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ABSTRACT | ) | .
Herpes simplex encephalms (HSE) is considered to be the most common fatal -
‘encephalms in North America. At present brain biopsy is the only def mmve means of
diagnosing HSE. The aim of this st’udy ‘was to develop radiolabeled nucleosnde analogs_ a_s
biochemical probes for the nq_n-inyésive diagﬂosis.of HSE.

[*¥1, 151 and “’I]-(E)-—S:(Z-Ipdovinyl)-Z'-demfyuridine (Ide_‘U) were syntl;esiséd by
the reaction of (E)-S-(2-carb'oxyvinyl) -2'-deoxyuridine with radioa;tive iodide-in thé presence
‘of chlc;ramine-T. [**11]-1VdU was also prepared using the cuprous ion catalysed halogen
isotope exchange method. [”Bf]-(E )-5-(2-Bromovinyl)-2'-deoxyuridine (BVdU) was’ |
synthesised by the reaction of (E )-5-(2-carboxyvinyl)-2'-deoxyuridine with [**Br}-NH,Br in
the preseﬁce chloramine-T and by direct neutron activation of BVdU containing natural
" abundance bepmine. |

In vt;tro uptake studies fof"[**'1]-1VdU demonstrated iis seléctive uptake ina )
deoxythymidine kinase positive herpes simpiex virus type 1 (HSV-1)-infected cells. The upiake
was dependent upon the durafion of exposure of cells to ['*1]-1VdU, the infecting dose of tlié .
viius, and the concentration of [**!I]-1VdU. In vivo tissue distribution studies on [“’I]-IVdU.
showed a 5.4 t0 6.4 times highef up;ake in a HSV-1-infected rabbit brain relative to an
uninfected brain at 1 hou‘r after an intravenous injection of ['**I]-1VdU. The brain to blood
ratio of radioactivity in infected rabbits wa’s about 0.5. 7n vivo pharmacokinetic and metabolic
studies of [**!1]-1VdU in dogs showed its rapid metabolic degradation (biological half -life of
about 3 minutes) to the co:responding base [“1'1]-( E )-5-(2-iod0\finyl)uracil and [**!I]-iodide.
The renal excretion of radioactivity was extremely slow (8% of the total radioactivity injecteq
was recovered from urine in 8 h). Diagnostic imaging in the planar an%SPECT mode was
performed using [***1]-1VdU and [***I]-IVdU respectively in a HSE rabbit model. Neither
planar nor tomographic images differentiated the HSV—l-infected brain from an uninfected

brain.



In vitro uptake studies of
[5-"‘1]-1-(2;deoky-2-ﬂuoro-ﬁ~D-ribofi1:anosyl)-$-iodouracil,
[2 -UCJ-1-(2 -deoxy - 2-f1uo'ro-B§D-ribof uranosyl)-5 -chloroufacil. ’
[2-*C]-1-(2-deoxy- 2-flubro-ﬂ-D-ribof uranosyl) - 5-fluorouracil, and
[5-'*1]-L-(2-deoxy-2-fluoro-B -D-érabinofuranosﬂ)-5-iodoufacil have exhibited selective

uptake in deoxythyxhidine kinase positive HSV -1-infected cells, suggesting that they dgservc

. further biological evaluation as potential non-invasive diagnostic agents for HSE. -
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1. INTRODUCTION

A. Radionuclide Brain Imaging
The imaging of brain using radionuclides originated in- 1948 when George Moore at the
University of Minnesota reported the detection of brain tumor§ w1th [‘“I] -diiodofluorescein

N

using a Gieger-Muller counter (1). Advances in the subsequent ears mcluded the development

of the rectilinear scanners , which preceeded the introduction on2

)r
(7R

mmllanon camera (2-4).In

1958 Anger, at the University of California at Berkeley, intr -an imaging system with no

. v |
moving parts (5). This was a major contribution to neurOnuclé- Medicine since dynamic

‘rapid-sequence flow studies of the brain could ngWabe dWi ‘ “yﬂtz -labeled pertechnetate

1"‘-

i ‘4« *
magmg mw &ﬁ), radionuclide brain

scans became widely used in the late 1960s and early 1970s. A variety of lesions involving

became avaxlable as a radiopharmaceutical for brf

breakdown of the blood-brain barrier (BBB) could be detected non-invasively by this method.
However, these images sgf fered from poor spatial resolution and proﬁded iittle anatomical or
functional detaif.

The concept of emission tombgraphy (ECT) for three dimensional scans was
- introduced by Kuhl and Edward in 1963 (7). Aﬂ idea ahead its time, this methodology had little
» immediate impact in the medical field, probably due to the lack of appropriaté
radiopharmaceuticals and inadequate instrumentation. However, the same principle of
reconstruction tomography found an. important application in X-ray transmissi(l)ngcomputgd
tomography (CT) in 1973 (8, 9). The brain images obtained by CT were superior to
conventional radionuclide brain images with respect to spatial resqlution. In the late 1970s, CT
becarhe the best method for evaluation of many neurological disorders, resulting in a dramatic
dgcline in the number of radionuclide studies of brain. However, with recent developments in
the design of radiopharmaceuticals for f uncti.onal imaging of brain and advances in radiation

detection systems, ECT has reemerged as an important brain imaging technique.



The physical principles of tomography have been reviewed (10, 11). Tomographic
imaging requires the acquisition of a series of images at different angular orientations with
respect to the target organ. These images‘.are then processed using a filtered back . iaction
algorithm to obtain tomographic images showing the distribution of the radionuclidc in the
tissue section of interest (11). There‘are two types of ECT viz positron emission tomography
(PET) and single photon emission computed tomography (SPECT). They differ with respect‘
to the type of radionuclide used and the detection system required for imaging. PET imaging
requires the use of positron emitting radionuc.lides such as 'C, ’N, "*Oand ''F. This imaging
technique detects annihilation radiation by coincidence counting. SPECT can be performed
using y-ray emitting nuclides such as **Tc™ and '**I. The detection system operates in the
single photon mode. The inherent advantagés and disadvantages of PET and SPECT have been
reviewed (12). The annihilation coincidence detection used in PET offers higher spatial
resolution than that obtained by single photon detection used in SPECT. A PET unit requires,
in most instances, facilities for on-site lproduction of the radionuclides and preparation of the.
radiopharmz;ceuticals, since medically useful positron emitting nuclides have extremely short.
half -lives. PET programs require 'a large financial investment, thereby limiting their availability
to medical research institutions. Since the cost f actor for SPECT is more favourable than for
PET, at present it is the most commonly used ECvap general hospitals.

