedure F of sumatriptan and 

nimodipine (-55). p02 increased significantly with acetazolamide (+20), and 

also when in combination with surnatriptan (+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 [I]. 

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 (p02) changes for 

the single drugs procedures are similar to those previously observed [2 ,  31. 

Interesting is the marked drop in blood pressure in the sumatriptan-nimodipine 
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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 blood flow (see review of 

nimodipine [lo]). It has been suggested that nimodipine at a dose of 120 

mglday can effectively be used in the prophylactic treatment of migraine [ I  I ] .  

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, 

131). Sumatriptan exhibits agonist activity at the 5-HTID- and 5-HTl like- 

receptors [13]. 5-HT~D-receptors have been demonstrated in human cerebral 

arteries [14, 151 and to be of the type 5-HTlop. 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 a/. 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 ca2' 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 ca2' 

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 a/. have researched the neurogenic and vascular mechanism 

of sumatriptan in the migraine [18-251. It was concluded that sumatriptan 

blocks the vascular headaches through blockade of neural transmission and 

neurogenic inflammatory responses and that post- and prejunctional 5-HTID- 
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and 5-HT1 like-receptors are implicated in the pharmacology of sumatriptan. It 

has been suggested that perivascular neurogenic inflammation 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 a/. [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 flow 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, 311. NO through guanylate cyclase coupling has been 

postulated to trigger a chain of events that induce smooth muscle relaxation via 

decreases in cytosolic ca2' concentrations [28, 291. Sumatriptan apart from its 

vasoconstrictor effects might exert its therapeutic effects on the pain 

component of migraine via other mechanisms that might involve ca2' 

mobilization. The findings that NO could be involved in migraine through 

vasodilatation and the induction of migraine-like headaches could be an 

important mechanism to explain pharmacology of sumatriptan. An inhibitoty 

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 surnatriptan 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 



Chapter 8 -Cerebral Blood Flow Effects of Sumatriptan in Drug Combinations in the Baboon 
Model 134 

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-HT1~-receptors and effects of ca2+ 

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 blood flow (rCBF) 
123 . results from 9 9 m ~ c - ~ ~ ~ ~ ~  and l-lodoamphetamine, [ 1 2 3 1 J ~ ~ ,  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 [ 1 2 3 1 J ~ ~ ,  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 andlor 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, I.C., OLIVER, D.W., HUGO. N. & ROSSOUW, D. 1995. A Comparative Cerebral Blood 

Flow Study in a Baboon Model with Acetazolamide Provocation: ""'Tc-HMPAO vs. '"/(IMP). Nuclear 

medicine and biology, 22(3):373-378. 
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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 (rCBF) measurements using 9 9 m ~ C -  

hexamethylpropylene amine oxime (HMPAO) and N-isopropyl-p-(1123)- 

iodoamphetamine, I z 3 1 ( l ~ ~ ) ,  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 etal., 1994) in which induction was performed with 

ketamine hydrochloride (10 mglkg i.v.) (Ketalar @, Parke-Davis, Cape Town) 

and immediately followed by a maintained controlled infusion of thiopentone 

sodium (Intraval @, Sandoz S.A., Randburg) (70 mllhr 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- 

HMPAO. 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 (Dormehl etal., 1992). SPECT-1 was immediately followed by a second 

i.v. administration of 9 9 m ~ c - ~ ~ ~ ~ 0  (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 etal., 1991; Wyper et a/., 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 a/., 1989; Pup et a/., 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 9 9 m ~ c - ~ ~ ~ ~ ~  by, respectively, 148 and 296 MBq of 

[ 1 2 3 1 ] ~ ~ ~  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 500 mg 

of acetazolamide (Oliver etal., 1993; Dormehl etal., 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 [ ' 2 3 1 ] ~ ~ ~ ,  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 etal., 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 HMPAO 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 11 10 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 a/., 1985a, b; Homes et 

a/., 1985; Nowotnik etal., 1985) was never found to be below 90%. This was 

checked in each case using chromatography on ITLC SG strips with 

rnethylethylketone (MEK) and saline as solvent. 9 9 m ~ c - ~ ~ ~ ~ ~  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 
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(depending on the procedure) was from the same 9 9 m ~ c - ~ ~ ~ ~ ~  preparation 

as the first and was accompanied on a count down by a dynamic data 

acquisition (1 5 sec per image for 4 min). Such a dynamic acquisition was also 

done with the first injection of HMPAO (Fig. 9-1). The shape of the time-activity 

curves thus obtained would reflect on the possibility of reduction of lipophilic 

9 9 m ~ c - ~ ~ ~ ~ ~ .  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. 

Acstazolamide - 2nd injection 

Control - 1st Injection 

0- I O 

60 120 180 

SECONDS 

Figure 9-1 Time-activity curves representing input functions form the dynamic 
acquisition on countdown of the first 9 9 m ~ ~ - ~ ~ ~ ~ ~  injection (control anaesthesia, 
first injection), of the second 9 9 m ~ ~ - ~ ~ ~ ~ ~  injection with acetazolamide, the latter 

hnro from double dosages of the tracer. 

The efficacy of [ ' 2 3 1 ] ~ ~ ~  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 lipidlaqueous partition coefficients, and the affinity 

for high-capacity, relatively non-specific binding sites for amines located in the 

brain andlor brain capillary endothelium. High levels of brain activity are 

maintained for several hours (Winchell eta/., 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 (ROls) 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: 

[SPECT - 2](counts 1 pixel) - [SPECT - I ]  * (counts lpixel)  
R =  

SPECT - l(counts 1 pixel) 

R represents the level of change of rCBF during prolonged anaesthesia as a 

baseline, or during prolonged anaesthesia and acetazolamide intervention. 

[SPECT-I]* decay is corrected (Dormehl eta/., 1992). 

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 t-test at 1 andlor 

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 HMPAO 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. 

0 1  - 
1 2 3 4 

Slice number 
-. -- 

i--- A-cedure D -s-~mcedure~ 
-+-PmcedureC ++-PmcedureA 

0 - -  
1 2 3 4 

Slice number 

Figure 9-3 Curves of the mean ratio (n = 6) 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 
coronaily (c).  or 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 regional 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 

value 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 [ ' 2 3 1 ] ~ ~ ~  is 

higher than of 9 9 m ~ c - ~ ~ ~ ~ ~  by about 13% (P > 0.05), which agrees well with 

known data (Winchell et a/., 1980a, b; Dormehl et a/., 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 HMPAO and IMP 
because of the various procedures. 

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

Procedures 

A to C 

A to B 

C to D 

B to D 

A t o D  

C to B 

The influence of acetazolamide on rCBF when using 9 9 m ~ c - ~ ~ ~ ~ ~  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 a/., 

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. 

Percentage change 

+I3 f 1 

+37 f 8 

+52 f 3 

+26 f 8 

+74 f 4 

+21 f 6 

Statistical significance P-values 

P > 0.05 

P < 0.01 

P < 0.01 

P > 0.05 

P < 0.01 

P < 0.05, P > 0.01 
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The increased CBF owing to acetazolamide,when using C231]IMP is

enhanced (52%; P < 0.01), with respect to 99mTc-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 S, with 99mTc_
HMPAO (a) and for procedure D, with [ 31]IMP(b). The first image 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 ef 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 o b s e ~ e d  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 HMPAO 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 [ 9 9 m ~ c - ~ ~ ~ ~ ~  and 

' 2 3 1 ( ~ ~ ~ ) ]  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 9 9 m ~ c - ~ ~ ~ ~ ~  and [ ' 2 3 1 ] ~ ~ ~ ,  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 



Chapter 9 - A  Comparative Cerebral Blood Flow Study in a Baboon Model with Acetazoiarnide 
Provocation: " m ~ ~ - ~ ~ ~ ~ ~  vs. '131(1~p) 146 

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 

pattern 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 pattern is contrary to that of hexamethylpropylene amine oxime 

(HMPAO) but similar to that of ~ - i s o ~ r o ~ ~ l - [ ~ ' ~ 1 ]  piodoamphetamine ( [ f 2 3 q ~ ~ ) .  

This study explores possible CBF differences among HMPAO, 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 9 9 m ~ c - ~ ~ ~ ~ ~ ,  9 9 m ~ c - ~ ~ ~  and f Z 3 l J ~ ~ .  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 

initial injection (222 MBq). These changes as a ratio, R (R = SPECT-ZSPECT- 

I), 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 

HMPAO and ECD for the control, acetazolamide and sumatriptan studies, but 

DORMEHL, I.C., OLIVER, O W .  HUGO, N., LANGEN, K-J. & CROFT, S. 1997. Technetium-99m- 

HMPAO, Technetium-99m-ECD and lodine-123-IMP Cerebral Blood Flow Measurements with 

Pharmacological Interventions in Primates. The journal 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 HMPAO. A further significant difference was that 

larger CBF increases were observed with acetazolamide, as measured with 

r iz3/J~~.  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 good spatial resolution. 

Among the tracers that have been found useful are the iodine-labeled 

arnines, e.g., ~- isopropyl- [ '~~l ]  P-iodoarnphetamine ([lZ31] IMP) [I]. 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 99m~c-labelled compounds synthesized as cerebral 

perfusion agents, 99m~c-hexamethyl-propyleneamine oxime ( 9 9 m ~ ~ - ~ ~ ~ ~ ~ )  

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, 61. The CBF agent N,N' - 1,2-ethylene-di- 

yl-bis-L-cysteinate diethyl ester, labeled with 99m~c-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, 91. As a CBF agent in healthy subjects, it 

corresponds well with ' 3 3 ~ ~  [lo], 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 [ I  1, 121 but similar to the known action (albeit to a lesser extent) of 

[ 1 2 3 1 ] ~ ~ ~  [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 9 9 m ~ c - ~ ~ ~ ~ ~  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 calcium channel blockers 

and has been used for migraine and dementia [I 51. The recent introduction of 

the 5-HTID -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 

technique, whereby two doses of the tracer are administered within a one hour 

interval [16, 171, 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, 211. 

This study reports the results of the above-mentioned pharmacological 

interventions on CBF as measured by the tracers 9 9 m ~ c - ~ ~ ~ ~ ~ ,  9 9 m ~ c - ~ ~ ~  

and [ 1 2 3 1 ] ~ ~ ~ ,  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, Le., 5

min before the second tracer administration. Thus, SPECT-2, which again

followed 5 min after the second 99ffiTc-HMPAO/ECDinjection, 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 infusionof nimodipine(NimotopIV @,Bayer(Pty)Ltd),at 1 Jlg/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, Le., 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 with9"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 (countlpixel) thus obtained were inserted into the 

following equation to obtain the ration R: 

(SPECT - 2)  - (SPECT - 1) * 
R =  

(SPECT - 1) 

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 9 9 m ~ c - ~ ~ ~ ~ ~  or 9 9 m ~ ~ - ~ ~ ~ .  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 [ ' 2 3 1 ] ~ ~ ~  (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 fiaure. 

Figure 10-2 (A-D) Mean ratio's R (n = 6) vs, tomographic slice number in the 
transaxial views (occipital to frontal) comparing 9 9 m ~ c - ~ ~ ~ ~ ~ ,  9 9 m ~ c - ~ ~ ~  and 

[ ' 2 3 1 ] ~ ~ ~  for the control (A) and each intervention, acetazolamide (B), nimodipine 
(C) and sumatriptan (D). 
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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 9 9 m ~ c - ~ ~ ~ ~ ~ .  In 

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

cerebellum [Fig. 10-1, 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 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) f SD (n = 6) % difference with respect to control 

Intenrention ""Tc-HMPAO "" Tc-ECD [ ' Z 3 1 ] 1 ~ ~  aJmTc-HMPAO 'gm Tc-ECD [ l]lMP 

Control 1.79 f 0.13 2.07 f 0.24 1.95 f 0.05 

Acetazolarnide 2.53 f 0.15 2.78 f 0.13 3.02 i 0.06 41.30% 34.30% 54.90% 

Nimodipine 2.51 f 0.14 1.67 f 0.13 1.48 f 0.34 40.20% -19.3% -24.1% 

Sumatriptan 1.74 f 0.10 2.09 f 0.08 1.90 f 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 increase after nimodipine 

intervention, but ""'Tc-ECD and [ ' 2 3 1 ] ~ ~ ~  measurements showed decreases in 

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 pOz and BP for acetazolamide (+20 

and -8, respectively). 

Table 10-2 Effects for Procedures B (Acetazolarnide), C (Nimodipine) and D 
(Sumatriptan) on heart rate, blood pressure, pC02 and p02  in arterial blood in 

Procedure 

81 

82 

C1 

C2 

D l  

D2 

Heart rate 

116.25 f 12.74 

111.50 f 16.84 

115.33 f 22.38 
. . 

116.33 f 24.58 

115.31 f 11.05 

114.31 ?; 14.13 

baboons 

Blood pressure 

118.00 f 2.58 

110.25 f 4.50' 

132.50 f 29.93 

112.89 f 20.26 

119.20 f 9.90 

112.13 f 8.81 

P c 0.05, for postintervention compared to corresponding preintervention values. Each 
value indicates the mean f 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 petfusion 

imaging agents for SPECT [ I  3, 22-24], but the general conclusion remains that 

all currently available radiopharmaceuticals, including 9 9 m ~ c - ~ ~ ~ ~ ~ ,  9 9 m ~ c -  
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ECD and [ " 3 1 ] ~ ~ ~ ,  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 [ I I ,  251. 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 1181, 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- andlor metabolism- 

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

Of the mean control R-values obtained in this study, those obtained by 

9 9 m ~ c - ~ ~ ~  and [ 1 2 3 1 ] ~ ~ ~  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 

9 9 m ~ c - ~ ~ ~ ~ ~  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 1261 and the 

ketamine hydrochloride anaesthesia, which leads to increased BP (+30) and 

heart rate (+15) during the first 9 9 m ~ c - ~ ~ ~ ~ ~  administration and is not 

maintained during the second barbiturate phase of the study [la]. 

The lower 9 9 m ~ c - ~ ~ ~  back-flux from the brain leads to a higher retention of 

9 9 m ~ ~ - ~ ~ ~  than 9 9 m ~ ~ - H M P ~ ~ ,  which may contribute to the higher control R- 

values obtained with 9 9 m ~ ~ - ~ ~ ~  (2.07 f 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 

[ ' 2 3 1 ] ~ ~ ~ ,  which has preciously been reported [I91 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 (ApC02 = ); ApO2 = +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, 301. N-isopropyl-P-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 9 9 m ~ ~ - ~ ~ ~ ~ ~  and 

9 9 m ~ c - ~ ~ ~ ,  explaining the significantly enhanced CBF effect with [ ' 2 3 1 ] ~ ~ ~  and 

acetazolamide. N-isopropyl [1231] P-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 9 9 m ~ ~ - ~ ~ ~ ~ ~  due to high flow, was not 

obvious in this study (41% compared to 35%) [26, 311 but was indicated with 

9 9 m ~ c - ~ ~ ~  (34.3%) [32]. The first-pass extraction rate is flow-dependant for 

9 9 m ~ c - ~ ~ ~  and 9 9 m ~ c - ~ ~ ~ ~ ~ ,  and back-flux affects 9 9 m ~ ~ - ~ ~ ~ ~ ~  retention 

more than it does 9 9 m ~ c - ~ ~ ~  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 9 9 m ~ c - ~ ~ ~ ,  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 

9 9 m ~ c - ~ ~ ~ ~ ~  and 9 9 m ~ c - ~ ~ ~  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 9 9 m ~ c - ~ ~ ~ ~ ~  [ I  I ] .  

The ca2'-blocker nimodipine was shown to increase CBF by 40.2% for 

9 9 m ~ c - ~ ~ ~ ~ ~  and decrease it by 19.3% and 24.1% for 9 9 m ~ ~ - ~ ~ ~  and 

[ 1 2 3 1 ] ~ ~ ~ ,  respectively; all changes were statistically significant (P < 0.05) (Fig. 

10-2). The larger effect measured by [ 1 2 3 1 ] ~ ~ ~  as compared to that of 9 9 m ~ c -  

ECD was not significantly different (P > 0.05). The difference in R-values 

among the tracers after the nimodipine intervention especially with 9 9 m ~ ~ -  

HMPAO, 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 

9 9 m ~ c - ~ ~ ~ ~ ~  across the blood brain barrier differently than it does the 

transport of 9 9 m ~ c - ~ ~ ~  and [ ' 2 3 1 ] ~ ~ ~ .  