Radiopharmacéutipalé uséd in brain imagin'g Imay be classified into two major groups :
non-s;;ecific agents used for the evalﬁation of Vascularity of brain and me;tabolic analogs used
- for functional imaging. The non-specific agents include.macromolecuies such as ”Tc"i«- or
131] -Jabeled humaq serum alburﬁin and small molecules such as [”Tcm]- diethylene triamine
pentaacetic acid (DTPA) and [99Tcm]-glucoheptonate. These radiopharmaceuticals are used to
detect brain lesions associated with increased regional vasularify and/or permeability using
tomographic or planar bragn imaging techniques. Radiopharmaceuticals for the evaluation of
brain f uvnction are designed as probes for régional cerebral metabolism. They include probes for

energy metabolism, neurotransmitters and their analogs, and centrally acting drugs. These



studies require imaging in the tomographic (PET or SPECT) mode.

‘ Trans_port of molecules across the blood -brain barrier (BBB) is one of the important
factors to be considered in the design of radiopharmaceuticals for brain imaging. The BBB, a
unique microanatomic feature of brain, constitutes a barrier to the passage of compounds not
rcéuired for brain metabolism and thus limits the movement of potentially toxic substances
from blood to brain (13). Chemicals entering ti\e brain cells do so either by carrier mediated

“transport (eg: glucose) or by passive diffusion across the lipid bilayer by virtue of their high
lipid solubility (eg: oxygen). The rationale for the use of non-specific radiopharmaceuticals is
based on their inability to cross the 'Avintact BBB. Several pathological conditions of the central
nervous system (CNS) are associated with regional breakdown of the BBB.
Rédioﬁharmaceuticals‘used in the evaluation of the BBB will be useful to delineate such areas
using a diagnostic brain scan. |

The ;bility- to cross the BBB is an essential requirement of radiob‘harmaceu_tica‘ls

. designed//as//probes of brain metabolism. An excellent example of a radiopharmaceutical

;r\itering/ the brain by carrier mediated transport is [**F]-2-deoxy-2-fluoro-D-glucose (F DG)\
(14). The hexose carrier in the BBB has stringent stereochemical requirements for all positions
of the substrate except for C, (15, 16). 2-Deoxy-2-fluoro-D-glucose therefore satisfies the
structural requirements for the transport acro$t“the BBB. The design of [*'F]-flouro analogs as
radiopharmaceuticals, which retain the BBB transport characteristics of the natural substrates
has also been successfully apﬁlied to aminoacid derivatives (eg: [**F]-6-fluoro-L-dopa) (17,
18).

'An alternate approach to facilitate the BBB transport of radiopharmaceuticals is to
increase their lipophilicity. The brain capillary permeability of e; compound is related to its
‘octanol/watér partition coefficient (P) and molecular weight (19). For compounds with
fnolecular weight below 400, increasing lipophilicity will imbrove the brain capillary
permeability. Dischino et al have reported a 'parabolicbrelationsh.ip between log P ‘(partition'

coefficient for octanol/water) valtues and brain extractability for a group of 'C-labeled 4

/



compounds and have suggested an optimal log P range éf 0.9 to 2.5 for radiopharmaceuticals
designed to cross the’ BBB by virtue of their lipid sqlubility (20).

The design of metabolic analogs as biochcrﬁical probes for cerebral furiction is one
important approach to the development of radiopharmaceuticals for brain imaging. The
biochemical rationale behind the development of [''F]-FDG as a non-invasive probe for
quantitation of regional cerebral glucose metabolism illustrates such an approach (21, 22).
Brain meets its energy requirements exclusively from D-glucose. Hence, the rate of cerebral
glucose metabolism could serve as an important index for neurological investigations. FDG is a
good substrate for hexokinase (23) and theréforé will be pho;phorylamd to the 6-phosphate
(FDG-6-P). FDG-6-P is not subject to metabolism by the eniymes glucose-6-phosphate
dehydrogenase and glucose phosphate isomerase, unlike glucose-6-phos§hate (24, 25). There is
very little glucose-é-phosphatase activity in the brain (26, 27).. Hexose -'6-phosphates exhibit
very low permeability across the plasma membrane. Therefore FDG-6-P, once formed, is

‘trapped in cerebral tissue. This metabolic trapping of [“F]-FDG%an be monitored
non-invasively by PET and can be used as an index of regional cerebral glucose metabolism.
Pharmacokinetic models of FDG utilization could be used for the tomographic quantitation of
regional cerebral glucose metabolic rate (28). The clinic;al applications of [**F]-FDG have been
‘fecen',tly reviewed (14, 29). | |

_ A similar principle has been used to study dopamine m‘etaboii'sm in brain (17, 18). '
Dopamine does not cross the BBB and is produced in brain by decarboxylation of its immediate
precursor IL-dopa. This amino acid crosses the BBB by an active transbort process.‘
[6-*F]-L-dopa possesses transport characteristics similar to dopa and is a substrate for a
cerebral aromatic acid decarboxylase. PET studies using this comp(_)und in normal human
subjects suggests its potential as a prdbe for quantitative regional cerebral metabolism of
dopamine (18). Drugs acting on the CNS such as chlorpromazine and flunitrazepam labeled
with 1'C have been used in PET studies for non-invasi\ve mapping of specific receptors in brain

(30, 31).



Besides ECT and CT another important tomographic mode of imaging - nuclear
magnetic resonance (NMR ) imaging - has recently become available as a non-invasive tool for
neurological investiga.nions (32, 33). The full potential of ECT and NMR in brain imaging
remains to be explored. Therefore it is difficult to project the relative importance of these threc
- .

imaging modalitics for the future. The greatest strength of CT is its ability to show intracranial

morphology with high resolution. It is quite likely that NMR imag}in'g may provide thi€'in the

near future. One desirable feature of NMR imaging is that it does not use ionisingfadiation.

ECT is advantageous since it provides information on regional brain biocherfi§try and therefore

is 6f value in underst;nding the biochemical aspects of diseases and objective monitoring of
therapy. The tracer technique used i'n ECT would seem to be superior to other imaging
modalities with respect to flexibility of studying, specific biochemical pﬁhways by determining
biochemical compon}ents that contribute to an observed disturbance. S;nce each of these
iméging methods have different advantages, it is expected that the information derived would

be complementary and would helpful in acquiring the overall pathophysiological picture of the

CNS.

B. Herpes Simplex Encephalitis,
Herpes simplex virus (HSV), the causative organism for herpes simplex encephalitis
(HSE), belongs to the family of herpetoviridae, commonly known as the herpesvirus group
(34). The core of the herpesviruses consists of a single molecule of double stranded DNA with
a molecular weight (MW) of about 100 X 10¢, wrapped around an associated protein (Fig 1).
“This DNA -protein core is enclosed in a protein capsid shell with an icosahedral symmetry. The
tegument surrounding the capsid consists of assymmetrically distributed globular material. A
lipid bilayer memb;ane envelops the tegument and is studded with glycoprotein projections.
There are two main imm‘unologic:‘al variants of HSV, type 1 and type 2. The common qmical
v

manifestations of HSV-1 are héfpes labialis (cold sore), gingivostomatitis, and

keratoconjunctivitis. The most common site of HSV -2 infection is the genital organs and the
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infection is usually transmitted venereally. In addition to HSV, the major human pathogens of
herpesviruses are varicella-zoster virus (vzv), cytomeéaloviru’s (CMV) and Epstein-Barr
virus (EBV). Some chara@mstlc of herpesviruses including the human diseases caused by them
are shown in Table 1. 3 | |

The pathogenesis of HSVrinf ections has been extensively reviewed (35-39). Following a
pnrnary mfectxon both HSV-1 a?d HSY-# esiabhsh latent infection in the neurons of the
sensory -ganglia mnervatmg the si{e of pnmary 1nfect10n The infected gangha becomes a
reservoir of latent virus, Wthh upon 6&‘eacuvatwn may establish a recurrent infection. The
details of the mechamsms for latency and recurrence have not been f ully elucidated, and some
aspects are still the\subJect of opposing views. The virus is believed to reach the ganglia by .
centnpetal axonal migration (36, 40-42). However, some report_s indicate that under certain
circur‘nst‘ances' the virus'.may reach the si,te" of latency as a result of ‘viremia (43, 44). Dnring the
latent state, the infectious viris cannot be isolated from cell-free ganglia homogenates. Ritchie
a}nd ‘Timbury\ have discussed the possibility of insertion of the viral genome into the host DNA
during lateng,y.(4§). A variety of stimuli including s_)unlight, emou:onal sgess, menstrua_tion,
and surgical procedures have been reported to be associated with the reactivation of the latent
virus (38, 46). The mechanism(s) of reactivation by these stimuli is (are) not yet clear. Hill
and Blyth have suggested that the reactivation process is mediated thsough an increased
synghesis of prostaglandins (47-49). :How_eve'r_, there is no definitive evidence su;;porting this .
theory .- e | |

HSV indnces synthesis of many virus-specific protéins in the infected cells Among
these the enzymes deoxythymidine kmase (TK) and DNA polymerase have recelved
consxderable attentlon as potemlal targets for the design of antiviral drugs TK is a 'salvage
pathway' enzyme that catalyzes the phosphorylatlon of deoxythymidine (dT) to the ’ 5
: corresponding 5'-monophosphate (QTMP). TK isoenzymes of various origins have been

extensively studied (50-53). Human cells contain two types of TK enzymes : deoxythymidine

kinase F (TK-F) found primarily in the cytosol frac.tion and deoxythymidine kinase A (TK-A)
' P



Tabk 1. Human Herpcsﬁvixuses. i
Virus DNA Site of  Human _
Molecular | G + C ’ Disease(s)
Weight' (10¢) -~ Content (%) Latency ‘
' (Approximate) :
HSV-1 100 .70 Neurons  * Herpes Labialis,
Kerato-
conjuntivitis, .
o Herpes
P Encephalitis
HSV-2 100 69 Neufons  Genital herpes,.
- | " Neonatal Herpes
VZV 80-100 . - 46 Neurons = Chicken Pox,
: Shingles
L
CMV 130-150 58.5 Epithelial ~ Cytomegalic
or White Blood Inclusion
Cells Disease
EBV 110-115 57-59 Lymphocytes  Infectious
: . N B Mononucleosis,
Burkitt's
Lymphoma,
Nasopharangeal
Carcinoma
G = Guanine *
C = Cytosine ’



localized mainly in the rnitochondrial matrix (50)‘@?TK-A does not play a sign{f;}eant role in the
generation of dT phosphates for nuclear DNA synthesis. HSV 1- and HSV-2-encoded TK’
isoenzymes are drstmctxvely different from human TKs The HSV-1- and HSV-2-induced TK
enzymes dif’ fer antigenically _from the human enzymes. With respect to moleculat weight
(MW), isoelectric point (pl), phosphate donor specificities and substrate specifi icities, the
7irus- encoded enzymes differ f rom TK-F, but resemble TK -A (Table 2) (50, 53-58).

However, HSV -induced TKs have larger sedimentation coefficients (S) than the mrtochondrial
enayme. Uniike TKA the viral enzymes are not subject to feed back inhibition by |
deoxycytidine triphosphate (dCTP ). The broad substrate specificities of HSV -encoded eniy‘t’hés
is of special interest for the design of selective antiviral agents (59-61).