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, 351, 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 

[ " 3 1 ] ~ ~ ~ ,  are the close approximation to R = 2 in the control study and the high 

R-values with acetazolamide. Furthermore, [ ' 2 3 1 ] ~ ~ ~  measures, after 

nimodipine intervention, a reduction in CBF, as does 9 9 m ~ c - ~ ~ ~ ,  contrary to 

9 9 m ~ c - ~ ~ ~ ~ ~ .  It is known that [ ' 2 3 1 ] ~ ~ ~  follows a pattern linearity with flow 

over a wider flow range than do 9 9 m ~ c - ~ ~ ~ ~ 0  and 9 9 m ~ c - ~ ~ ~ ,  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 altered 
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esterase function in hypoxia, and its low CBF values, measured after the 

nimodipine intervention (which [ 1 2 3 1 ] ~ ~ ~  also measures), could, therefore, be 

seen as relating to a drug-tracer interaction, in which metabolic processes play 

a role. Technetium-99m-HMPAO 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 9 9 m ~ c - ~ ~ ~ ~ ~  and 
99m 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 

cognisance of tracer and drug characteristics. 
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Summary 

Sodium valproate (CAS 1069-66-5, ~ ~ i l i m @ )  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 9 9 m ~ c - ~ ~ ~ ~ ~  (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. sumatriptan, nimodipine and acetazolamide. The current 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 

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 attributed to the influences 

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

OLIVER, 0. W. & DORMEHL. I.C. 1998. Cerebral Blood Flow Effects of Sodium Valproate and its Drug 

Combinations in the Baboon Model. Anneimittel ForschungDrug 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. 

I I .I 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 [I]. 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 [I-51. Recently an intravenous preparation of sodium 

valproate has been developed and is currently been marketed in South Africa 

as ~pi l im@, 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 phenobarbital [ I ] .  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 9 9 m ~ c - ~ ~ ~ ~ ~  and 9 9 m ~ c - ~ ~ ~  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 [6-1 I]. 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 [13-181. 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- 

46-2) (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 also 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, Northern 

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 international 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 (1 00 mglmllmin 

i.v. infused over 10 min) with one of either acetazolamide (100mg/rnl i.v. [5 mi]; 
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procedure C), nimodipine (lpglkglmin infused over 10 min; procedure D), and 

sumatriptan (6mg im.; 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 
Znb HbWAO 

- 
min Procedure A 

Ketamine 

Thiopentone 

1" HMPAO 

SPECT-1 

2nd HMPAO 

SPECT-2 

Procedure B 

Ketamine 
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2nd HMPAO 

SPECT-2 

SIB 
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2" HMPAO 

SPECT-2 
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SPECT-1 

Sumatriptan 
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2nd HMPAO 

SPECT-2 

Figure 11-1 The time schedule for the various drug interventions procedure 
protocols indicating the time of each intervention 

For each study the baboon was sedated with ketamine hydrochloride 

(10mglkg im.) (~naket-@, Centaur Labs, Bryanston. Gauteng, SA). Was 

followed immediately by maintained and controlled infusion of thiopentone 

sodium (70 mllhr of 0.5% solution) (lntravalm, Rhdne-Poulenc, Rorer, S.A., 

Midrand, Gauteng, S.A.) 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 ""'Tc - HMPAO at time 

t = 0 (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 

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 9 9 m ~ c  - HMPAO (444 MBq, i.e. 

double the first dose) was administrated at t = 29 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 HMPAO 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 = I 9  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 ROI 

(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) * 
R =  

(SPECT - 1) 

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 I I-la-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 t-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 1 I - la -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-la The mean R ratios (tSD) (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 frontal tot the occi~ital lobes 

Region 2 

2.12 i: 0.18 

2.12 * 0.17 

2.76 f 0.35 

1.59 * 0.32 

1.93 i: 0.14 

Region 7 

2.09 * 0.08 

2.14 i: 0.18 

2.88 t 0.44 

1.54 t 0.34 

2.01 f 0.14 

Procedure 

A 

B 

C 

D 

E 

A 

B 

C 

D 

E 

Region 3 

2.10 i: 0.13 

2.05 t 0.15 

2.73 t 0.30 

1.53 t 0.31 

1.94t  0.15 

Region 8 

2.00 t 0.19 

2.14 t 0.12 

2.85 f 0.46 

1.54 t 0.32 

1.99 t 0.14 

Region 1 

2.25 t 0.32 

2.19 t 0.24 

2.79 t 0.48 

1.67 t 0.40 

2.05 t 0.17 

Region 6 

2.09 i: 0.08 

2.14 t 0.18 

2.88 t 0.44 

1.54 * 0.34 

2.01 i: 0.14 
- 

Region 4 Region 5 

2.14 * 0.08 2.13 + 0.06 

2.08 t 0.13 2.09 t 0.16 

2.81 t 0.34 2.94 t 0.39 

1.53 + 0.29 1.55 * 0.29 

1.96 f 0.14 1.96i: 0.14 

Total brain 

2.1 1 f 0.08 

2.13 t 0.03 

2.88 t 0.11 

1.56 t 0.03 

1.99 t 0.04 
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Table 11-lb The mean R ratios (tSD) (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 

Table 11-lc The mean R ratios (kSD) (n = 6) from coronal views of eight equal 
cerebral regions and total brain for the five different ~rocedures with the slice 

Region 1 

2.25kP-32 

2.40t  0.44 

3.15k 0.72 

1.78 k 0.32 

1.93k0.26 

Region 6 

2.09k0.11 

2.04k0.13 

2.83k0.40 

1.56 k 0.31 

2.02f0.17 

Procedure 

A 

B 

C 

D 

E 

Region 2 

2.12f 0.18 

2.26k0.25 

2.94k0.50 

1.63k 0.31 

1.93k0.18 

Region 7 

2.09f0.08 

2.01 kO.19 

2.76k0.31 

1.63 k 0.34 

2.04f0.17 

Haemodynarnic 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 (Tablel l - la 

- c). From Table 11-la - c and Table 11-2 it is clear that the sodium valproate 

number from the cerebellum to the dorsal slice of the cerebrum 

Region 3 

2.10k 0.13 

2.20k0.17 

2.93k0.42 

1.55 i 0.30 

1.95t0.16 

Region 8 

2.00k0.19 

1.97k0.26 

2.66k0.42 

1.65 5 0.33 

2.10k0.23 

Region 1 

2.06k0.33 

2.01 k0.28 

2.65 t 0.20 

1.57k0.44 

1.88k0.17 

Region 6 

2.17k0.24 

2.11 k0.14 

2.91 k0.47 

1.60 k 0.27 

2.00k0.17 

Region 4 Region 5 

2.14k0.08 2.13k0.06 

2.13k0.18 2.07k0.12 

2.91 k0.43 2.89k0.39 

1.52 kO.29 1.54f  0.29 

1.95k0.14 1.96i0.15 

Total brain 

2.11k0.08 

2.13k0.09 

2.88k0.11 

1.61 k 0.02 

1.99k0.04 

Region 2 

2.10k0.19 

2.05k0.24 

2.70t  0.28 

1.52k0.37 

1.92k0.14 

Region 7 

2.19k0.36 

2.14t0.17 

2.8950.48 

1.65t  0.30 

2.03k0.21 

Region 3 

2.12k0.11 

2.06k 0.17 

2.72 i 0.31 

1.522 0.33 

1.96f 0.11 

Region 8 

2.31t0.76 

2.23k0.38 

2.95f 0.70 

1.71 k 0.34 

2.10f0.36 

Region 4 Region 5 

2.08k0.14 2.14k0.23 

2.09k0.12 2.11 k0.13 

2.82 i 0.37 2.86k 0.42 

1.51 k0.29 1.60+0.27 

2.02k0.16 2.00t0.17 

Total brain 

2.14k0.19 

2.10t0.08 

2.81 i 0 . 1 3  

1.59t  0.05 

1.99k0.07 
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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 * 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 control and significance. 

Procedure D (Sodium valproate + Nimodipine) 1.59 k 0.31 

Procedure 

Procedure A (control) 

Procedure B (Sodium valproate) 

Procedure C (Sodium valproate + Acetazolamide) 

Procedure E (Sodium valproate + Sumatriptan) 1.90 5 0.14 

R-value 

2.13 t 0.12 

2.13 * 0.12 

2.84 k 0.38 

I 

" 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 I I - l a  - c and Table 11-2) yielded total 

brain R-values which were statistically significantly increased (34%) when 

compared to both the control and the single sodium valproate drug intervention 

(2.84 k 0.38 vs. 2.13 + 0.12, P < 0.01). Conversely, the combination 

(procedure D) of sodium valproate and nimodipine (Table 1 I - l a  - c 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 k 0.12, P < 0.01). From 

procedure E, i.e. the combination of sodium valproate and sumatriptan (Table 

11-la - c 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 > 0.05 to P < 0.1). 
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Table 11-3 The effect of all the procedures on peripheral blood pressure 

(Sodium valproate). 

+34 +I 1 

-25 

-1 1 +7 

Procedure 

Procedure A (control) 

Procedure B (Sodium valproate) 

Procedure C (Sodium valproate + Acetazolamide) 

Procedure D (Sodium valproate + Nimodipine) 

Procedure E (Sodium valproate + Sumatriptan) 

a' With respect to control. 

ABPOh 

0-29 min 

+I2 

+I 9 

+23 

+9 

+I9 

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, 191 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, 221. 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 [lo]. 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 [lo] 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 could 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, ~ i t r o c e n e ~ )  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. lllucidation 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 9 9 m ~ ~ - ~ ~ ~ ~ ~  

(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. 8 DORMEHL, I.C. 1999. Cerebral Blood Flow Effects of the Nitric Oxide Donor. 

Nitroglycerin and its Drug Combinations in the Non-Human Primate Model. Arrneimittel Forschunflrug 

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 control results and is 

significantly increased (+27%) when compared with sumatriptan treatment 

alone. Effective treatment with sumatriptan may therefore be compromised with 

simultaneous administration 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 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, Nirnodipine, Nitrocene @, 

Nitroglycerine, cerebral blood flow effects, drug interactions, primate model, 

Surnatriptan. 

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 [I, 21. 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,  41. 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 [ I] .  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 ,  81. 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 [ I ,  9, 10, 
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1 I ] .  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 [12-211, 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-99m hexamethylpropylene amine oxime (99m~c-  

HMPAO), to measure cerebral blood flow during pharmacological 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) [12-211. 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, 

231 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 pglkglmin at 12 min; 0.166 pglkglmin at 5 min; 0.166 

pglkglmin at 10 min; 0.25 pg lkglmin at 2 min; 0.25 pglkglmin at 5 min; 0.25 

pglkglmin at min; 1.0 pglkglmin, 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 pglkglmin 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 

min 

-12 

0 

5 

6 

17 

19 

24 

29 

34 

'rocedure A 

Ketamine 

Thiopentone 

1" HMPAO 

SPECT-1 

Thiopentone 

lS1 HMPAO 

SPECT-1 

Procedure C 

Ketamine 

Thiopentone 

1" HMPAO 

SPECT-1 

Nitroglycerine 

Procedure D 

Ketamine 

Thiopentone 

1" HMPAO 

SPECT-1 

Nitroglycerine 

Nimodipine 

znd HMPAO 

SPECT-2 

Nitroglycerine 

znd HMPAO 

SPECT-2 

Procedure E 

Ketamine 

Thiopentone 

1" HMPAO 

SPECT-1 

Sumatriptan 

Nitroglycerine 

znd HMPAO 

SPECT-2 

znd HMPAO 

SPECT-2 

Procedure A concerned the control cerebral blood flow (CBF) study using 

the 9 9 m ~ ~ - ~ ~ ~ ~ ~  split-dose method [22, 231 with two respective SPECT 

acquisitions after two consecutive 9 9 m T c - ~ ~ ~ ~ 0  administrations at chosen 

times (see Fig.10-I), under standard anaesthesia conditions. This entails 

Acetazolamidc 

znd HMPAO 

SPECT-2 
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induction with ketamine hydrochloride ( ~ n a k e t - p ,  Centaur Labs, Bryanston, 

Gauteng, S.A.; 10 mglkg), followed by maintenance on thiopentone sodium 

(sandothalB, Sandoz Products, Randburg, Gauteng, S.A.; 70 mllh 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 (Nitrocenem, Schwarz 

Pharma AG, Randburg, S.A.; 0.25 pglkglmin for 10 minutes, procedure B), a 

combination of nitroglycerine (NitroceneB, Schwarz Pharma AG.; 0.25 

pglkglmin for 10 minutes) and sumatriptan (lmigranB, Glaxo-Wellcome, 

Midrand, S.A.; 6 mg, procedure C), a combination of nitroglycerine 

(Nitrocenen, Schwarz Pharma AG; 0.25 pglkglmin over 10 minutes) and 

nimodipine (Nimotop I\$ , Bayer SA, Isando, S.A.; 1 pglkglmin over 10 

minutes, procedure D), and a combination of nitroglycerine (Nitrocenem, 

Schwarz Pharma AG; 0.25 pglkglmin over 10 minutes) and acetazolamide at 

24 min ( ~ i a m o x ~ ,  Cyanamid S.A. Isando, S.A.; 500 mg15ml, 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 control study 

under anaesthesia (thiopentone - thiopentone), started at time t = 0 with an i.v. 

injection of 222 MBq 9 9 m ~ ~ - ~ ~ ~ ~ ~ .  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 29 minutes, the baboon was reinjected with 9 9 m ~ c - ~ ~ ~ ~ ~  (444 MBq, i.e. 

double the first dosage) and SPECT-2 performed at 34 minutes [22, 231. These 
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data represented the CBF pattern of 9 9 m ~ c - ~ ~ ~ ~ ~  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 pglkglmin over 10 min) was 

i.v. administered at 17 minutes post administration of the first 9 9 m ~ c - ~ ~ ~ ~ 0  

injection (Fig 10-1). The 2" 9 9 m ~ c - ~ ~ ~ ~ ~  administration and 2" scan 

followed the same protocol as the control study. Results for procedure B would 

depict cerebral blood flow changes due to the nitroglycerine inte~ention, 2 rnin 

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 i.m. injection of 

sumatriptan, 6 mg at 6 minutes of the study , i.e. 23 rnin drug response time 

(procedure C), administration of nimodipine, 1 pglkglmin 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 2nd 9 9 m ~ c - ~ ~ ~ ~ ~  administration (at 29 min) and 2nd 

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 (countslpixel) 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 HMPAO 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 9 9 m ~ c - ~ ~ ~ ~ ~ )  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. 

Based on these preliminary results the treatment regime for the current study 

was determined (i.e. 0.25 pglkglmin administered over 10 minutes with 2 

minutes response time, after the end of the nitroglycerine administration, before 

the 2" HMPAO injection at 29 min). The data are presented in Tables 12-3, 

Table 12-2 The mean rations for the time-dose cerebral blood flow responses at 
time (min) post the administration for nitroglycerine (pglkglmin over 10 min) 

interventions compared to the control 

12-4 and 12-5 and Figures 12-1 and 12-2, 

Dose 

Control 

0.03 

0.166 

0.166 

0.25 

0.25 

0.25 

100 

Figure 12-la Transaxial curves of 
mean ratio (R) ( n = 6) vs. slice 

number starting at the frontal to the 
occipital lobes for the control, 

nitroglycerine, sumatriptan and 
combination of sumatriptan and 

nitroglycerine. 

Figure 12- lb  Transaxial curves of 
mean ratio (R) ( n = 6) vs. slice 

number starting at the frontal to the 
occipital lobes for the control, 

nimodipine and combination of 
nimodipine and nitroglycerine . 

Time (min) 

12 

10 

20 

2 

5 

10 

5 

R ratio 

2.13?0.11 

2.11 f 0.16 

2.09 k 0.04 

2.03 k 0.00 

2.23 i 0.12 

2.06 f 0.18 

1.74f 0.25 

2.05 ? 0.02 
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Figure 12-2a Curves of mean ratio 
(R) (n = 6) vs, slice number of all 

procedures and single drug 
interventions in the transaxial view. 