The virus-induced TK enzymes play a very rmportant role in the DNA replication of
HSV. The dTMP produced b@ K is a precursor of dTTP, Wthh is one of the four
'deoxyrlbonueleosrde trlphOSphates required for D}JA synthesis. dTTP is also required as an
allosteric ef fector for the reduction of guanosine diphosphate (GDP) to deoxyguanosine -
diphosnhat,e (dGDP) by the host enzyme ribonucleoside diphosphate (RDP) reductase ( 62,
63). dGDP is the precursor of deoxyguanosine trrphosphate (dGTP). The intracellular
concentration of dGTP is usually Significantly lower than that of the other three
deoxynbonucleosrde triphosphates dATP, dCTP, and dTTP and theref 8re isfa crmcal factor ~
controlling the rate of DNA synthesis. Kit et a/ have pointed out that the major role of TK
" enzymes in the rapid synthesis of DNA rnay in fact be its indirect 'stimulation of the
bxosynthesrs of dGTP (50) An HSV-1-induced RDP reductase has been recently 1solated (64,
65). This enzyme appear to be not su #ect to significant al]ostenc modulatron and therefore
unlikely to be mﬂuenced by TK activity. The virus- encoded TK is eonsrdered to be 1mportant in
relatron to the pathogenesis and latency of HSV-1 aﬂ HSV-_Z. TK-‘defrcrent /(I K-) mutants of
HSV have been reported to be less pathogenic as oomparedWe (TK") strains
(66). The expression of the TK gene is also ohserved to be an essential reqnirementf or the

| ‘ »
establishment of HSV infection in sensory ganglia and therefore the latent stage of infection
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Table 2. Deoxythymidine Kinase Isoenzymes of Various (rigins

Enzyme Molecular Isoelectric ~ Sedimentation Phosphate _ Feed back Natural
Weight Point Coefficient Donor Inhibitors Substrates
(pD) )
Human 90,000 9.7 , 5.2 . ATP dTTP dT,dU

Cytosolic (TK-F) . .

Human 70,000 5.6 4.5 ATP,LiTP dTTP dT,du
Mitochondrial CTP,TP dcre
. (TK-A) : . )
HSV-1 70,000 6.0-6.5 5.2 A'TPUTP dTTP dT,dU,dC
, CTP,GTP .
HSV-2 , . 70,000 - 6.3 49 ATPUTP " dTTIP - . dT,dU,dC

CTP,GTP
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.. The enzyme responsible for the incorporation of nucleotides into the growing

(67,68). . - | | ,

polynucleotide chéin is DNA polymerase. This enzyme is essential for DNA repliéatibn,
Mammalian cells contain three classes of DNA polymerases designated as a, 8, and y (69). .
HSV-induced DNA polymierases differ from these three host cell enzymes with respect to
-molecular weight, elution brofile on ion-éxchange columns, primer templaté preferences and
effect of monovalent and divalent cations (69-735. The unique features of HSV -induced ’DlNA
polymerases include their requirement for high'salt.conceﬁtratiqn for maximél activity (74) and
sensitivity to low phosphonoacetate concentrations (75). The virus-induced DNA polymerase
enzymes are essential for the replic_:ation of HSV (76). The viral DNA p(')l)//merase is considered
to be the primary target of the antiviral action of several selective anfiviral drugs (61).

Herpes simplex encephalitis (HSE) is a’ra\re clinical manifestation of HSV. However, it
is considered to be the mdét common sporadic encephalitis.in North America (77). Whitley et al
have reviewed the epidemiological aspects of HSE (‘78). In a series of 113 biopsy -proven cases

" examined, HSE océurred in all age groups, in both sexes and was non-seasonal. HSE in adults is
usually a focal infection and over 95% of the adult HSE are caused by HSV-1 (79, 80).~
~ Neonatal HSE is usually‘caused by HSV-2 and may be disseminated or localized (81).
Untreated HSE is reported to be associated_with a high mortality rate ( 70%) and severe
morbidity (82). .
\ The patﬁogenesis of HSE is not yet clearly understood. In neonatal HSE, fh"e virus is
most often traﬁsmitted from an infected maternal genital tfaét during ‘delivexyﬁ_OLheI. less-
Erequent routes including transplacental transmiséion also exiét (83). Adult HSE may be caused
by a primary infection or by reactivation of a latent infection (84). Restriction endonuclease
analysis of viral DNA has been used to iﬁvestigate the possible existence of neurovirulent
strains of HSV-1 (85, 86). HSV -1 isolates used in these studi"és ayppeared to be different at the
molecular level and showed no common denominator suggestivev .of‘ neurovirulence (86,.87). In

0

view of the small proportion of the DNA ¢xamined in these studies, results should not be



considered as conclusive evidence for nonexistance of neurovirulent strains of HSV. Potential
routes responsible for viral spread from the site of latency have been investigated (88-92). The
most common site of latency for HSV-1 is believed to be the trigeminal ganglia. Davis and
Johnson have postulated that viral spread occurs from the trigeminal ganglia to the brain
through tentorial nerves, which innervate the fascia near the temporal and frontal looes (88). A
more direct-Toute involving the spread of the virus from' the olfactory bulb has been proposed - '

by other investigators (90-92). The olfactory spread theory has been supported by

5
7

~ demonstrated presence of HSV in the olfactory bulb and degeneration in the olfactory tract in

some HSE patients (90-92). It i$ also possible that brain itself could have been the site of

~latency (90). The detection of HSV-1 genome in hﬁman brain tissue supports this postulate

(93, 94).

In adults, HSE causes localized tissue necrosis of brain usually in the frontal and
temporal regions (95, 96). However, rare patients with infection of narietal lobe, occipital lobe
and bram stem have also been reported (97 99). Pathologlcal changes, evident from hght and )
electron microscopy studles mclude lymphocyte mflltratlon neuronal and glial cell loss and
eosinophilic intracellular mcluswn bodies usually containing viral particles (82, 100, 101) .

Clinical presentations of HSE are non-specific. Whitley et al have reviewed the clinical
symptoms of 110 cases of biopsy-proven HSE (78). Alteration of consciousness, fever,
headache, seizures all were common, but not uniform, among patients with HSE. Such clinical
features could also be observed with nearly equal frequency among the biopsy- negatlve patients
mmally suspected of HSE. From these studies Whitley et a/ have concluded that there is no
unique group of symptoms that distinguishes patients with HSE from those havmg other illness
affecting the CNS. | | -

Non-invasive methods investigated for the diagnosis of HSE.incl'ude
eletttoencephalograpny (EEG) (102‘, 103), X-ray transmission computed tomography (CT)

(104, 105), and radionuclide brain imaging using [”Tcm ]-sodium pertechnetate or chelates

_ (106, 107). Whitley et al assessed the diagnostic value of these tests in a number of
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biopsy - positive and biopsy -negative patients, all initially suspected of having HSE (78). A
comparison of the sensitivities and specificities of the various diagnostic tests evaluated for
HSE (Table‘3) indicated that EEG was the mds'%;‘sé“ﬁ_s"fitive of these tests, but suffered from
unacceptably high false positive results. Radionuglife and CT imaging showed higher
sﬁecif icity, but had unacceptably low sensitivity. Two immunological methods have been
investigated as diagnostic tests for HSE. A rat{o of serum to cerebrospinal fluid (CSF)
concentrations of HSV antibodies lower than 20 has been proposed as indicative of HSE (108).
Another method in_volving detection qf HSV antigens in CSF has also been proposed (109). The
-low sensitivities of these methods particularly early in desease make them unreliable tests for

!

definitive diagnosis of HSE.

A definitive diagnosis of HSE is currently achieved by brain biopsy'and then
identif’ iéation of the virus by in vitro culture techniques (110, 111). The preés{cglcé of the virus in
the biopsy tissue may be demonstrated rhore rapidly by electron microscopy or
immunofluorescence (79, 112). Brain biopsy as a diagnostic test has a sensitivity of 95% (79).
The invasive nature of aihis procedure has been the major objection to its use (113).Ina
consecutive series of 50 brain biopsy studies, Kaufman et al have noted a total morbidity and
mortality rate of 13% (110), whereas Bazra et al éstimated these risks to be in the range of 0.5
to 2% (114). In view of the risks involved in brain piopsy, Caplan has argued in favour of blind

. s i

therapy using ara-A in patients with clinical picture and non-invasive tests suggestive of HSE
(115). This view is likely to gain ivncreasing support with the availability Qf less toxic antiviratl
agénts such as acycloguanosine (ACG) for theu treatment of HSE. Whitley et a/ have pointed
out the spécial benefit of brain biopsy in that, as well as confirming the diagnosis in the HSE
positive cases, it may also provide alternate diagnosis for other treatable diseases in a
significant number df HSb;-negatimVe patients (116). The present controversy associated with fhe
diagnosis of HSE clearly illustrates the urgent need for the development of a specific and

2
sensitive non -_invasive test for HSE.



Table 3. Assessment of Different 'Non-Invasjve' Diagnostic Tests for HSE

-

Diagnostit Test Sensitivity (%) Specificity (%) -
Electroencephalography R 81 : 4]
Radionuclide 0 86

Brain Imaging

-~

Computed Tomography 59 78

Serum to CSF ' 50 81
Antibody Ratio :

HSV Antigen in CSF - 64 . 86
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Ara-A is the only drug currently licensed for the treatment of HSE (82, 116).
Trea-tment with ara-A is estimated to decrease the mortality rate of HSE from 70% to 40%
(116). The level of‘ consciousness at the time of initiation of therapy and the age of the patient
are the major factors influencing the therapeuiic outcome. Prognosis is usually much better in
patients below 30 years of age:at all levels of consciousness. Ara-A therapy is most successful
favouring comi)lete recovery in patients within this age group, provided they were only lethargic
at thel begining of therapy. Older patients, who are comatose at the time of treatment initiation
are unlikely to benefit from ara-A. The toxic effects reported witﬁ use of this drug include
nausea, vomiting, diarrhea, bone marrow supression, tremor and confusion ( 116, 117). Due to
its poor water solubili}y, the intravenous administration of ara- A requires a large fluid load.
This poses a problem in HSE patients with cerebrajl‘ edema. The use of ara-AMP, a prodrug of
aré-A, has been proposed to overcome this problem (118). However,the National Insti;ute of
Allergy and Infectious Diseases (NIAID) collaborative clinical trials indicated thz;t the patients
who recieved ara-AMP did not benefit from therapy (119). It has.been pointed out that this
may be due to unfavourable factors related to the patient such as age and level of consciousnes‘s
at the‘tir'ne of therapy initiation. A selective and specific arug acycloguanosine (ACG) is
currently being investigated‘éé a therapeutic agerit for HSE. A recem‘multicenter study from
Sweden has compared the the;apeutic efficacy of ACG versus ara-oA‘in 53 confirmed cases of
HSE (120). They reported a sigﬁificamly lower mortality rate for ACG treated patients (19%)
as compared t<‘) ara-A treated patients (50%). Six months after the acute illness, 56% of ACG
treated patients returned to normal life as compared to 13% of ara-A treated patients. These
results suggest the superiority of ACG foy the treatment of HSE relative to ara-A. More recent
antiherpes drugs such as (E)-5-(2-bromovinyl)-2'-deoxyuridine (BVdU),
1-(2-deoxy-2-fluoro-B-D-arabinofuranosyl)-5-iodocytosine (FIAC), and
9-[(1,3-dihydroxy-2;pr0poxy)'methyl]guanine (DI—IPG) await clinical evaluation as therapeutic

agents for HSE.
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Three nucleoside analogs that have been uéed as therapeutic agents for herpes simplex
infections during the past two decades are 5-iodo-2'-dcoxyuridine (Idﬁ),
5-trifluoromethyl-2'-deoxyuridine (trifluorothymidine, TFT) and 9- 8-D-arabinofuranosy}
adenine (adenine arabinoside, ara-A). These compounds are of ien referred to as first
generation antiherpes drugs. In recent years several new analogs have beén developed, which
are superior in selectivity and/or potency to the first generation drugs. There are two major
factors that have éontributed to the development of these second generation nucleoside analogs.
First, recent advances in nucleoside chemistry has increased the possibility for molecular
modification of nucleosides ‘rkesulting in synthesis of ﬁumerous chemical analogs of naturally
occurring nucleosides. Seconci. elucidation-of the biochemical steps invdlved in HSV replication

™ has revealed certain virus-sl')ec‘iﬁ: enzyvaies which are potential targets for the design of
antiviral drugs. The éélective antiviral actioﬁ of the nucleoside analogs has been reviewed
-recently. (61, 121, 122 ). The present discussion is focussed on the biochpmical aspects of the
selective antiherpes activity of the second generation nueleoside analogs and their metabolic
degrédation in vivo.