Figure 12-lc Transaxial curves of 
mean ratio (R) ( n = 6) vs. slice 

number starting at the frontal to the 
occipital lobes for the control, 

acetazolamide and combination of 
acetazolamide and nitroglycerine. 

Figure 12-2b Curves of mean ratio 
(R) (n = 6) vs. slice number of all 

procedures and single drug 
interventions in the coronal view. 

Figure 12-2c Curves of mean 
ratio (R) (n = 6) vs. slice number of 

all procedures and single drug 
interventions in the sagittal view. 
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Tables 12-3 and 12-4 present the mean ratios (R k 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 single drug administrations, i.e. sumatriptan, nimodipine and 

acetazolamide. 

Table 12-3 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 the different procedures, and the statistical significance 

Procedure 

Procedure A 

(Control) 

Procedure B 

(Nitroglycerine: 

Procedure C 

(Nitroglycerine 

+ Sumatriptan) 

Procedure D 

(Nitroglycerine 

+ Nirnodipine) 

Procedure E 

(Nitroglycerine 

+ Aceta- 

zolarnide) 

with respect to I with respect to 

control I nitroglycerine 

% Change 

with respect to 

nitroglycerine an( 

sumatriptan 

%Change 

with respect to 

itroglycerine and 

nimodipine 



Chapter 12 -Cerebral Blood Flow Effects of the Nitric Oxide Donor. Nitroglycerin and its Drug 
Combinations in the Non-human Primate Model I 8 9  

Table 12-4 The mean R-value ( S D )  (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. 

% Change with 

respect to 

sumatriptan 

(significance) 

Procedure 

Procedure A 

(Control) 

Procedure B 

(Nitroglycerine) 
I 

+ Nimodipine) 

Procedure E 

(Nitroglycerine 

+ Acetazolamide) 

Sumatriptan [16] 

% Change with 

respect to 

nimodipine 

(significance) 

%Change with 

respect to control 

(significance) 

+2.8 

(P > 0.05) 

R-value 

2.13 f 0.11 

2.19 f 0.08 

+4.2 

(P > 0.05 P < 0.10) 

-20.7 

Procedure C 

(Nitroglycerine 

+ Sumatriptan) 

Procedure D 

(Nitroglycerine 

(P c 0.05) 

X Change with 

respect to 

nitroglycerine 

(significance) 

2.22 f 0.07 

1.69 i 0.18 

2.89 i 0.14 

1.74 i 0.10 

(P c 0.01) 

(P c 0.01) 

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 la,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-la,b,c) are presented here as 

the saggital and coronal views presented similar ratios. 

+1.4 

(P > 0.05) 

-22.8 

zolamide [I91 

(P < 0.10) 

+35.7 

(P < 0.01) 

-16.3 

Nimodipine [15] 1 2.51 f 0.14 I +17.8 

(P < 0.02) 

+27.6 

(P < 0.01) 

-2.9 

(P c 0.01) 

Aceta- 

(P c 0.01) (P < 0.01) 

-1 1.6 

(P c 0.02) 

-32.6 

(P < 0.01) 

+30.2 

(P c 0.01) 

-20.5 

+14.6 +44.3 

2.84 f 0.38 

(P c 0.01) 

(P > 0.05) 

+66.1 

(P c 001) 

(P c 0.05) 

(P c 0.01) 

+13.1 

(P < 0.05) 

+33.3 +29.7 +63.2 +13.1 
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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 1 AHR 

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 k 0.14 vs. 2.13 + 0.12, P < 0.01) and the nitroglycerine 

response alone (2.89 i 0.14 vs. 2.19 f 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 f 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 k 0.07 vs. 2.13 f 0.1 1, P > 0.05) and the nitroglycerine alone 

(2.22+0.08vs. 2.19k0.08, P>O.O5). 

Procedure B (Nitroglycerine) 

Procedure C (Nitroglycerine + sumatriptan) 

Procedure D (Nitroglycerine + nimodipine) 

Procedure E (Nitroglycerine + Acetazolamide) 

Sumatriptan [16] 

Nimodipine [I51 

Acetazolamide [19] 

0 

+0.2 i 5.8 

+9.2 f 21 

-1.6 f 3.6 

-1.5f 5 

+4.5 f 7.9 

-5.0 i 14.0 
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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. 

251 influence cerebral blood flow. Sumatriptan [16], nimodipine [I51 and 

acetazolamide [14, 151 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 [I91 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, 81. 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 = 2.51 vs. 1.69). An increase in cerebral blood flow after nimodipine 

administration has also been reported previously [29]. 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 

results. 

The sumatriptan-induced decreased cerebral blood flow [I61 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, 101. 

These results may also suggest 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 

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 [I91 

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 

[I91 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 haemodynarnic 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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Summary 

The brain imaging radiopharmaceutical, 99mTechnetium ethyl cysteinate 

dimer ~ 9 m ~ c - ~ ~ ~ ,  99m~c-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 99mTc-ECD is presented. The aims of this research 

program were to develop novel approaches to improve the chemical and 

metabolic stability and the bioavailability of 9 9 m ~ c - ~ ~ ~  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 c y c l o d e x t r i n - 9 9 m ~ c - ~ ~ ~  complexation on normal cerebral blood 

flow patterns, using two different cyclodextrins, ie . ,  pcyclodextrin (CAS 17465- 

86-0) and /?-trimethylcyclodextrin (CAS 55216-1 1-0). The effect of incubation of 

9 9 m ~ c - ~ ~ ~  (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 9 9 m ~ c - ~ C ~  was further determined. 

OLIVER. D. W. 8 DORMEHL, I.C., LOUW, W., MORETTI, J-L. 8 KILLIAN, E. 2000. Effect of 

Cyclodextnn Complexation on the in vivo Disposition of the Brain Imaging Radiopharmaceutical, 
99m Technetium Ethyl Cysteinate Dimer PTC-ECD) .  Anneimittel Forschung/Dn~g Research, 50:75-81. 
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The current study has shown that cyclodextrin complexation of 99m~c-ECD 

indeed offers a useful approach to improve the stability of the 

radiophamaceutical against peripheral metabolism. The acetylcholine shows 

also potential to protect 9 9 m ~ c - ~ ~ ~ .  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 9 9 m ~ c - ~ ~ ~  when complexed 

with ~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 

9 9 m ~ c - ~ ~ ~  form. 

KEY WORDS: Brain imaging, Cyclodextrin - complexation with techneti~m-~~"' 

ethyl cysteinate dimmer, Radiophamaceuticals, ~echnetium-~~"'  ethyl 

cysteinate dimmer - complexation with cyclodextrin. 

13.1 Introduction 

Several radiopharmaceutical agents, e.g., ~ - i s o ~ r o ~ ~ l - [ ~ ~ ~ l ] ~ -  

iodoamphetamine ( [ ' 2 3 1 ] ~ ~ ~ ) ,  99m~echnetium hexamethylpropyleneamine 

oxime ( 9 9 m ~ c - ~ ~ ~ ~ ~ )  and 99m~echnetium ethyl cysteinate dimer (99m~c -  

ECD) have found useful application as tracers to measure cerebral blood flow 

(CBF) [I ,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 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 9 9 m ~ c - ~ ~ ~ ~ ~  in the 

99m brain is further limited to the enzymatic reactions with glutathione [5,6]. Tc- 
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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 9 9 m ~ c - ~ ~ ~ ,  

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 99m~c-  

labeled liposomes through formation of a hydrazino nicotyl derivative [ I l l .  

Moretti's group recently investigated the uptake of liposome-encapsulated 
99m Tc-MIBI by both sensitive and multidrug-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, lorazepam, cyclosporin A and others [ I 3  -151. In view of these 

challenges and background, the current study with 9 9 m ~ c - ~ ~ ~  is presented. 

The aims of this research program were to develop novel approaches to 

improved the metabolic stability and the bioavailability of 9 9 m ~ ~ - ~ ~ ~  across the 

blood brain barrier for cerebral blood flow determinations, using the well known 

non-human primate in vivo baboon model [I]. These aims were addressed 

using cyclodextrin complexation technologies (using two different cyclodextrins, 

i.e., y-cyclodextrin (CAS 17465-86-0) and P-trimethylcyclodextrin, i.e. heptakis 

2,3,6-tri-0-methyl-P-cyclodextrin (CAS 55216-1 1-0)) and incubating 9 9 m ~ c - ~ ~ ~  

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 9 9 m ~ c - ~ ~ ~  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 animals 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 [ I 6  - 231. 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 9 9 m ~ c - ~ ~ ~  as CBF tracer with hopefully higher bioavailability to 

the brain than is the case of unmodified, conventional 9 9 m ~ c  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 hydrochloride (10 mglkg i .m)(~naket-p, Centaur Labs, Bryanston, 

Gauteng, SA). This was followed immediately by maintained and controlled 

infusion of thiopentone (thiopental) sodium (70 mllh of 0,5% solution) (lntravalB, 

RhBne-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 9 9 m ~ c - ~ t h y l  Cysteinate Dimer (ECD), 

NeuroliteB, 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 
99m procedure A, except that the second tracer application was of Tc-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. 

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 i.v. 

administration of 99m 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 influence 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: at t = 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 9 9 m ~ ~ - ~ ~ ~  (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 P- 
trimethylcyclodextrin, i.e. heptakis 2,3,6-tri-O-methyl-p-cyclodextrin (CAS 

55216-11-0). For both these procedures the maintaining anaesthesia was 

changed to the long acting sodium pentobarbitone (30mllhr of a 0.8% 

solution)(sagatal@, 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). 9 9 m ~ ~ - ~ ~ ~  was complexed with 

y-cyclodextrin by incubating the 9 9 m ~ c - ~ ~ ~  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-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 i.v. 

administration of 9 9 m ~ c - ~ ~ ~ ,  and the second SPECT-2, likewise 45 min after 

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

double dose of 9 9 m ~ c - ~ ~ ~ .  was administered. 

Additionally, procedure F was eventually performed, similarly to procedure 

D, but the second injection was of 9 9 m ~ c - ~ ~ ~  + 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 (countslpixel) thus obtained were inserted into the following 

equation to obtain the ratio R: 

(SPECT - 2)  - (SPECT - 1) * 
R =  

(SPECT - 1) 

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 

anaesthesia using 9 9 m ~ c - ~ ~ ~ ,  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 

significance 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 (r 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 lobes 

Procedure Slice 3 

2.05 ? 0.26 

1 7 5 f  0.14 

1.81 k 0.16 

2.02 r 0.31 

1.66 _+ 0.12 

1.96r 0.15 

Slice 7 

2.14 + 0.28 

1.72 k 0.10 

1.89 i 0.08 

2.04 * 0.18 

l.69k 0.10 

1.98 r 0.23 

Slice I 

2.03 * 0.15 

1.68 i 0.13 

1.77 k 0.04 

2.00 5 0.46 

1.66 k 0.08 

1.92 f 0.23 

Slice 5 

2.13 * 0.30 

1.78 2 0.10 

1.75 k 0.01 

2.00 r 0.30 

1.68 i 0.10 

2.00 * 0.30 

Slice 4 

2.10 f 0.28 

1.76 i 0.12 

1.80 ? 0.22 

2.03 f 0.32 

1.66 f 0.12 

1.99 * 0.30 

Slice 8 

2.07 2 0.36 

1.77f 0.15 

1.96 k 0.01 

2.04 + 0.15 

1.68 * 0.02 

1.83 f 0.26 

Slice 2 

1.99 * 0.21 

1.73 f 0.10 

1.78 k 0.11 

1.98 + 0.34 

1.65 i 0.10 

1.95 f 0.28 

Slice 6 

2.19 ? 0.28 

1.73 + 0.12 

1.76 & 0.15 

2.02 r 0.31 

1.69 r 0.09 

2.03 i 0.30 

From Table 13-5 it is clear that incubating the ECD with the animal's plasma 

for 10 rnin before injection for the 2nd scan (procedure B) significantly reduced 

(R = 1.75 + 0.11) the bioavailability to the brain by 15.5 % (P < 0.05), and that 

this attenuation was only slightly altered (- 13%) with the addition of 

acetylcholine (Procedure C) to the plasma (R = I .80 k 0.20, % change -13 %, P 

> 0.05, P < 0.10 with respect to Control). 
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Table 13-3 The mean R-ratios (k 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 

F 

Procedun 

A 

Slice 1 I Slice 2 1 Slice 3 1 Slice 4 

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

the cerebellum to the dorsal slice of the cerebrum 

2.08f0.63 

Slice 5 

2.10k0.15 

Procedurt 

A 

B 

C 

D 

E 

F 

Procedurt 

A 

B 

C 

D 

E 

F 

1.87t0.27 

Slice 6 

2.07k0.30 

Slice 1 

2.12f0.45 

1.77k0.12 

1.45 k 0.78 

1.94 k 0.28 

1.63 + 0.09 

2.01 k 0.37 

Slice 5 

2.06 k 0.26 

1.75k0.13 

1.85t0.04 

2.04 t 0.24 

1.69k0.11 

1.82 k 0.25 

1.83k0.27 

Slice 7 

2.06k0.30 

1.92k0.27 

Slice 8 

2.03k0.15 

Slice 2 

2.15r0.41 

1.75f0.08 

1.38 k 0.51 

1.99 k 0.26 

1.65* 0.10 

2.09f  0.34 

Slice 6 

2.03 k 0.24 

1.73t0.10 

1.95t0.07 

2.01 k 0.26 

1.70k0.11 

1.74 k 0.25 

Slice 3 

2.11 k0.33 

1.76k0.11 

1.57 k 0.30 

2.04 k 0.28 

1.66*0.10 

2.07r 0.31 

Slice 7 

1.92 k 0.27 

1.73f0.10 

2.08f  0.30 

2.04 k 0.24 

1.71 k0.12 

1.63 + 0.26 

Slice 4 

2.11 k0.26 

1.75k0.08 

1.71 f 0.08 

2.01 t 0.24 

1.67 k 0.10 

1.96 k 0.25 

Slice 8 

1.71 f 0.68 

1.72k0.10 

2.32k0.60 

2.02 k 0.24 

1.71 t o 1 5  

1.51 f 0.46 
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Tranmxlal slice numbor 

Figure 13-1 Curves of the mean ratio (R) (n = 6) vs. slice number of all the 
procedures (A-F) in the transaxial view starting form the frontal 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 = 1.68 f 0.11 vs. 2.07 + 0.15, P < 0.02) and the y-cyclodextrin complex, 

procedure D (R = 1.68 + 0.1 1 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 k 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 result (R = 2.07 + 0.15). The results from procedures D 

(2.00 k 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-values 

with respect to the procedure indicated in brackets 

Significance Procedure 

Procedure A 

(Control) 

Procedure B 

(ECD in plasma incubated) 

Procedure C 

R-value 

2.07 + 0.15 

(ECD + plasma + acetylcholine incubated) 

Procedure D 

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

Change (AR) 

1.75 + 0.11 

1.80 i 0.20 

(ECD + y-cyclodextrin) 

Procedure E 

2.00 + 0.30 

(ECD + y-cyclodextrin in plasma incubated) 

-15.5% (A) 

-13.0% (A) 

1.68 + 0.11 

Procedure F 

+9.0% (B) P < 0.05 1 -4.5% (D) P > 0 0 5  

P < 0.05 

P < 0.10, P > 0.05 

+3.0% (B) 

-3.4% (A) 

13.4 Discussion 

P > 0.05 

P > 0.05 

+8.6% (B) 

-18.8% (A) 

1.91 + 0.12 

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. 

P > 0.05, P < 0.10 

P c 0.02 

-7.7% (A) P > 0.05 
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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. lnoue 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 cells. An approach to protect 

ECD from this esterase degradation was attempted with Procedures 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 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 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 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-cyclodextrin offered some 

protection to the ECD against degradation. This can be seen from the R-value, 

R = 1.91 +_ 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 = -4.5 %, p > 

0.05) where no plasma incubation was involved. 