The most imporigrl‘tﬂgelective nucleoside analogs which are active against HSV may be
grduped in‘to three categories : 'J
1. acycioguanosine nucleosides,

2. (E)-5-(2-halovinyl)-2'-deoxyuridines and their analogs, an/d/_ //
3. 1-(Q2 -deéxy -2-fluoro-8-D -ar-abinof uranosyl) pyrimidine a;alogs.

The chemical structures of these compounds are shown in Fig 2. These compounds have all
been reported to be highly potent and selective in their action against HSV. The relative
potencies of these compounds are listed in Table 4. While acycloguanosine nucleosides and
1-(2-deoxy-2-fluoro- B-D-arabinofuranosyl) pyrimidines are equally effective against HSV-1
and HSV-2 replicatio‘n‘, (E)-5-(2-halovinyl)-2'-deoxyuridine analogs exhibit a 100-1000 fold
greater potency against HSV-1 relative to HSV-2. The greatest selectivity indegﬁ (TDso/1Dy,)

| »



17’

Acycloguanosine Nucleosides

R  Compound
H ACG
WNJQN ,
HO 0\_] | CH,0H DHPG
R

(£)-5-(2-Halovinyl)-2'-deoxyuridines and their Analogs

— C/x R X Compound
OH Br BvdU
- OH il IvdU
HO
NH, Br BvdcC
HO
1-(2-Deoxy-2-fluoro-B-D-arabinofuranosyl) pyrimidine Nucleosides
R
N7 | X R X  Compound
o)\ N N Hz | | FIAC
HO O OH i FIAU
h ,

.~ OH CH, FMAU
HO

Fig. 2 Some Second Generation Nucleoside Analogs with Antiherpes Activity.
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Table 4. In Vitro Anti-HSV Activities of Some Second Generation Nucleoside
‘ Analogs
Compound . IDg, * (uM) TDs, * (uM) References
HSV-1 HSV-2 ‘

ACV 0.1 0.1 - 15-300 123-129,129,133
'DHPG 0.2 0.3 150 125-129
BVdU 0.003 1 200 128, 130-133
IVdU 0.012 2 200 128,130
BVdC 0.2 30 200 134
FIAC 0.01 0.01 ' 10 128,131,135
FIAU 0.03 0.06 | 3 136
FMAU 0.01 0.01 1 136

! Concentration required to inhibit virus- replication by 50%

* Concentration required to inhibit host cell growth or metabolism by 50%
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was noted for (£)-5-(2-promovinyl)-2'-deoxyuridine (BVdU) in its inhibitory effects agaihst
HSV;)L 9-(2-Hydroxyethoxymethyl)guanine (acycloguanosine, ACG, acyclovir) has been
evaluated extensively in the clinic. BVdU and -
1-(2-fluoro-2-deoxy-B-D-arabinofuranosyl) - 5-iodocytosine (f luoroiodoarabinosylcytosine,
FIAC) have pg:enféubjected to phase I clinical trials. A large number of placebo-controlled
ddﬁblc-blind clinical studies have demonstrated the clinical efficacy of ACG for the treatment
of a variety of HSV-1 and HSV-2 infections (137). ACG is effective for the topical treatment
of herpes keratitis, and primary genital herpes (138, 139). ACG has been used successfully by
the oral route for the treatment of primary and recurrent genital herpes (140), and
intravenously for the treatment of mucocutam;,ous HSV infections in imunocompromised
patients (141-144) and herpes simplex encephalitis (120). BVdU has been shown to be effective
clinically for the topical treatﬁxent of HSV -1 herpes keratitis {145) ;nd for thc oral treatment
" of HSV -1 mucocutaneous inféctiéns (146). Clinical trials involving FIAC have begn directed
mainly at the systemic treatment of VZV infections in immunocompromised patients (147).
The toxic effects (ﬁausea and myelosupression) reported in this study suggest a narrow safety
margin for FIAC. .
Nucleoside; are subject to a number of metabolic alterations‘win biological systems.
Their preferential transformation by HSV -encoded enzymes provides the basis for their
selective antiviral activity. They are also sybject to several degraElative enzymatic changes in
vivo. Such biotransformations may limit their antiviral activity in vivo. An understanding of the
different viral and host enzymes interacting with antiviral‘ drugs woixld be of great valué in the
design of nucleoside analogs for use as therapeutic or diagnostic agents fqr HSV infections.
Some unique features of deoxythymidine kinase (TK) enzymes encoded by HSV -1 ang
HSV-2 have already been discussed in section Br. These enzymes have a much broader subst;ate
specificity than the human cytosotic TK. The inhibition constants (Ki) for several nucleoside '
analogs for TKs of various origins are compared in Table 5. The nucleosides referred to all have

greater affinity for HSV-1 and HSV-2 encoded TKs than host cytosolic enzymes. Therefore



¥

20

Table 5. Inhibition Constants (Ki) of Some Antivial Nucleosides for Deoxythyrhidiné

Kinases of Various Origins

FMAU

E Compound Mean Ki (uM)
o | . HSV-1 HSV-2
. Cytosolic Mitochondrial '
" BVdU >0 083 0.24 424
IVdU 150, 1.08 0.27 5.1
CFIAG >100 1.09 6.59
FIAU % 100 0.68 154
>100 >100 299 44.37
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& . ‘
these compounds could serve ag pref erential substrates for the viral TKs and are selectively

- phosphorylated to their 5'-monophosphates in HSV-infected cells (127 148- 152) Table 5
suggests that mitochondnal TK have a hlgh affinity for these nucleosides and theref ore may

- phosphorylate them. However, such phosphorylation mediated by mitochondrial TK would be

mmrmal as this enzyme does not play an important role in generating nucleotides for nuclear
DNA synthesrs Therefore, in the uninfected cells phosphorylanon of the above nucleos1des
occurs only to a very limited level. The TK -mediated phosphorylation of nucleosides is very
crucial to their selective inhibitory activity on HSV replication. Mutations"of the viral genomJe
within the TK locus often results in viral strains which are resistant to one ormanucleoside
analogs ( 153- 155) Such mutants may show a reduction or total loss in their abihty to
synthesise TK or express a TK- wrth altered substrate specificity (156 160) HSV mutants which
have completely lost their ability to synthesise TK (TK strains) -ate usually resistant to all
nucleoside analogs shown in Fig. 2. Thevmutant strains with altered substrate specificity show
resistance to some nucleosides while being sensitive to pthers (160).