The somewhat lower bioavailability 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 9 9 m ~ c - ~ ~ ~  with the other cyclodextrin, i.e. 

p-trimethylcyclodextrin for the SPECT-2 injection rendered R-values 

significantly lower than in the control procedure A (R = 1.68 2 0.11, AR = -1 8.80 

%, P < 0.02). The p-trimethylcyclodextrin was shown to display a binding by a 

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 9 9 m ~ c - ~ ~ ~  from the P- 
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 P- 
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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lung mit Nitroglycerin weist, wrglichen mil BasisLontrollen unter Anktehsie, auf cine leichte 
Zunahme hin, obwohl dm nur fiir regionale Anstiege spniell in dm occipitalen Hirnrcgionen 
statistixh si ifikant ist. Wirkstoffwec@lwirkungen zwischm Nimglyoerin,und Nimodipin 
erschienen afeine 20%1ge Rqduktion m d ~ r  Zerebrakn Dumhblutung, vergilchen +t dm in 

Fall bbachteten Bas~skonmlle. D I ~  Ergebntsx fur die Komb!natlon von Nltroglya- %% Sumatriutan zeiglen cincn weiteren nahezu signlfikanten Anstleg des rerebralm Blut- 

.-. ......... -~~ ~~~ -~ ~- ~ ~~~ 

mlarnid zmhre iben  kt. Dic xrebralen Durchblutungpe~ckteediexr Substanzen sowic die 
m6glichcn Wechselw~rkungen uahrmd eincs Anginaanfalls missen noch untersucht wnden. 

Key words Acetazolamide . C p  55-63-0. Nimodipine . Nitfocene" . Nitroglyarin, cerebral 
blood now effects, drug interacllon~ pnmate model . Sumatnptan 

Anneim.-Forsch.lDrug Res. 49 (n), 732-739 (1999) 

1. lntmductim 
Since the discovery, indentification and subsequent 
characterisation of the nitric oxide. N O  (CAS 
10102-43-9) as an important endogenous vakular 
and inflammatory mediator in liring organisms, 
N O  has received ever increasing atteniion from re- 
searchers investigating its wide range of biological 
effects and its biochemistrv 11. 21. N O  is syn- 
thesised from L-arginine and molechar oxygeiby 
nitric oxide synthasc (NOS) through enzymatic de- 
amination oil-areinine to L-citruiline. Skveral iso- 
forms of NOS ha; been sought and discovered [3, 
41. Subsequently novel structures have been sear- 
ched for and hive been discovered, such as the ni- 
tric oxide synthase inhibitors, such as methyl argi- 
nine and nitroarginhe, that influence the vast ar61y 
of responses observed for N O  [I]. 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 15-81. Part of the pharmacol- 
o&al mode of action of ihe classical &rdiovascu- 
lar drugs, such as nitroglycerin and sodium nitro- 
~ ~ S s i d e  is now attributed to their decom~osition 
i n d  subsequent actnon as NO donors [I, 9;10, 111. 
They therefore are able lo mimc some of the ef- 
fects of endogenously released nitric oxide. 
The success of the non-human urimate model de- 
veloped by the present authors i12-211, to investi- 
gate drug interventions prompted the study of the 
effects of the NO donor. nitroelvcenn (CAS 55-63- 
0) on the cerebral blood flowrthe baboon (Papio 
ursinus) model has previously been used, for single 
photon emission computed tomography (SPECT) 
brain imaging utilislng the radiopharmaceutical, 
Tc-99m hexamethylpropylene amine oxrme pmTc-  
HMPAO), to measure cerebral blood flow during 
pharmacoloaical interventions with drum used in - 
different pfiarmacological fields, i.e. migraine 
(serotonin receptors), cardiovascular disease (cal- 
cium channel b l o c k s ) ,  epilepsy, cognitive dis- 
orders and glaucoma (carbonic anhydrase inhibi- 

tion) [12-211. The current study reports the cere- 
brovascular effects of the N O  donor. nitroalvcerin. 
also in its drug combinations with o ther  known ~ ~ - - -  ~~~ -~ - -  ......- ~ -... ~~~~- ~~ 

cerebrovascular drugs, i.e. sumatriptan (CAS 
10362842) .  nimodiuine (CAS 66085-59-4) and 
acetazolamide (CAS- 59-86-5) in the piimate 
model, using the splitdose [22, 231 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 P m -  
in- (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. Thne 
guidelines comply with international standards The 
studies were performed after the approval of the Ethics 
committee of the University of Pretoria. Each babwn 
was subjected to 5 different procedure (A-E) at least six 
weeks apart (Table 1). 
As limited do=-response data have been reported using 
nitro lycerin with respect to the current baboon model, 
a preiminary study was conducted to investigate the ef- 
fect of dose-time responses upon treatment with nitro- 
glycerin in order to sclect a treatment regime which 
wuld be followed during the current study. The follow- 
ing dose-time intervals were investigated for cerebral 
blood flow effects: 0.03 p g k k  at I2 mi,n; 0.166 pg/ 
kg/min at 5 min; 0.166 pgk mm at 10 nun, 0.25 pgkg/ 
min at 2 min; 0.25 pglkglmin at 5 mm; 0.25 pgkglmin at 
min; 1.0 pglkglmin. at 5 min. For all the above dcmikd 
regimes the nitroglycerin was initially administered over 
10 min before the time intervals as indicated were 
started. Based on the results presented in Table I, a 
dosctime regime of 0.25 pgkglmin at 2 min was selected 
for the present study, i.e. procedures B-E. 
Procedure A concerned the control cerebral blood flow 
(CBF) study using the WC-HMPAO splitdose method 
[22, 231 with two respective SPECT acquisitions after 
two consecutive 99mTc-HMPA0 administrations at 
chosen times (see Table I), under standard anaesthesia 
conditions This entails induction with ketamine hydro- 
chloride (Anaket-VB, Centaur Labs, Bryanston, Gaut- 
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Toblr I: The time schedule for the various drug intervention pmtocols indicating the time of each intervention. 
1st HMPAO 2nd HMPAO I double dpw 

Ketaminc 
Thiopntonc min 

-12 

- 
min - 
-12 

0 
5 
6 

17 
19 
24 
29 
34 

Pmadvre A 

ketamine 
thiopntonc 
1st HMPAO 
SPECT-I 

2nd HMPAO 
SPECT-2 

thiopentone thiopentonc 
1st HMPAO 1st HMPAO 
SPECT-I SPECT-I 

aeetazolamide 
2nd HMPAO 2nd HMPAO 
SPECT-2 SPECT-2 

eng. S.A.; 10 mgikg), followed by maintenance on tbio- 
pentone sodium (Sandothal", Sandoz Productg Rand- 
burg, Gauteng. S.A.; 70 mVh of a 0.5 % solution, Procc- 
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 
nitroglycerine (Nitrocene', Schwan Pharma AG, Rand- 
burg. SA:; 0.25 pgikglmin for 10 min, hocedure B), a 
combinatton of nimglycertn (0.25 pgikglmin for 10 min) 
and sumatriptan (6 mg, Pmcedure C), a combination of 
nitroglycerin (0.25 pgllrglmin over 10 min) and nimodip 
ine (1 pglkdmin over 10 min, Procedure D), and a com- 
bination of nitroglycerin (0.25 pgikglmin over 10 min) 
and acetazolamide at 24 min (500mgl5 ml, Procedure 
E). The test substances were obtained from the respec- 
tive manufacturers 

2.1. Pmcedure 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 anaesthesia (thio- 
pental - thiopental), started at time T = 0 with an i.v. 
injection of 222 MBq 9R"T~-HMPA0. The baboon was 
maintained and controlled with thiopental for the dura- 
tion of the study (Table I). The fmt acquisition, SPECT- 
I, was performed at 5 min with a Siemens Orbiter 
gamma camera coupled to a Sophy 2566 computer us- 
ing thirty-two 20 s views and a 360" rotation, in 64 x 64 
word mode with the baboon in a supine sition. At 29 
min, the baboon was reinjected with E T c - ~ ~ ~ A ~  
(444 MBq. i.e. double the first dosage) and SPECT-2 
performed at 34 min [22,23]. These data represented the 
CBF pattern of V c - H M P A O  under thiopental aoaes- 
thesia to be compared with the patterns after the drug 
interventions. 

kctarnine 
thiopntonc 
1st HMPAO 
SPECT-I I 
nitmglyeerinc 
nimodipine I 

kctarnine 
thiopmtone 
1 1  HMPAO 
s p m - I  
svmatriplnn 
nitmgkerinc 

2nd HMPAO 2nd HMPAO 
SPECT-2 SPECT-2 

2.2. Pmcedure B (nitroglycerin) 
Procedure B (nitroglycerin) followed the same protocol 
as described for the control study except that the nitro- 
glycerin (0.25 pgikglmin over 10 min) was i.v. admiiis- 
tered at 17 min post administratton of the first -Tc- 
HMPAO injection (Table 1). The 2nd 9 9 m T c - H M P ~ ~  
administration and 2nd scan followed the same protocol 
as the control study. Results for Procedure B would de- 
pict cerebral blood flow changes due to the n i t rog l~ r in  
mtervcntion. 2 min after completion of the drug mter- 
vention. 

2.3. Procedures C (nitroglycerin and sumatriptan), 
Procedure D (nitroglycerin and nimodipine), Pmcedure 
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 LO min), but with the 
additional administration of an i.m. injection of suma- 
triptan, 6 mg at 6 min of the study, I.= 23 min drug 
response time (Rccedure C), administration of nimodip 
ine, I pgikglmin over 10 min starling at 19 min of the 
study (Procedure D), and administration of aatazol- 
amid% 500 mg i.v. at 24 min of the study, i.e 5 mln drug 
response time (Procedure E). The 2nd 9A"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 mults from these P d w e s  C to 
E, would represent the effects of these drug combina- 
tions on the cerebral blood flow in the baboon. 
The arterial blood pressuns were recorded during all the 
procedures via a catheter in the femoral artery. Heart 
rates were monitored toecther with a 12 lead ECG. 
After backprojection an> reconstruction (filter: Butter- 
worth 4.25), the brain im es in all rocedures consisted 
of transaxial, sagttal a 3  coronar slices representing 
rCBF related information due to the above mentioned 
dmg interventions Eight siices of one pixel thickness 
each, represented the brain area in each slice, and in all 
three views Rcgi'ohs of interest (ROIs) were placed on 
the total brain area and count rate data (wuntslpixel) 

3 
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thus obtained were inserted into the following equation 
to obtain the ratio R. 

R =~ (SPECT-2k (SPECT-I)* 
(SPECT-I) . 

I 
where * refers to dsay corrected data from SPECT-I. 
resent durin SPECT-2, which has to be subtracted 

from the SPE~T-2 data, as background: R is an indica- 
tion of the level change of rCBF due to the changed 
conditions prevailing during the second HMPAO injeo 
tion with respect to that of the first injection, i.c due to 
prolonged anaesthesia alone (Procedure A), or addition- 
ally wiih drug interventions. 
A value of R = 2 (due to the double m n d  dose of 
W'"Tc-HMPAO) will indicate no rCBF change during 
procedure A d&. to prolonged anaesthesia. R for pro& 
dure B, C. D and E will additionall reflect on changes 
due to the nitroglycerin (B), the corntination of nitro ly 

o w l  
4 2 3 4 5 6 7 6  

cerin and sumatriptan (C). of nitroglycerin and nimofik TmmaxY sum nu* 

ine (D) and the nttroglycerin and a~ctmlamide (E), and F ~ E  la: Transaxial curve of mean ratio (R) (n = 6) versus sliee 
was compared to R (procedure A as to assess number starting at the fmntal to the ocdpital lobs  for tkmn- 
the effects of these drugs tml, nitrodycerin, sumatriptan and combmation of aumatnptan 

and nitqlycerio. 

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 mjections Thex,were 
comoarcd for intemrocedural e f f m  as well as remonal 
elT~& for a partrdar procedure. The comparison; were 
assessed for significant difercnces using Student's two- 
tarled t-teru on a I % and 5 % level of confidence. 

3. Results 
Table 2 presents the data reflecting the time-dose 
cerebral blood flow resoonses w o n  treatment with 
nitroelvcerin. Based on these ureliminam results -. ~~ ~ = ~ ~-~ ~~ , ~~ ~- 

the treatment re&e f i r  the current sludy was de- 
termined (i.e. 0.25 pgkplmin administered over 10 
min with 2 min res~OnG time. after the end of the 
nitroglycerin adnhistration; before the 2nd T-I~ .lim $ 7 " ~ ~  

HMPAO injection at 29 min). The data are pre- Fi. Ib: Transaxial curves or mean ratio (R) (n = 6) wrus s l i s  
sented in Tables 3.4 and 5 and Fig. 1 and 2. number slatting at the fmntal to the occipital lobes for the con- 

tml, n i tmpri?  nimodipinc and combination of nimodipinc 
Tables 3 and 4 present the mean ratios (R f SD) ,it, ycenn 
(n = 6) for the total brain under anaesthesia only 
(Procedure A: control). and after the various dm; 
~nterventions (~rocedure B: nttroglycerin (NO): 
Procedure C nitroglycerin and sumatriptan. Pro- 
cedure D: nitroalvcerin and nimodimne. Procedure 
E: nitroglycerin a n d  acetazolamide). 'Mean per- 
centage,(%) changes of ratios from the total brain, 
compartng the different procedures with each 
other. are also reflected in Tables 3 and 4. Table 4 

Table 2: The mean ratios for the tinedow -bra1 b i d  flow 
reJponPes st time (min) post the sdmin!stratmn of nltmglprin 
(pdkglmin over 10 min) invcrventions compared to contml. 

Dose 1 Time(min) 1 R ratio 

2.l3f 0.11 
2.11 i0.16 0.W 

0.166 2.09 i 0.04 1 2 3 4 5 6 7 8  
0.166 2.03 f 0.00 Tmuuhl dl- numbn 

0.25 
223 *0'12 

Fig Ir Transaxial c u m  of mean ratio (R) (n = 6) versus slim 
0.25 

* 0'18 numta startins ar the frontal to the acelpital lobes for the con- 
1.0 2.05 * f 025 0.02 tml, nitraglycenne. aataurlamide and combination of amtazol- 

amidc and nitmglyccrin. 
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presents the mean percentage (%) changes of the 
ratios, comparing w~th the drugs previously invcsti- 

Fts 20 Curvn of mesn ntm (R) (n = 6) M n u S  slla number 
of all pmccdures and single drug mtervcntloar m h e  tranllual 
vlnv smrttng from the fmnlal to the ocnpltsl lobes 

Ftg 2h Cunrr of mean ratto (R) (n = 6 )  vcrrur. slm n u m k  
of all p r d u r n  and mgle drug tntcrventlonr in the wmoal 
rleu hom the cerebellum lo the dam1 s l l a  of be arebrum 

0.00 
1 2 3 4 5 8 7 8  

s40i1.1 SIYI numlmr 

Fig 2c: Curva of mean ratio (R) (n = 6) v e m  slics number 
of all pmccdum and single drug interventions in the sagaggital 
view fmm leR to right of  the bram. 

eated as s i d e  drug administrations i s .  sumatrio- 
b, nimodipine a d  acetazolamide. 
Table 5 oresents the effects of these drug interven- 
tions d&ng the different procedures 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. la, b, c present R-values vs slice number 
for the transaxial views for the different Proce- 
dures Fig. 2a, b, c 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. 1 and 2 that the 
nitrodvcerin (R value 2.19 * 0.08) did not sienifi- 
-&-alter ihe cerebral blood flow when ;om- 
pared with the control R value of 2.13 f0.12, al- 
though an increasing trend was noted. The drue 
wm6nation intervehions with nitroglycerin ana 
sumatriptan (Procedure C), or nimodipine (Proce- 
dure D), or acetazolamide (Procedure E) reveal 
distinct different influences on the cerebral blood 
flow by these combinations (see Table 3 for per- 
centage changes with respect interprocedural dif- 
ferences). The wmbination of nitroglycerin and 
acetazolamide (Procedure E, Table 3) significantly 
increased the cerebral blood flow (total brain R 
values increased by 35 a/,) when compared with 
both the control (2.89 f 0.14 vs 2.13 i 0.12, p 
< 0.01) and the nitroglycerin response alone (2.89 
f0.14 vs. 2.19 f 0.08, p < 0.01). Conversely, the 
wmbination 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 f 0.11, p <0.01) and the single 
nitroglycerin drug intervention (-22 %; 1.69 k 0.18 
vs. 2.19 k0.08, 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 f 0.07 v s  
2.13 f0.11, p > 0.05) and the nitroglycerin alone 
(2.22f 0.08vs.2.19f0.08, pz0.05). 
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 [IS, 16, 191. 
Comparative % changes of all these data sets 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-- 
tervenfion) vable 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- 
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Pmcedurc A 
Contml 
Procedure B 
Nitmglymin 
Prmdure C 
Nitroglycerin 
+ Swnatri~tan 
~ o a d u m b  1.69%0.18 
Nitmglymin 
+ Nimodipine 
Pmced- E 23950.14 
Nitroglycerin 
+ Acetazolamidc 

lor 
hc - 

-- 

A 

total bnm u awraged from all shccr and all news for tach p r d u r e  pnentage 
drRmnt proccdurc~ and the slmrtncal rt8nlIicanc.t 

Table 4: The mean R mluc i SD (n = 6) for total brain as averaged fmm all sl im and d l  v i m  for each prmdufc,psrqnt 
changes of these R-valuc~ with r e s p t  to sumatriptan, nimodiplne and aatazolamide only interventions, and staItatcrtral n g n x  
ma. 

Prsdure A 2.13i0.11 
Contml 
Pmccdurc B 2.195 0.08 
Nitroglycerin 
Procedure C 2.22f 0.07 
Nitmglycerin 
+ Sumatriptan 

Nitmglprin 
+ Nimodipine 
Procedure E 2.89i0.14 
Nitroglycerin 
+ Acctarholamids 

Nirnodipine [IS] 2.51 f 0.14 I 

% Change with 
1 to conml "P" . 

Stgn~limoe) 

% Chanec with I/* Change with 
respe! to 

Sumamptan 
(sinnificana) 

robk 5: rhe c k t  of all the proadurn on heart rate and blood thetic regime for control Procedure A increased the' 
prcuure with respcd to m t m l .  blood pressure with approximately 12 % with re-~ 

Proccdum spect to the initial value at the beginning of the 
procedure [19]. The increase (16%) observed after 

+13f 4 the single nitroglycerine intervention is therefore 
not meaningful. 

+4.2i 5.4 ~mcedA C + 0 2 f  5.8 + 0.2 
Nitm%ycerin 
+ SumatripIan 
Pmccdure D +9.2521 +8 
Nitroglycerin 
+ Nimodipinc 
Pmadure E 
Nitroglycerin 
+ Acctazolamide 
Sumatri~tan 1161 

4 3 4 5  9.8 -7 -4. ~ j ~ ~ ~ ~ ~ j ~ ~  

It was previously demonstrated that various forms 
~10.8f11.6 +9 of anaesthesia [13, 24, 251 influence cerebral blood 

flow. Sumatriptan [16], ntmodipine [IS] and aceta- 
+5.3* 3.8 +5 
-13i 7 . 1  -7 

zolamide [14, IS] also caused statistically signili- 
cant changes in the cerebral blood flow with re- 

-7.8f 3.5 -7 s ~ t  to control (see Table 4). However, contrary 
to a literary report [26], sodium valproate did not 

~irnodipine (l5i 
Acetazolamidc 1191 

4 6 f  3.6 

- IS+ 5 

-1.4 

-1.4 
+4.5* 7.9 
-5.0f 14.0 

+4 
-4 



influence the cerebral blood flow in the orimate ~-~~ 

model [l9]. It was~suggested that chronic treatment 
used in the literature r e ~ o r t  1261 compared to the 
acute single dose approach -usid. in -the primate 
study [I91 might explam Lhe rnconststencies in cere- 
bral blood flow effects 
Althouah in the current study only a slight cerebral 
blood cow increase of the total b&n was observed 
for nitroglycerin, when wmpared with the control 
study, it-was not statistically significant with re- 
spect to the control (R = 2.19 vs  2.13). However, 
statistically significant regional increases in F- 
bra1 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 wmbina- 
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 inlubi- 
tion, i.e. with N omega-nitro-L-arginine methyl es- 
ter (LNAME) [6]. This study was performed by 
firstly NOS inhibition by LNAME, and secondly 
followed by Larginine administration which re- 
versed the initial decreased cerebral blood flow [b]. 
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 [S, 81. It was 
also shown that nitroglycerin increases local cere- 
bral 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 nitroelvcerin related increases in cerebral 
blood flow maybe more evident through the re- 
versal of decreased cerebral blood flow after NOS 
inhibition. 
For the drue combinations is was found that nitro- 
glycerin re&rsed 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 uvon the combination 
treatment with sodium valpr6ate 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 (161 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- . . 
gcst that sumatriiian would not be e k t i v e  in tre- 
ating cerebral blood flow increases due to nitrogly- 
cerin therapy, i.e. the nitroglycerin induced head- 
ache [9, 101. These results may also suggest 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 sumatrlptan. However the &- 
tive treatment of mtgraine with sumatriptan may 
be'compmmised from simultaneous treatment with 
nitroglycerin as was indicated by reversal of the ef- 
fect of sumatriptan. 
No simificant interaction between nitroglycerin 
and a&tazolamide is envisaged and the eff& ob- 
served are primarily atwibuted to acetazolamide 
for the drug comb&tion. A similar observation 
was reported in the drug combination of acetazol- 
amide with the anti-epileptic drug, sodium valpro- 
ate 1191 with no drug interactions envisaged. 

~ ~ 

Nitroglycerin treatment alone exhibited the largest 
influence on the arterial blood pressure, i t .  an in- 
crease of 16% with respect to the control. The in- 
crease is insignificant when the increase (I2 %) duc 
to the anaesthesia alone [I91 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 nitroelvcerin and nimodinine. The heart 
rates were on&;narginally influenckd W I I ~  the lag- 
ebt effect k i n e  an increase of 8 % for the combina- 
tion of nitroaYcerin and nimodipine. The dosage 
regimes used in the present study for nitroglycerin 
and nimodipine. The dosage regimes used in the 
present study for nitroglycerm and the other drugs 
therefore exh~bit ins~gnificant cardiovascular ef- 
fects when wmpared with the control. 

5. Conclusion 
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 
resoect to anaesthesia control data. The cerebral 
bldod flow effkts of NO synthase inhibitors, such 
as L-NAME is currently being under investigation. 
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Summary 

The bram imaging radiopharmaceutic@, WmTcchnet~um ethyl cysttinate dimer ( W c - E C D ,  
Tc-bicisatc)  is the most recent a d d ~ t ~ o n  to the avallabk set of radiopharmaceuticals for 
mcasuringcerebral blood flow Ideally radiotracers should be trapped in the brain long enough 
so that therr distribution can be quantitated and should demonstrate good spatial molution. 
Furthermore, the stability (chemical and metabolic) and bioavailabily of radi harmaceuticals 
have in general proved to be a challenge during dcvclopmcnt and clinical a%)ministration. In 
view of thew challcncep and backmound. this studv with -Tc-ECD is aresented. The aims ~~ . ~ ~ ~ - ~  ~~~ -.. ~~ . .~~~~ D~~ ~ ~~ . ,  ~ ~~~ ~~.~~ -~ - - -  r ~ - ~ ~ . ~ ~ ~ .  .... ---. 
oithis research program were to dcvclogovel app&a& to improve the chcmlcal and mcta- 
bolc stabhtv and the bioavailabilitv of Tc-ECD acmps the blood brain barrier for cerebral 
blood flow determinations using t i e  well kn& n o i G m i n  in vivo baboo"modejl 
Thew aims were addressed bv investieatine the influence of cvclodextrin - -Tc-ECD com- 
plcxation on normal cerebra[ blood ~ o w ~ a t t c r n r  using twd different cyclodextrins ic., y- 
cyclodextrin (CAS 17465-86-0) and P-trimcthy~clodextrin (CAS 55216-11-0). The elTect of 
incubation of "Tc-ECD (with or without cvclodextrin complexat~on) In plasma, on meta- 
bolic esterase action, was also investigated. 7hpsible protection against piasma esterase by 
acetylcholine (CAS 51-84-3) of W c - E C D  was further determined. The current study has 
shown that clodextrin wmplcxation of W c - E C D  indeed nlfcrs a useful ap roach to im- 
prove the st%lity of the radiopharmaceutical against peripheral metabolism. T& acctylchol- 
h e  shows also pitcntial to pmia t  "'"Tc-ECD. HoweGr. it is clear from the current daia that 
the choice of cyclodextrin IS of utmost impomnce, as has been observed from significantly 
reduced the biomailability of*Tc-ECD when wmplcaed with p-trimetbylcyclodextnn. The 
plasma incubation pmcedurcs showed thaf ycyclodextr~n offers protection with only sltghtly 
reduced bioayailability. T h ~ s  study has mdicated that novel approaches, such iu cyclodextrin 
technologus, indeed show potential to rnod~f) the performance in its currently available-Tc- 
ECD form. 
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2. Materials and methods 
Six adult male baboons (Papio ursinus ,ayerage weight 
25 kg) were used for this study. The antmals were o b  
tained from Mr. E. Venter, Northern Province (Repubk 
of South Africa). The studies were performed after a p  
proval by the Ethics Committee of the University of Pre- 
toria, according to the guidelines of the National,Code 
for Animal Use in Research, Education and Testtng of 
Drugs and Related Substances m South Africa. These 
guidelines are in line with international standards Previ- 
ously conducted studies used the sensitive familiar ba- 
boon model developed for arebral blood flow deter- 
minations with single photon emission computed tomo- 
graphy [1&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 me: five modifications in the ye of 
W c - E C D  as CBF tracer with hopefully htgher 
bioavailability to the brain than is the c a x  of unmodi- 
fied. conventional *Tc labelled ECD wbtch made out 
the sixth studv (w Procedure A in Table IL 
For the contr$l'study (Procedure A), each'baboon was 
sedated wth kctamme hydmchlondc (10 mgkg i m) 

(Anaket-V", Centaur Labs, Bryanston, Gauteng, SA). 
This was followed immediately by maintained and wn- 
trolled infusion of thiopentone ithiopental) s d u m  (70 
mlh of 0,s %solution) (htraval . Rbbne-Poulenc Rorer 
S.A.. Midrand, Gautena SA). After a 12-min stabilis- 
ation period under thio-xntone, Roadure  A, the con- 

~ - ~~~~ = - - ~ ~ ~  ~ 

intravenous administration of tr&r -%-ECD i f  
double the radioactivity dose (i.e. 444 MGq) at t = 20 
min. After another 5 min a similar SPECT uisttion, 
SPECT-2 followed (the split dose method),%ch 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 t raar  application was of -Tc- 

incubation 
137 "C. 10 mid 

Table 1 The tame rhedule for ihc vanovs lracer proxdwe pmiocols mdtcalmg ihc llmc ofed~h p d m  

mix + plasma 
+ acctylcholinc 

incubation +- (37 T. 10 m i d  

P m a d m  F 

, I 

P d u r r  B m 

18 

> 

corn Ination cam lualion 
2nd k c - ~ c ~  2"d h c - E C D  
+ ycyclodentrin + &trimethyl- 

P~oadum E PmeedurcC PmccdvrcA 

45 

47 

. PrnccdursD 

~ n u r 9 ~ c + ~ C D  
+ plasma 

I 

cyclodcrtrin 

m m V c + E C D  
+ acetylcholine 
+ plasma 

SF'CI-I SPECT- I 

I 

I I 

SPECT-1 and mix 
V c - E C D  
+ ycyclodcxtrin 
+ plasma 

I 
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ECD incubated in 2 ml 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 = 8 min the incubation period 
for 10 min (37 'C) started.~At I8 min double the first 
activity dose of -Tc (444 MBq) was mixed with ECD 
in plasma and the second i.v. administration of wmT~- 
ECD in plasma took place at t = 20 min. Thug SPECT- 
2, which again followed 5 min after the second injection 
at t = 25 min reflected the influence of the plasma m- 
cubation of ECD in relation to its bioavailability to the 
brain. 
~rocrdure C had the same protocol as Procedure B. but 
the second application was an infusion of Tc-labelled 
ECD, plasma and acetylcholine ( I  % solution) the latter 
to act as an csterase substrate in the plasma. This tracer 
mod~licacion was whieved m follows: at I = 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 V c - E C D  (444 M B d  was 
mixed with the plasma and acetylchol&e. This &s in- 
jected i.v. 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-I, if the acetylcholine protected the ECD from 
degradation by plasma esterase~ 
Procedure D and E concerned wmplexation of the ECD 
into two different cyclodextrin formulations. ycyclodex- 
trin and p-trimethylcyclodextrin, i.r beptaLis 2.3.6-lri- 
0-methyl-p-cyclodextrin. For both these pmdures  the 
maintaining anaesthesia was chan ed to the Ion5 acting 
sodium pentobarbitone (30 mllh oka 0.8 % solutionXSa- 
gatale, Kyron Laboratories Ply Limited, Elenrose, Gaut- 
eng, SA), due to the longer time involved, to allow for 
release of the ECD from the wmplex to cross the blood 
brain barrier (see Table I). -Tc-ECD was complexed 
with ysyclodextrin by incubating the wmTc-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 ycyclodextrin was replaced by P-tri- 
methylcyclodextrin and the complexation performed as 
before. Split dose SPECT was performed as in Pmce- 
dures A-C, except that SPECT-I followed 45 min after 
the first i.v. administration of %Tc-ECD, and the se- 
cond SPECT-2, likewise 45 min after either ECD + y- 
cyclodextrin, or ECD + ptrimethylcyclodextrin, labelled 
with the double dose of V c - E C D ,  was administered. 
Addillonally Procedure F was eventually performed, 
simlarly to hocedure D, but the xcond tnjectlon was of 
%ToECD + vcvclodextnn w~th add~t~onal incubauon 
done in 2 ml piasma for 10 min, starting at 47 min, in- 
iected at 60 min and scannine. started at 105 min. 
buring all the above proccdu& arterial blood pressures 
were recorded from a catheter in the femoral artery and 
heart rates were monitored. ~ ~~ 

After ba&projection and reconstruction of SPECT-I 
and SPECT-2 data. the brain images in all p m d u m  
consisted of transaxial, sagittal and coronal slices repre- 
senting lotal bram CBF and some reg~onal related CBF 
~nformation Eight slices of one pixel thickness each re- 
presented the brain in all three v~ews as mentioned 
above. 
Regions of interest were placed on the total brain, as 
viewed in each slice and count rate data (wuntdpixel) 
thus obtained were inserted into the following equation 
to obtain the ratio R: 

R = (SPECT-2) - (SPECT-I)' 

R is an indication of the level chan c of (r)CBF during 
extended anaesthesia using *TC-#CD, or in addition, 
because of modifcations of the second tracer in each 
study. 

2.1. Statistical methods 
The R values for eight slices in transaxial, sagittal and 
coronal view wuld be compared between control and 
modified studies and between modified tracers studies 
A two-tailed Student's t-tat for paired variables was 
used, to express significance with a 5 % level of confid- 
ence. 

3. Results 
R values (mean f 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 2-4 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. I-tansaxial), mean R-values including all 
slices and all views were obtained, and used to re- 
present the total brain for each pmcedure, as 
shown in Table 4. Percentage changes due to the 
tracer modification (AR) are given behueen the dif- 
ferent procedures in Table 5. No significant 
haemodynamic changes were experienced for Pm- 
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- 
atine the ECD with the animal's olasma for 10 min 
hefok injection for the 2nd scan i~rocedure  B) sig- 
nificantly reduced (R = 1.75 f 0. I I) the bioavail- 
ability to the brain by 15.5 % @ < 0.05), and that 
this attenuation was only slightly altered (-13%) 
with the addition of acetylcholine (Procedure C) t o  
the plasma (R = 1.80 f 0.20 %, change -13 %, 
> 0.05, p < 0.10 with respect to Control). The e f  
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Tobk 3: The mcan R-ratios ( i  SD) (n = 6) fmm sagiul vim, of eight qua1 cerebral slices for the six diITerent pmcnlures with 
thc slice number from the left to right. 

fect of cyclodextrin complexation with the ra- 
diotracer is clearly evident in the results obtained 
from Procedures D and E. Complexing ECD with 
ycyclodextrin for SPECT-2 as described in Proce- 
dure D, yielded an R-value of 2.00 f 0.30, which 
although 3.4% below the control of Procedure A, 

Table 4: The mean R-ratiw (f SD) (n = 6) f m  mmnal vkwr of eight equal cerebral slices for the six diflcrcnt pmccdurcs with 
.the slice n m k r  from the mrbcllum to rhc dorsal dice of the cerebrum. 