It is_.the 5'-triphosphate derivative of the nucleosides that exerts the antiviral action
Therefore the nucleoside-5'- monophosphates formed in HSV infected cells must undergo
f urther phosphorylatlon to the 5' drphosphates and subsequently to the 5- tnphosphates before

they inhibit HSV replicanon The TK encoded by HSV-1 has deoxythymldylate kmase actmty

and therefore phosphorylates some but not all nucleos1de-5 monophosphates to the:

B 5 diphosphates (161 162). (E) -5- (2 Halovmyl) -2 -deoxyuridine-5' monophOSphates

(BVdU MP IVdU- MP) have been shown to be.converted to the correspondmg ,

5! -drphosphatesby HSV-1 . oded TK (151,‘161, 163) . HSV-2-encoded TK has little or no
deoxythyrnidylate kinase activity and[therefore cannot phosphorylate BVdU-MP and

IVAU-MP. This may eiplain inpart the 100-1000 fold lower activity of _BVdU and I'vdu

agamst HSV 2as compared to HSV-1. Mutanons of the TK gen%esultmg in loss of

,deoxythym).dylate kmase activity of this multifunctional enzyme gives HSV strams which are

resistant to BVdU (164). ACG-5'-monophosphate (ACG-MP) does not serve as a substrate
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for TK induced by HSV. Instead ACG-MP is phosphorylated by host cell-encoded guanosine
monophosphate (GMP) kinase (165). Conversion of the nucleoside‘diphosphates to the
eoxrespondiog triphosphates is effected by one or more of the.nonspecific host cell kinase
enzymes (166).

The qost important target enzyme\dor the antivirall action of the nucleosides is the
virus-encoded DNA pofymerase. The 5'-triphosphates of the nucleosides may interact with
DNAMpolymerases at two levels. First, .they act as inhibitors of viral DNA polymerase enzymes. E
For example, the triphosphates of ACG, BVdU, FIAC (ACG-TP, BVdU-TP, FI AC;TP)
compet'e with the structurally similar natural substrates dGTPrd’I”I’P and dCTP respectively, j
for the corresponding sites of DNA polymerse enzymes (167-{70). Table "6 comlf)”arles the sz‘ ‘
vahies for ACG-TP, BVdU-’fP and FIAC-TP for HSV-1 and cellular DNA polymerases.
These triphosphate analogsyhave a greater affinity for the HSV-1-encoded DNA polymerases
relative to hurnan DNA polymerases and therefore can act as selective competitive inhibitors of
the f ormer. ACG-TP has been recently reported to be a suicide inhibitor of herpes sxmplex
virus DNA polymerase (171). Imgeneral the inhibitory eff ects of these compounds on HSV-1
and HSV-2 DNA polymerases are nearly equal (172). The selective inhibitory effects of the..
nucleoside-S'-triphospha?es on HSV-encoded DNA polymerases would partly explain their
selective antivifal activity. In addition, vthe nuc}eoside triphosphates can also ‘serve as substrates
for DNA polymerases and thu; be:incorporate;i"“into DNA. ACG-TP, BVdU-TP, IVAU-TP
and FIAC-TP all have been reported to be substrates for DNA polymerases and iocorporated
into DNA (167, 170-174) . ACG-TP and FIAC:TP are bettér substrates for viral than cellular
' .DNA po]ymerases (167, 170). BVdU-TP and IVAU-TP are very good substrates for both viral
and celluLa,r DNA polymeras@ln 174) Since initial phOSphorylatlon of the above
nucleosides is limited to HSV-infected cells, the eventual incorporation into DNA will also be
confined to DNA of such infected cells. BVdU, even in infected cells, when used in low

\
concentralons is incorporated only into viral DNA (175) The mcorporatnon of ACG into DNA

\

causes chain termmatlon since ACG does not have a 3'-OH group for further ehjn elongation
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Table 6. Inhibition Constants (Kt) of Some Antiviral Nucleosnde Tnphosphates\for

DNA Polymerases of Various Origins

Nucleoside . Ki (uM) ’ '
Triphosphate HSV-1 Human (a) Human (B)
ACG-TP . 0.03 ‘ 0.15 11.9
BVdU-TP 025 - 3.6 16.4

!
FIAC-TP ‘ 0.26 2.7 . 7.9
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(176). This results in accumulation of short DNA fragments in the infected cells. ACG-MP
: oy _
incorporated into DNA is not excised by the 3',5' exonuclease activity associated v«kjth
“‘ ‘ . : ‘ - \
HSV-encoded DNA polymerases (169). The incorporation of BVdU into viral DNA\ proceeds
| t

\ ‘ \
via an intetnucleotide linkage. The DNA thus formed has been shown to be more labije, which

ais evident f r:o‘m the dose-d‘ependent increase in single strand breaks (175). Besides, the
l;substitution of dT in DNA by BVdU impairs the template activity of DNA for transgri ion
.(177). FIAC and FMAU rnay be incorporated by the internucleotide linkage or at the 3
. terminals of Ath}e\l\)NA (61). Thus, the abnormal DNA formed by incorporation-of the. anti\'yfral

: nucleoside is one important factor contributing to the inhibitory effect of these drugs on HSV
. »r'eplication." | ‘ |

The,lincorporation of any of the above nucleoside analogs into ‘the host cell DNA would
result in toxi’.cJISide effects such as ‘teratogenesis, carcinogenesis‘, induction of .oncogenic viruses,
and chromosomal damage. ‘S'uch toxic effects have been reported for the first generation
antrvrral drug 1dU (178). Srnce selectlve anttherpes drugs such as ACG and BVdU are not
mcorporated mto host DNA to any srgmfrcant degree, these drugs would be expected to be free
f rom such toxic eff ects Toxicity studies for ACG and BVdU mdrcates they are free f TOm
carcmogemc and teratogemc effects (61 137).1In contrast to 1dU, ACG and BVdU do not
mduce the release of oncorna particles (179) They do not cause chromosomal damage except at
-very htgh concentrattons (137, 180). In view of the higher safety margin observed for the
secon(\ generatron nucleosrde analogs it is. not surprrsmg that new compounds such as ACG are
replacmg the: mOre toxic first generatron drugs in clrmcal use.