Table 5: The mcan R-valuer + SD (n = 6) for total brain as 
averaged from all s l im and all views for each Procedure, per- 
centage changes (AR) of the- R-values with m p s t  to the pro. 
cedurr indicated in brackets 

Cotml 

Pmadum D 
ECD + ycyclo- 
du tno  

F'mudwe 

A 
B 
C 
D 
E 
F 

1.80f0.20 -13.0%(~)~p<0.10.  >DO5 
+3.0 70 (8) p > $05 ' 

2.0 i 0.30 -3.4% (A) p > 0.05 
+8.6 % (B) ? > 0.05. p < 0.10 

Slice 3 . 

2.1110.33 
1.76t0.11 
1.57i0.30 
2.W:f0.28 
1.66f0.10 
2.07 t0.31 

< 0.02 

methylcyclodu- 
trin 

SIis I , 

-2.12:i0.45 
1.77.iO.12 
1.45i0.78 
I.Wi0.28 
1.63:*0.09 
2.01*0.37 

Slii 2 .  

2.15f0.41 
1.75i0.08 
1.38i0.51 
1.99i0.26 
1.65iO.lO 
2.09i0.34 

,.... S@ 4 .. .. 
2.11:?0.26 

1.75PO.M 
1.71 i0.08 
20110.24 
1.67 10.10 
I.%i.0.25 

was not statistically significantly different from the 
control value (p > 0.05). On the other hand, the 
complex between ECD and P-trimethylcyclodex- 

Pmcnlurc F 
ECD, + ,ycyclo- 
dcrtnn m plasma 
incubated 

trin -resulted in sienificantlv decreased -R-value 

Slii 5 ; 

~2 .06~ :0 .26  
1.75k0.13 
1.85 k0.04 
2.043:0.24 
1.69~0.11 
1.82i:0.25 

when com~ared to 60th thecontrol. Procedure A 

1.91 f0.12 

(R = 1.68 k 0.11 vs. 2.07 i0.15, p <'0.02j and the 
y-cyclodextrin complex, Procedure D (R = 1.68 

, >& 6 
2.033:0.24 

1.13k0.10 
1.95 A0.07 
2.01j;0.26 
1.70fi0.11 
1.145025 

*O.11 vs. 2.000 k0.30, p < 0.05). The changes 
are -18.8 % and -16 % between Procedures A and 

-7.7%(A) 
+9.0% (B) 
-4.5 % (D) 

~ 

D and procedures ~ a n d  D, respectively. The result 
from Procedure F, where the complex of ECD and 

S~+ 7 
1 .92f0 .27  

1.73iO.10 
2.08t0.30 
2.04f0.24 
1.71f0.12 
1.63i0.26 

p>O.OS 
p < 0.05 
p > 0.05 

y-cyclodextrin was incubated in piasma shows a R- 
value of R = 1.91 iO.12. This result was si ifi 
cautly higher (+9 %) than the R = 1.80 *0.2~oh: 
served in Procedure B, for uncomplexed ECD that 
was incubated in plasma. Conversely, the result 
from Procedure F is a slightly but not signiricantiy 
lower (-7.7 %) R-value than the control result (R = 
2.07 i 0.15). The results from Procedures D (2.00 
f 0.30) and F (1.91 +0.12) are similar with no sig- 
nificant difference. 

Slict 8 

1.71i0.68 
1.72i0.10 
2.32i0.60 
2.02iO.24 
1.71tO.15 
1.51 t0.46 

4. Discussion 
The current study indicated that the metabolic 
stability and central nervous system bioavailabilitv 
across ihe blood-brain barrieiare im~ortant corn- . -~~ ~~~ -~~~ 

ponents for cerebral blood flow radioactive t r a m  
such as technetium labeled ECD. Furthermore, 
these aspects can be influenced, eg. to improve the 
brain imaging properties of the, radiopbarmaceu- 

5 
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tical. The present study focussed on the effect of 
complexation of the ECD with two different cyclo- 
dextrins during cerebral flow determinations. The 
instabilitv of ECD due to metabolism bv nlasma 
ester&< was funher p h e d  out by iicibating 
ECD in vitro in plasma with of without beingcom- 
nlexed with the cvclodextrin prior in vivo SPECT 
hestigation. * 

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 stahilitv. This additional ~ ~ - ~ - ~  ~~ ~ - - -  ~~~ ~ ~ 

exposure of ECD to the plasma'esterases ex vivo 
before the in vivo adminisrration. 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 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 (addine acetvlcholine) above Procedure B is 
me&urahk and ;naybe iddicative of the slight pro- 
tection of acetylcholine towards the esterase de- 
aradation of Tc-ECD. but insimificant In > 0.05) .. 
k d e r  the current do&e regink 
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 f 0.30, which although 
3.4 % below the control of Procedure A. was not 
statistically significantly dilTercnt from it (p 
> 0.05). The cyclodextnn complexation showed 
pmtection of ECD when commred with Procedw 
B. An improvement of 8.6 %was observed for the 
wmplexed ECD over the ECD not being com- 
plexed with the cyclodextrin 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- 
value, R = 1.91 i 0.12 for Procedure F, where the 
incubation of y-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 bioavailabilitv of r-cvclodex- 
trin complexed ECD to the brain (Pr&d&e D vs. 
Procedure A, AR = -3.4%) although not signifi- 
cant could point to a slightly decreased release of 
the b 9 1 ) ( ~ c - ~ ~ ~  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. P- 
trimethylcyclodextrin for the SPECT-2 injection 
rendered R values significantly lower than in the 
control Procedure A (R = 1.68 f 0.11, AR = 
-18.80 %, p < 0.02). The B-trimethylcyclodextrin 
was shown to display a binding by a factor of ap- 

proximately 66% stronger than y-cyclodextrin 
(AR = 16 %&tween Procedure D and E, p < 0.05) 
(1.-L. Moretti, personal communication A mar- 92 ked reduction in the release of the '"Tc-ECD 
from the P-trimethylcyclodextrin wmplex or a too 
slow release from the complex could account for 
the s ignifwtl  lower R-value for Procedure E. 
The wmplex ~ ~ E C D  with P-trimethylcyclodextrin 
therefor reduces the availability of ECD for cross- 
ing. the blood-brain bamer dunng 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-cyclodextrm showed 
similar R ratios as both the control and when the 
com~lex was incubated in nlasma. In sunport of 
this 'findin , incubation of ECD alone shdwed sig- 
nificantly f o w r  R rdtios. This study therefor revea- 
led that biodemdation can indeed-be reduced with 
the complex&on approach using cyclodextrin 
technologies The P-trimethylcyclodextr~n 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 fmm the wmplex 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 wm- 
plexation with ECD must therefore be direct to 
protect the ECD against metabolic degradation as 
well as to ensure tnnely release for successful im- 
aging characteristics. 
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The Primate Model in 
Neuropharmacology for Cerebral 
Blood Plow Determinations with 
HMPAO SPECT 

LC. Uormehl, D.W. Oliver' and N. Hugo 

Animal models in medical resevch 
Early man obtained information by ohsming his environment. Antmala as an 
inwrnrl mrc of the environment. contributed to stimulate the understanding and 

v .  - 
creativity of reasoning man to improve his way of life. 

Early recordings of serious invenigations on human biology and anatomy point 
towards inithi dissections on h u m  c a r p ~ ~ s  and cadavers, until l h w  fell into 
divfavour and we= banned in the Middle Ages. The cmphasis f a  rzscarch in the 
mdical sciences then revened to the deliberate use of a variety of animals. 
Richard Lower successfully performed b l d  trmsfusions on dogs in tbe middk 
of h e  17th century. in June 1667, the fust h l d  wansfusion on a human was 
carried out in France by Jean Baptiste Denis who transfused shcep's blood into 
two boys, both of whum subsequently died. lt was much lalct that the mearch 
irtivides of Nobel Prize winner. Karl Landseiner (1868-2943) eventuaUy 
provided Mood transfusions with sound scimtif~: boris. and &us confirmed the 
impncr of early animal resemh on the shaping of civilisation. 

In the 180s. David Rnicr stimulated animal cortex to l o ~ - ~ l i u  brain functions. 
and amund 1892 animnl scuurc mnlcls w m  dcmwswted using a variety of 
lahniquts. Such animal research. made with circumspftion, with clve to avoid 
suffering, with respect for life. and upholding Ycientitic me& is still justifLable. 
and continuing even if under the watchful eye of concerned animal psiat ion 
group. Among others a n i d  models have been useful in pharmacology for 
evaluating drug cfficwy. and for supplying information on the toxicity of u wide 
variety of philrmuccutical ngents. including rhos  wive  on the central nervous 
system (CNS) and influencing cerebral b l d  flow (CBF) p a a m .  

The use of non-human primates for medical research hss been documented 
already in  the early years of this antury, when Robcn Kmh used monkeys to 
study h e  pattern of infection witb human trypanosomiasis. Non-human p i w s  
arc morphologially and often tunctnnally similar to man. The mmpbological 
and functional superiority OF the noo-human primate is repnscnted by itq 
human-like brain. hands and uterus. The kidney of the non-human primate is 
also unique a m w  animals. because only man mnd the non-human primate have 
kidneys with a multi-mitlar structure. and microsopic examination of 
neph"tis ~n r k w  monkiyi cunfirmd identical results lo&se io man. A h  the 
ECG o f h e  nowhuman primate has been idcn~ified lo be similar to thd of mn'. 
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The susceptibility of the non-human primate to 
pharmacological and toxicological effecu of drugs 
frequently resembles that of man, and many exampla 
exist where drugs were relatively toxic to the rat and 
dug in comparison to the non-human primate and man. 
I h c  importance of the nun-human primate in 
dependence studies is well recognidJ.  Withdrawal 
syndrome, manifested in morphine or  barbiturate 
dependent rbesus monkeys. closely mrunbles mar in 
human addicts. It shows a similar attitude to that of 
man in his drug-seeking behaviour and psychological 
suscepibility to the principal drugs of abuw, such as 
morphine, codeine, pentobarbital and alcohol. Even i f  
hypnotics a alcohol are freely availahk. the rat will 
n u  self-sdministcr drugs up to thc wint fiat it is 
wverely dcpnsaed or ansesthetised. but thc rbcsus 
monkey loves to self-anaesthelise,There is a limitmion. 
howcvcr. in the use ofthe monkey fordrug assessment: 
it Joes not t&e hallucinogens and THC. 

The relatively largc size of thc Cape bobom Papio 
ursinus with a weight of 27-30 kg for a largc male. 
makes this animal espedally suitable for in vivo 
studies, using nuclear medical iostrumncation and 
techniques. It becomes an almost ideal model For in 
vivn C B F  investigatinns with SPECT imaging and a 
perfusion tracer such as "%k-HMPAO. The brain of 
tk baboon is relatively large when compared wilh its 
body weight. The relative sizes of the cerebral 
hemisphercr. pons, cerebellum and medulla are similar 
to the values for man' (Figure I ) ,  The cerebral 
hemispheres ore incompletely separated fmm each 
other by the longitudual fissure. l k  cerebral conex 
spreads over the surface dlhe hemisphere, and i ts  area 
is increased by the presence of gyri. separated by nutci. 
It is demarcated hy scvclal important sulci into frontal. 
parietal. temporal and occipital lobes. The con- 
figmtiun of the convolutions shows a general increase 
in complexity with man ' lbre ix a relation between the 
degree of fissuration und the sirc of the brain, nnd theso 
factors are related to body weighp. The major 
difference from baboon to man is the develooment of 

Cerebral blood flow as disease indicator 
in neurophysiology and 
n c ~ ~ s y J l i a t r y  
SPECr brain studies wtth *R-HMPAO have k e n  
used for the assessment of cerebral oerfuston in maw 
neurolugicrl and psychiauic dixa&s, d e m m s m t i ~  
that ahnormal~tm of cnehral perfusion ma) he w s m t  
in both neurnlogical ;u well psychiatric &logy. 
"'Xe-inhalation investigations with scintillation 
multiprobe s y s w  were pwfom*d by several ttams" 
to mcnwre &BE and it war wtcd under many 
circumstances that it cwW be ~~ with l o 4  brain 
physwlogy. 

lk assessmen1 of C B P  the~efore could nnd usually 
doer provide uscful diagnostic infnrrnarion. and41 

-.. 
man. divisible into three main lohcs; !he floccularlober and psychiatric manifesmions. 
arc conl~amtively lage and the pet-1 l o b  prolecu m a n  normal CBF is kept relauvely m c a m  by 
from the anter0i;lceral m ~ n  of the ~ f l a ' c u t u ~ .  aut~gulation. It v&e% hetween 50 W m i n l  
Accordins to most aulhorilies the anatomicai 100 g bnin substance a a  is higher in p y  m m  than 
differences between baboon and human brain appear to in white matter. Normal cerebral &Mion i s  still 
be quantitative, t.g. ccll densities, rather than possible with mean CBF values as low as 20 
qualitative. Then is no known nmmorphie element' mVmin/100 a. the brain cocomansalina with an incressc 
that distinguishes the one frum the ocheP.11 is therefope in oxy gen exiractinn frum & circulatwn. Values below 
with some confidence that the babmn is k i n e  used for this lead lo abnormaliticr or brain functioninn " 

delectable by electroencephalography. ~nsk-relate; 

5PECTSld-m It: T&u.r 
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varidtions in KBF in healthy brsins, and in patients 
with furrtimal psychiatric d i w e  arc of smaller 
magnitude. 2 - 35% of resting tlow'O. In the normal 
brain as well as in nevrupsychiatric pathology, rCBF is 
coupled to metabolic demand and changes in CBF 
could reflect un neurooal mttatdiim. 

Local reductions in CBF in Alzheimer's Diseas (AD) 
may point to reductions in neumnal sctivity in mkvant 
;rreas dur to cell lors thmugh atmphy and toss ol 
synapscr. In the early p h a s  of AD, abnormal patterns 
of prfusion. i.e. hypvperfusion have been established 
in the temporo parietal cortex. The prcdictivc value of 
this observation is high in AD pwtienb with memory 
and cognitive impairment". 

Using HMPAO SPET,  it was found that increasing 
age (range 21-80 years) was associated with both an 
increalse in side-ta-side asymmetry and a prclCrcnlial 
decline of C B F  in the huntal cortexB2". 

CBFevaluntions with HMPAO SPECTof patients with 
schizophrenia indicated a physiological dysfunction uf 
the pnfmntal cortex and sometimes the temporal I&, 
st the onset of the illnesr prior to neumleptic 
treatment" (Fipre 2). 

Paralimbic hypopcrhLsim was detected in unipolar 
depcssion front HMPAO SPECI' nudie%, although the 
psychiatric nting scales correlated poorly with CBF 
(Figure 32 Majw ditlucnces in functional images are 
found in caw of epilepsy. depending on w h e w  the 
patient is in the intericul. iccal or po&lictd slate 
(Figure 4). Hyperfusion at the focus during the ictal 
state is to 9.5% positively predictive, but the s a y  is 
logistically difficult w perform. especially with 
HMPAO. T c - E C D  with its longer in vitm 
consistency appears to be a better proposition for use in 
patients with epilepsy !"I6. 

Cerebral toxoplasmosis is a common opponunistic 
CNS infcetian in AIDS patients. Ncumpathologial 
findings includc inflammatory infiltmks with 
polymorpbonuclear leukocytes. in addition to 
lymphocym~. plasma cells and h i m t e s .  In che later 
stages. cysts and a ~ s  of ntcrocin arc present. Initially 
no abnomrditiw may be observed on a 0 scan. AIDS 
patfeots present with abnormal HMPAO SPECT 
mdicating the early stage of a CNS toxoplasma 
lesion". 

Patients with AIDS dementia complex (ADC - an 
AIDS-related dementia) were found, using HMPAO 
SPECT, to have exclusive conical CBF derangements 
and maximum hypoperfusion in &e fmnntul and parietal 
lobes. The degree of hypoperfusion significantly 
corrclatcd with the wcrity of the demtnlia complex18. 
Cocnine-induced seizures ofcur due to the lwsl 

anaesthetic actions of this compound. Severe 
vPraspasm is caused by thc brain ca(echohines 
lading to &reduced CBFI9. Various resing pallems of 
dismpim of C B F  unl mtabolii as obsmcd in 
functional imaging arc wwciated with Purkinsonian 
disc&% Temporal fmntal lohe pcrfusion seems lo be 
dFecred. 

' The  is increasing evidence that HMPAO S W X  f a  
rCBF determinations is a viable tecbniquc for detsting 
conical ksions following m u d c  bnin injwy CFBI) 
(modcrate and mild). revealing a greal+r number of 
lcsims than CT or MRIZo, especially during the firn 
houri following an ictus (Figure 5). In a w d y  m 
patients with chronic trumuic brain injury, tnain 
SPECT was found to mnrlate with perfonoaace on a 
number of neumphydologicd tesG4. 

A combination of HMPAO SPECT and carotid 
angioanvhv incrensed the nlidbilitv of tbe Matas ccnr 
ar r means of determming the eff& uf cuotid mery 
linationz2. CRF channes reiatin~ to neurotoxici~ from 
v k o u s  industrial &bstanccc e.g. Cd, ~ n :  were 
detwtcd with SPECT and ~ ~ m l a t e d  to behaviourrl 
abnonn;llitieszf. It is also true that confimrd normal 
CBF coupled to changed receptor distibutions for e.g. 
D2-distribution. measured in the b a d  ganglia by 
IBZM, contributes to the d i a g n d c  msuh*. 

The evidence is, therefore. that SPECT has obvious 
diagnostic potential, and with pharmacological 
intavenlioos wd computer analysis, is a new tool in 
the acsesvmsnt of brain d~uas. Although the litcramre 
clcarly abounds with applications of S P W  in 
neumpathology, only small numbers of patiem are 
being scanned in nuclear medicine facilities cornparad 
with thc large numbers treated for neurological 
disorders. Clinicians arc still fictptical about fhc 
dia~nostic sensitivity and specifxity of brain SPECT. 

Cuebra1 blood flow from HmAO 
SPECT data 
Fundamcnlally, all medical imaging involvcs visual 
comparisons. When used for diignmh images arc 
frequently compared with mental pietuns. w h i i  in 
nny event are the interpcta's concepts of m t i t y  
and different diseased states. For p g n o s i s  or 
treatment, monilMing comparisons often focus m 
changes in Klial studies in the same patient, and 
depend on patterns seen in the imagcs. 

In nuclei medic<w, these ptterns represent sputial 
and temporal mangemcnts and reivrangements 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 aoo.e thr

&onmc:cn:bdbr Iiae in (tap) I repnlClltaeM clOlurollUbjcct.
and (bonom) a rcprescnwive xhizophmtic palicnt. a, R&:sIing
sun; b, WIKOIIIin Card Sorting Tat (WCST). An inere. in

pre&oow rCBF is notbd in the control ciurina WCST. For the

patient prcfiootaIhypcrpcrfimioois prcsmt . rat. and a
decrease in rCIF for Ibis RJion IOlIowJduring WCST
(rcfCl'CDCIC I.)

Fiprc 3 TrmsuiaI (uppa) and sagittal (lower) views of
HMPAO SPECT images &oma dcpRSICdpatient and an ~-
matthcd, sex-matched, non-ckprasrd control (abn &om
Maybcrga 1d.J NIUl.Mu. 199ot)

Figure' lcul and intcrictaIpcrfiaion p;attc:1'IIIin a 38-yar-old
woman wiIh bi1amIl EEG fixj met IUIpCCUdleft IaJ1IOnI
Idcrosis. -r,.HMPAOSPEer shows dccrcuai prrfusion in
the: left tmIpOr3I lobe intericWly and mark.cdIy iocrcased
pcrfuaion in the left tcmporobn:nl and tanporopolar region.
and sliprly inarased perfusion ill dx mesialRI'UCIIIIaduring
die seizure(tiliD fioomGrGDwaId,uL J. N.d. M_ 19M)

FIJIU'C 5 A 65-yrar-old 'll0IIWI with sudden onset of toaI

aphasia: transuiaI SPEer iqcs obtainc:iht 1.8 b after ODlct

dc:1IIOIISIntI: an an:aotlCYere IowperfWion (JlIOWI) eocbcd by

a Iqe area of mild hypopafusion(anvwbeadr)'which is
consisb:nt with the tmitory of tIu! right middle cerebnl artery
(bUn fromShimosepwaII 1d.J. NIId.Mt4.1994)
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adequate spatial and time resolution to capture the 
available information in as much detail as pmsibk. 

A methodology for brain SPWT h a  been defined for 
establishing canronsus among expcm - a kind of 
modified Delphi-technique for tracer preparation and 
optimal imagingu. but still no furmal guidelines or 
mmmendations exist whereby the diagnostic efficacy 
could he universally validated. 

A kcy lest of computer-bascd techniques for qualirative 
ar well as quantitativs image infonoatin, will be their 
ability to dstfxt lcsions at low thresholds without loss 
of specificity. Image manipulation, such as filtering and 
smaothing should he xmdardised, as slxxlld be slnr 
orientation. Cornper-assisted image interprctnrion 
follows lhnx routes: cornping activity in one pan of 
the image with d m .  looking for ratios; comparing 
activity in (he regions of interest (Rot) with a normal 
data base; and generating kinetic data. These 
pmdures  inh'cduce a degree of quantitalion into the 
SPECT technique. Quantitation is desirable above 
visual-only intcrprctation for better diUemtiation, e.g. 
between AD and Mher possible treatable demcntia- 
rclnrml direarsc, and also for sensitive monitoring of 
thenpy. 

Ahhough it is known Ulat caunLdpixel in +ens of the 
brain are related to blood flow in h e  regimaJ', 
absolute blood flaw nnn-invasively with 
r a d i o ~ a c e u t i c a l s  such as HMPAO is not emily 
auainabk. The approach of calculating ratios a u l d  
vary: the ratio of cwnts in a parcicuLv ROI to the 
counts in an identical contralateral region as in 
unilateral TBI. or to the counts in thc unafkted 
hemiaphereZ6, cvm to camir in h ccnbcUum which 
w l d  he cornctcd for eurly diffusion oftrac~?',~. Thc 
lust n t io  depends on the assumption that the 
cerebellum is iBeU not activated by the test prmdure. 
In AD. the b a d  ganglia can he the rcfercm shucrure 
as it is in this csse usually spaed. A lesion is identified 
if the ratio is below n celtain tkshotd value. This 
threshold is charn  by defining a range of values from 
'normal' volunteers. 

Normals, especially whex age-matching is noedul. sre 
not always adequately available. Furthemore. what is 
n m a l ?  A clear and unequivocal knowledge of n m a l  
brain perfusion is an absolute perquisite lo objective 
interpretation of scans a& asvessment of the accuracy 
of such interpretations. Normal @usion and the 
acceptable limits at each region must be mapped and 
ncognired. The appreciation of normal patterns and 
variability is the acrumulated result of a large number 
of normal observations. 

With respect to the analysis of SPECr images, thc 
limited anatomical information &rived fmm blood 

flow images renders it difficult to locslise the 
nnauwoical aitc of interest. Hcffic the ability of tbc 
t&nique to give information about urnall amm of 
brain is limited not only by intrinsic properties such as 
,spatial resolution and the partial volume effect. but also 
by the reliable identifcatim of precisely the brain 
regions obrervul. The extent of anatomic variabilily 
must bc wognistd and accounted for. 

To aid intwprctation of normals, an atlas of normal 
EINCtUrCs was defined and corrclarcd with the widdy 
w g n i s e d  Talairach Tournoui stereotcctic 
neurosurgical at la^^^.^. Hereby the brain image is 
matbematically resired into a defined sureotnic  
space, following which the use of the correspooding 
coordinate system allows identificatjon of specific 
areas (Figow 6). All nam\als are. however. not &kc, 
not only ana(0micalIv. but also then arc aee-relared 
changes in conical p&fus~on. a d  gender difl&nc.s". 
A brain SPECI' database from ditkrmi oarriciminn . - 
instirutinns is ntxdcd. Important advan& at various 
centms have k e n  made in defining normal brain 
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pnfusion and condenring such descriptions into usable 
digital formats - also identifying the perfusion patrmrS 
associated with various disca~e entities and correlating 
these y(enw with clinical outcome. A multiientrc 
intembsem agreement on dementia studied with 
HMPAO SPE€l' was with encouraging 
discrimination of subtypcc of dementia. Mace imaging 
centres are developing the resources necessary to 
suprimpox fundiarrd images onto similarly orient-ated 
cranial MR images of the same subject. This technique 
currently represents the best way 10 obtain precise 
anatomical localisntion in functional brain images. 

Shapes of KOls arc also not consistat. Sometimes 
pndetmined and regular shapss an used, in other 
caw irregular shapes designed to enclore a @tic 
svucture. The placcmutt of regions can likewir vary. 
i.e. either individually and manually, or with the aid of 
a btandardiwd mmp& algorithm. Region placement 
is nonnallv planned before rcwlts become available for 
objectivit; { ~ i ~ u r e  6). 

The reality, howcver, remains that fhrcshdd values of 
ratios are observer-dcpendcnl and also display- 
dependenL Work is in progress on thc accuracy of 
various methodr of image display and mlour scale 
mapping". However. om has to recognisc a high level 
of complexity and normal variability in brain structure 
and funa im1  interrelationships which make brain 
SPFXT dificult to interpret with thf unaided eye, and 
the tefhniqufs for analysis are not yet adequately 
standardid. 

Measurement and interpretation of 
CBF changes following interventions 
Althwgh tnccr vptake in the brain is inPlucnocd by 
various parameters Such as cardiac outpul"', rc&cntion 
f i i d .  and lipophilic and hydrophilic frstions3'. s 
numerical value that could monitor brain uptake of 
HMPAO wwld be useful for follow-up, activation and 
pharmacological studies Quanlilication of absolute 
CBF or uptake has been pointed nut to he pmMematic 
arvf MX yet a mutine d i a w t i c  clinical paaim.  
Various mcthods have b a n  suggested to convuf brain 
counts into bmin uptake. such as using erlibntad point 
sources as extemal ~tandanl'~. but these haw nM ye( 
Found cary applicstion. 

Follow-up studies, however, mcaruring changes in 
CBF and HMPAO upIakc in the same patient aRer an 
intenention do not demand absolute values. e.g. 
relative ICUF increaser cwld be m u r e d  after shunt 
surgery in patients with normal pressure 
hydrocephalus, and some of there regional 
improvements comland with impmvemeat in 
psychiatric rymptomatology. Succwsful fo l lowq~  
CBFmeasurcments after vascular reconstructive 
surgery in moyamoya disease have also been reported. 

Measures of pharmacological modulalion of ICRF 
have been used to learn about cerebral activity of the 
administed dmg. It pmvidcs the ideal scenario of thc 
Follow-up study to aswss phsrmacological effect and 
ueaumnt efficacy in neurological and psychiatric 
pathologies. A& example would be to involve 

~~ ~ 

pmved offeciive at rccoyiring the partan"o€ AD - 
more than just a nieasurc of parietal uptake or an 
asymmetry index. An image is reviewed for patterns, 
not a single finding but a constellation of findings. 
individuaUy non-specific but diagnostic when taken 
together. l h i r  is a1.w the way the human mind works. 
However it provides neithar a quantitative measure of 
distinguishing between grmps for comparisons nor 
kinetic dm.  and therefwc does not yet fully tap the 
diagncstic potenrial of SPECT. Nor could more than 
two different gmups be handled successfully. 

'lhc sensitivity a d  spaificity of diagnmic brain 
S E C T  is thercfore Mill an unknown, and a reason why 
clinicians do not in general involve this modality in 
their diagnostic procedures. htelpretation and 
technique8 applied to that effect an also not simple. 

Alignment of multiple studies for comparison is n 
major prublcm. Pc l i zd"  b o b  a( surface contours, 
others at the anterior comminsure - posterior 
commissurc line for rcfcrrnce4*. Altanatively. external 
fiducial markers can be uxd". To avoid subjectivity. 
aligntnent of scvu can be performed by an utomaled 
computer algorithm. However, with each patieot as his 
own control, the mined human observer is  still v a y  
goal at compensating for mefacts and raognising 
anatomical variability and functional changes. 

Semiquuntitication of CBF changes, induwd 
pharmacologically or otherwise. baomw c u m ~ t -  
ively easy and still reliable. using thc splil-dose 
methfl". It is an ideal rnelhod IQ use in drug 
development where acute effects of Ute drug need lo be 
monitond, as i s  the caw with cerebrai infarction. An 
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Acclazolnrnide stress testing has also been used to 
assess cerebrovascular mnve in patients with epilepsy 
xnd dementiaJ'. In these instnnces the purpose of the 
test is to determine whether alterdtions in resting cCBF 
nrc of neuronal or vascular origin. Primary ncumnal 
dysfunction (such as AD). produces rCBF 
abnormalities only as an epiphenomenon, through 
autoregulation. Such areas have a nomal 
aatazolamidc response. 

C B F  changes measured after pharmacologtcal 
intervention can bc assessed for their therapeutic 
stgnificance in various diseases, e.g. the use of calcium 
channel blockers in stroke mients, where the drug 

increasing Hamilton depressim wing scale (HDKS) 
was repor$edM. which was not h e  caw in palienta w~th 
normal brain SPECK 

It oppem that deranged C B F  and cerebral mctabdism 
arc present in schizophmdl.  and subsyndmmes 
could be mgionally comlatal in the brain. It has been 
hypothesiscd that in schizophrenia there is an 
ovmactivitv of the dooDaminaric system, with higher 
D, recept&denritics in the lefithan.right putamcn:nut 
found m c o n l r n l ~ ~ ~ .  This agrees uith the work .shwing 
increased perfusion and metabolism in the basai 
ganglia on the left side. The phenomcmn will find 
applidon in the field of phannawlogy. i.e. studying 
nceptor systems and cerebral mewbolim and the 
peafusion r u p o n ~  to pharmacohgical intewtion by 
agmists and antagonistsh'. This t e ~ y c h  provides 
exciting opportunities to rest hypothews relating to 
antipsych& pharmacodynamics and clinical response 
in iiving h u m s .  

Preliminary msula from a group of normal ageing 
patients under extended therapy with oral piracetam, or 
alternatively a combination uf nicotinic acid with 
pentifylline, point towards improved C B F  and 
ccrrcsponding improvement in memory. kugs may 
increase blood flow without altering cercbrd 
metabolism. A significant increase in glucose melu- 
bolirm was fwnd with PET after pirdcetiun kenmen1 
in an AD group of patientse. The small number of 
patients, however, prohibits a conclusion on the 
Ulerepeutic relevance of meIabolic effects in this case. 

Allhoueh neumtranaminu and receptor interactions 
rmght only be cflcct~ve prior io induced or ywntaneou~ with d&y can be effectively monit&d ut wvo ~ i t h  
rcmrfusmn. If  ziren aculcly. some a n t t d c ~ r e ~ t s  SPECT and PET. leildma to dore dewnunations and 
administered to patients with affective diso& inhibit investigationr of [he rmpact of pharmacological 
the rc-uptake of noradrenilline andlor smnonin in the manipulations on receptor sysums. the arrival of both 
synapse. while Mhcm block inactiva~ion~~. Pwdhle the tracer md the drug is blocd flow and brain 
C B F  chan~es  induced in rhis manner and their perfueioa dependent. and this must he taken inw 
significa&could be studied by the splitdose methad considemtion, if not also measured. 
of HMPAO SPECT. Research has also dunonslnted methal HMPAO ,ends itself that many antidepcwats exhibit effals on receplor 
sensitivity after chmnic administration. A dccme in idtally to neum-activation s t ~ d ' i e r ~ ~ ~ ~ .  In order to 

obsewe the patm of C B F  w o c i a d  with a task, it is kta-drenergic receptor smsitivity and enhanced nefcsrary to perform tbt task only during the responsiveness lo sernionergic and alpha-adrcncrgic rrlstively short fixation prricxl of the tracer. starting stimulation has been noted. Monoamine onidase shortly belo% administrution of HMPAO and inhibitors block the hcrivation of hiogenic mines and 
continuing for appmximtcly min. This thus incrcasc the concentrstion of those prcblems such as initial learning effects in cognitive 

ncuro(ransmit'mJg' monitwing Of tasks and the time nccded for the development of a ICBF in patienu; with mood disorders may be uuful to physiological rcspons afler the HIMPAO injection. direct theraw. It could also hc applied in the 
dcvclopmeni ;f appropriate pharma&&al agents. The verbal fluency (rsl. was fwnd to be arsociatcd 
und fur beurr underrwndinp of the (r t thrwh~si~~lo~y of with a small but simificant increaw in rCBF in the left 
jrprssion, the latter &ially &en ;drrelnted lo dorsolaternl prefr&Inl cortex. which did no( always 
cognitive behaviwrd changes. A clear correlation prove to be the cwe with Ule Wisconsin Card Soning 
hetween pathological HMPAO SPECT findings ard an T c s ~ ,  despite it k ing considexed equally mbusr i n  
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testing this cerebral region. A SPECT study of 
schizophrenic patients performing a v&l fluency task 
showed that compared with a conuol amup. the 
c h w q h ~ n i c  sample had dxreased H M P A ~  upiake in 

lcft frontal conical and lctt posterior conical rcgionsb7. 

Two lesu wen? also perfwmed during the CBF- 
imaging of 20 mediation-hee schizophnnics and 25 
normals, viz the Wisconsin Card Soning Teat, and a 
rirnple number matching lest In the conuols, the flow 
to the dorsolateral prefruntal cortex was clearly 
increased during the card test, not so in the patients. 
Number matching did not a f l w  flow to this area for 
either group.  

A split-dov subnaetion HMPAO S Y K Y  study was 
pei fmed on schizophrenic patients in collatoration 
with a verbal memory activation led to look for 
dcficicncies in temporal lot*: function (Busatto, un- 
published rewlu). Despite tow frontal lobe flow and 
significantly poorer performance on the memory task. 
the degree of medial temporal activation measured in 
the schiwphrenic group was not significantly different 
fmm that of the control group. Omssly. the brain is 
only subtly ebnuml  in &i~~phrcnh .  lt is instructirc 
in this regard to now that the fmntal lobe, which ha* the 
more s u b  pathology, tends to be more disordered 
functionally. 

Based upon the premise thnt increased neuronnl 
(synaptic) activity leads lo an increase in regional 
cerebral blood flow, activation studies for Parkinson's 
disease palienu have been developed in which subjects 
art scanned under two or mon differing conditions e.g. 
at rest and while moving a limb in ordcr to identify 
bmin regiuns whose blood flow differs between the 
conditions. Fmm this, it is inferred thpt localivd 
changes in ncuronal activation are responsible for, or at 
least involved in, the human activity nndcr study. 

Interactions between cognitive and pharmamlogicd 
manipulations (i.e. neuro-modulation) and measured 
by SPECI' and PIT can also be 'cry informative. 
Cenain drugs were found to augment task-induced 
increases in rCBF c.g. buspirone and apmorphinc 
acting on memoly-induced rCBF incresxs in fhe 
revospinal region and dorrolateral prefmntal conex 
respectively*. The particular experimental model n n  
hc chosen for pharmacological rea$ons. i.e. to find the 
effen of a drug on cognition, or for ncumpsychological 
purpovs when a task will be selected if it is known to 
implicate a panicular neurowansrnitter system. 
Methodological pmblems are matching the time-course 
of drug activity with thnt of tracer uptake and 
washou&', and mrly sing data to distinguish between 
global and regional drug effects on blood 
flowlmetaholism. 

A recent example of this strategy is the reaction of 
akinctic Parkinson's paticnts before and afier a 
sutrufanmu~ injection of spom0rphinO (a dopamine 
agonist), during a finger opposition taskm. The akin& 
patienls, unlike normal conwols. failed to increase 
rCBF to contralateral primary sensory anas and ihf 
supplemenmy motor conex during the t a ~ k .  Following 
apomorphine. akinesia resolved and C B F  to motor 
regions in patiem rewnbled that of conuols. This was 
the evidence for function;ll differentiation of m ~ o r  
arcas in at;inctic patienu, which was shown to be 
revenible by a Qpminergic dmg. 

It was also found that schizophrenic patients did wt 
activate frontal regions fdlowing apomorphii - unlike 
controls. Schizopbruuc patients are known to perform 
porly on the Wisconsin Card Soning Teat which Ls 
a mcanue of p d n t a l  function and have relatively 
low flow to frontel region@. These data provide 
support for the hypathesis of n relative frontal 
conical dopamine drficicney in schhphrenia @dm. 
unpublished nsulu). 

'k imjxnmncc of the methods of ncurophamraoology 
o u t l i d  a b v e  is clear. In future brain S m  and PET 
studies will have a necessary m k  to play in ihf 
development and evaluation of novel and ciasrical 
psychotropic drugs. and some of this of necessity 
lnvolvu animal experimentation. 

The non-human primate and split-dose 
HMPAO SPECT 
Although it is now possible lo relate the basic 
molecular s r ruc ly  of a receptor to its cellular, 
biochemical and biophysical responses and 
phvmacologicpl specificity in the test-tube, animals 
have a major use to enable undemanding drug action 
on neumphysiology. &hovioural responses of animals 
to psychovopic drugs provide some indication of 
ne-epor function in vivo hut cxhapolation to 
human neumpsychology. even from the non-human 
primate, hns limitations. For one there are no 
appropriate animal madels for schizophrenia, but 
models of traumtic brain injury and seizures have 
been used, as were primates which were rendered 
parli~nsnnian by administration of MFV (1-methyl4 
phenyl-1 ,2,3,6-teuahydropyridineY1. 

The baboon model has found frequent application in 
nceptw imaging with SPECT. 

In developing a baboon mcdel for CBF dcterminatiom 
wtth SPmimaging  and %-HMPAO, it was found 
to be meantngfully senslttve to the effecrs of 
a n w h e s a  on CBlj". 
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Anaeslhesia is necessary for restming the animal 
during rintigmphy. and 11 becomes cntical when the 
pm~edure befomes prolonged. The spltt-dose mehod 
used with the model compares rCBF More and afier a 
drug intervention. (i.e. fmm two sets of SPECT data 
v t r  SPECT-I and SPECT-2). and t k  result is w e n  as 
a ratio (R) of the two determinationr &ct the 
background contribution fmm SF'E€T-I to the SECT- 
2 dala had been subtracted. To ssscxs and u n d d  
the results from this d e l .  i.c. the R values. a contml 
repretresencnion for each investigation i a  r equ id  which 
describes through R values. CBFchangca Iaking place 
during an anaeslhesia-enly experimental run. and 
choosing a cornsponding point in time for tbe second 
HMPAO injection to match Ihe intuvcnlion response 
in  the s u h u e n t  drug-inmention study. Anaesthesia 
8s chosen lo ieast distirb normal CBP, and to be easy to 
maintain and monitor. A useful form of anaesthesia 
would be ketamine-barb~turate combinalions. The 
ketamine (10 mgkg of kctaminc hydrochloride) is 
necessary for induction, bul not useful for maintenance 
because of the possibility of convulsions during longer 
studies. Thiupentonc sodium can he used for 
maintcnancc (70 mVh of a 0.5% solution) for shorter 
studies (I h). and mntobdrbitone for sUdiev o f?  h and 
longer. The baviine study will rhen have the first 
HMPAO injection with the b h n  still under the 
influence of ketamine from daning, and rhe necond 
double d m  of HMPAO after SPECT-I. @xformcd 
under barbitumte maintenance), and injected to match 
the intervention of h experimental protaol  

Table I gives R valuw from various anaesthcsia 
combinations fw tomographic slices as q u i d  in  the 
mnsaxial, sagiml and coronal views. and for the 
global brain7?. 7he ratio R is an indication of the kvel 
chmge or ICBF at a &sen time during the second 
a n ~ l s h i a  with respect to the first. Cuwes plotted of 
H vmus slice number (Figure 8)  display w m ~  region? 
infomution from tbe v ~ o u s  s lws as they pertarn 
predominantly lo anruomical saucturu. 

If no changes in CRF occur during the switch lo a 
second anaesthesia (c.g. kecetamine-th~openrone). or 
during prolonged anaesthesia. (e.g. thiopentone- 
thiwentonei (Table I). a value o f  R = 2 wwld be 
ex&tcd krke ofthe double dow of HMPAO for the 
ucond injecrion. 7he mean value of R= 1.79 i 0.03 for 
ketamine-thio~entw from many studies is stillisti~ally 
meaningfull; lcss than twb (Rs2). ~etaminc 
hydrochiuridc is known, and has been shown in 
cmlat ion studies, to increaw blmd pressure and heai 
rate. leading to augmented CBF which is not 
maintained during the bditurate p h e .  nnd this will 
reduce the R values. 

Figure 8 A xt d'r)picd cur- of ratio (RJ v e w  sfice numbcr. 
mmng rc a, the occipiul ldKs tnrmxirlly, b, ikm right m kh 
of the b i n  agirally ad c, horn rhc icrcMlum to the dwvl 
rlicc tdrhc cmbnrm comnally. Doncd line rcprcsent kctarnine. 
thiuprnnmc dam, %lid lines kaaminc.hlmhur dna 

The model under halorhane anaeslhesia (ketamine. 
halothane; 1.5% hdothaae in oxygen) renders R values 
signilicantly > 2. Halahane reduas blood pressure and 
hem rate. Inhibitton of the autoregulalion of CBF in 
response to hlwd pressure cha& leads to the 
vasodilatory effects of halothane, and changed blood 
flow distribution to various organs, with s&ifcally 
decreased cerebral v a l a r  resistance, which explains 
the increased CBF measured in this case. 

With the cerebrovascular effecrt of t k  anatsthesia 
known, the model has found application for assessing 
xute responses from drug intervention. A study with 
a c c t d i  (500 mg) p;odwcd a similar inc& in 
CBF after 10 min, i.e. 32% is has been shown in 
humans7'. An infusion uf the calcium channel blocker 
nimodipine increased CBF globally aft- 10 min by 
approximately 3S%, alsa known for humans; in  
addition it has a distiwt regional effect with a near to 
9V% increase of rCBF in lhe cerebellum. l h s c  two 
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re~ultr hdp to vdl'isle the baboon mule1 for HMPAO 
S P E O  and the split-dose mdhod. In addition it w a  
obsC~ed that, althtwgh acelivultunide is known to 
produce metabolic acidosis due to its carbonic 
anhydrds Pctivity, the increase in CBF did not 
correlate with an increase in PaC.4. but mcher with an 
incrcuw in PaO, (3546). The incrcascd CBF from 
nimodipinc was achieved without intluence on blood 
pessure and arterial blood gapes. It is known that 
cerebrovascular autoregulation is resistant to 
nimcxlipine. 

An investigation of the combined effect of 
wazdnmide and nimodipinc on the CBF in the 
babwn model showed a suppnsian of CBF with 
respect to the individual respnnses: a h  the increase in 
PaO, duc to antll-olnmide. was reduced to 23%. 
ruggrsting that nimodipine atrenuotea the effeccel of 
xwazdamids. and that acetnzoLvnide may have an 
cflccl on the lucal cerebrd metabdic rdle fur oxygen. 
lhis  observation was subslantia(ed in a subsequcnt 
Wdy where dose and time responses of acetuolamide 
were investigated with this model74. 

'I'he ontimigraine drug sumatriptan. a 5-HT 
semonergic ngonist, yielded with ihi model no or an 
tnsignifim effect (slight mrrease) on CBF, I0 min 

afler being administered inl~amu.scularly". Iknvever, 
after 25 min. a significant decrease (20%) was 
observed in the CBF, when compared with an 
anaesthesia-only baseline study which showed a 
marked increase in CBF during the prolonged 
anaesthesia. It wm pmposed lhat sumtriptan only had 
an effect when an abnormal incrcaxd CBF cxistul. 
Still using the split-dose HMPAO S P F m  method. a 
combination siudy of sumatriptun (at 25 min) with 
nimodipinc showed a significant decrease in the 
nimodipine-induced high CRF. hut no cffecl on the 
i n w e d  CBFdue lo acaazolamida There was also no 
effect on increases found under halolhanc annestksia. 
Then is therefore a specificity in rho action of 
suwtriptan, which implicates Q2+, and an indication 
that lhe senXonin reccplurr are likcly lo be involvcd in 
the normalisation of CBF (DomKhl, unpublished 
rrsullst 

The babwn male1 was modified lo investigate the 
effcct of various forms of laal anne~thesia on CBF m 
he acute phax. 11 allowed for w n m l  of PaCO, by 
ventilation undcr general anaesthesia. This model 
describes ihe functional dependence of ACBF versus 
APaCOl using SPEC? HMPAO and the spltt-dose 
method log+ther with induced PaeO, changa between 
the two HMPAO injections. Normal reactivity lo 
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PaCO, chanps w m  vrlldalcd ( H p r c  9). 7hc mrlcl 
with th~opcntone nnacrrhcua and mna l l cd  wnttlrttun 
wa\ used lo mvesuute UIC mechanisms o f  CBF 
inctrare known to ~ l l o w  on the local anaesthetic 
lidocaine (6 mg(lrg). The haboans were mna ined  at 
coastant rcsp imry  nn and vofumc. 'lht rcnults 
indicate that the correlation between ACBF and the 
comsmndine channe i n  WCO. dcviatcd fmm the 
LUIXII;IL pa~t& of LC MI. &I only a s~tght 
depmkm on APaCO confirmme a ccrcbro~~au.ular 
~olunbuclon bv h e  II~OEP~K The tnmnw in CBF 
(24%) ill arwl;d Z min after IiJaraine adminimion. 
agrees wth  knnwn m f n n u i m ~ .  Thc inc rcad  slope 
of the C02 reactivity curve might indicate an inaeaskd 
sensitivity to CO, after adminimtion of l ' i a in i " .  

I h e  use of 'L'I-iodaamphetamine (IMP) with the @it- 
dose technique was explored. The question was 
wherher i t  pmvideq UIC suw informmion as dar 
HMPAO -can the two agents be in&xchanged at will'? 
Comparing R values (i.e. rCBF changes) m nwmmd 
by tbe HMPAO, and by the IMP split-dose method 
during prolonged thioiopentone iurncsthnia, produced 
13% hi& vdues as derumincd bv IMP. which were 

doing the r&c cornpanson but with an aceta~olamide 
Interventran. iacrcascd CBF as measured with IMP by 
52%. with respect to he IMP mae&siu-only study, 
compared with the 37% from the HMPAO 
measwemen1 to 11s own control. This could haw 
positive diagnostic impllwions ~denlifying IMP as the 
more renritiw drug w check CBF clungcs in a lerl o i  
ccrrbrov~culat reserve. The in&& mcbbolic 
ircidosis and alkaline urine from scetazokm'de had 

Tzbk 1 eeh'mnP;e c h g W  m tmd tnin upnk of HMPAO 

apparently a lwed btodistnbution of the two 
~ iophmaceut ica ts  to different degnes. A dual- 
isocwe YIU~Y. s~fit-dose with Ihe two t m  combined 

Conclusion 
The diagnostic and investigative imporlane of 
cerebral Mood flow measurements. using SPEC3 
techniques with lipophilic udcm such as HMPAO bas 
been shown hen. It is also appannt that both diagnosis 
and investigation benefit trcrnendourly when 
pharmamlogical modulation of rCBF is applied. 
Semiqwnnlitativc data on cuebral function can he 
gaincd hom the split-dost mcchod. Tbk mlhed is dso 
ideal to asses8 the therapeutic significance and : 

directions of pharmacological intewcntionr in 
neuropachdom aod psychiatric d i i .  I t  i s  espcially 
hem, in drug research and dcvelopmcnt, that the 
babom model as dcscnbcd can find wide applicatiarion. 
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