Mutattons of the DNA polymerase gene of HSV would result in strams expressmg
altered DNA polymerase enzymes (153 155 181).. Such HSV mutants may be resistant to one
Or more anthral nucleosides. Mutations'in diff’ erent regtons of the DNA polymerase locus

' would result in mductron of resmtance to different nucleosrdes ACG resrstance is located

wrthm map units 40. 2 41.8, whereas BVdU resistance is’ located within map umts 410-42.8

- (153, 181). Since the reglons “of the enzyme conferring resistance to dif’ ferent compounds vary,

"

-
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resistance to one of them need not necessarily mean cross-resistance to other analogs (155).

The nucleoside analogs discussed are also subject to degradative changes in vivo. A
major catabolic pathway for the 5-substitute~d analogs of deoxythyﬁidine involves
phosphorolytic cleavage of the N-glycosidic bond (182). In mammals two enzymes are known
to catalyze this cleavage, namely deoxytﬁymidine phosphorylase and uridine phosphorylase
(182, 183). Thymidine phosphorylase is sr;ecific for 2' -deoxypyrimidines and is the main
enzyme responsible for degradation of deoxythymidine in man (182). Blood platelets, liver and
spleen are véry rich sources of this enzyme (184,185). The 5-substituted deoxythymidine |
analogs are very good substrates for this enzyme (186). Thus, BVAU is rapidly metabolised in
vivo to the correspondiné base (E)-5-(2-bromovinyl)uracil (BVU) and
2-deoxyribose-1-phosphate (187). Unlike BVdU, BVU possesses very slow elimination
characteristics aﬂd could be detected in blood over a period of 24 hours after the administration
of 1-3VdU‘. This rapid in v‘iv'o metabolism of BVdU limits its bioavailability and therefore the
therapeutic efficacy. Two approaches to counteract the phosphorolysis of BVdU have been
investigated in animal models. 6-Aminothyrpine, an inhibitor of deoxythymidine
phosphorylase, has been shown to increase the biological half -life of BVAU significantly (188).
However, this requires the use of large amounts of inhibitor and is unlikely to gain clinical
" acceptance. An alternate approach involves the regeneration 6f BVdU by reversal of
phés:tyorolysis (187, 188),& ‘Thisv may be achieved by the -ad\r.ninistration of a deoxyribosyl donor
such as deoxythymidine or 5-substituted deoxythymidine analogs‘. (5-XdU, X=CH,, F, C}, I).
The general reaction is as follows:

BVU + 5-XdU === BVdU + 5-XU,

where 5-XU is the 5-suliituted uracil. This suggests that other 2'-deoxyuridine analogs may be
used in vivo to poten_tiéte the therapeutic activity of BVdU. |

Tr;c 5'-monophosphates c;f pyrimidine .nucleoside:s may interact with_ deoxythymidylate
syn'theta‘ée (TS). This enzyme is responsible for the conversion of

v v
deoxyuridine-5'-monophosphate to deoxythymidine-S'-monophos[phate (189). BVdU-MP is a
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good substrate for TS (190). The in vitro studies on BVdU-MP have suggested TS-mediated
L3 . .

),
| com)ersion of the inert S-bromovinyl group to a reacti@ve ellylic bromide group. If such a
- chemically reactive form fbf | BVdU-MP is formed in vivo, it 'may interact With a number of
" nucleophiles present in the cells Thus, the possibility of generating an alkylatmg agent derived
f rom BVdU-MP cannot be excluded. The nature of mtracellular metabolites produced by the
act;on of TS on, BVdU-MP and its implication to antiviral action is not yet clearly understood.
The 5"-mon6phosphates of 5-iodo- ahdS-bromopyrimid}ine nueleosides are known to undergo ‘
TS : mediated dehalogenatioﬁs ‘( 191).Such a deiodinatior} has been reported for FIAU-MP
(192). However, TS does not deiodinate FIAC-MP (192).
] Deoxycytidine analogs such as BVdC and FIAC and thei{ 5'-monophosphates are
subject to d‘eamination by deoxycyudne deaminase and deoxycytidine monophosphate
deqmivrylase (193, 194). This results in formation of the corresponding deoxyuridine derivatives.
Although the fneta,bolic products arisi-ng from deamination of the above nucleosides are still
active as antiviral agents, this transformation is considered to be undesirable. Deoxycytidine
analogs offer certain advantages over the deokyuridine compounds since theyfare not
susceéptible to phosphorolytic eleavage and their 5'-monophosphates are not substrates or
inhibiiors of TS. Deamin.ation may ‘be‘blockedA by the :administration of tetrahydrouridine or
2! -deox.ytetrahydmuridine, which are potent inhibitors of the deaminase enzymes (193, 194).
The use of these deaminase inhibitors in conjunction with antivirel drugs such as BVdC and
FIAC is yet: to-be investigated. ) |
'Unli'ke fhe pyrimidine nucleosides discussed above ACG does not undergo extensive
. megabelic degradations in vive (195). The only major metabolite is 9-carboxymethoxymethyl
| gﬁhnifie,’ i»vhich accounts for up to 14% of the administered dose in humans. This
biotransformation is medxated by alcohol dehydrogenase (195). |
The previous dlscussmn descnbmg the blochem;eal aspects of nucleos1des suggest

_ certain general requirements for their selective antiviral activity. To exert a selective and potent

inhibitory effect on HSV, the nucleoside analog should be able to selectively interact with viral
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TK, viral and/or cellular deoxythymidylate kinase, ahd viral DNA polymeraSes, whilé avoiding
enzymes such as cellular TKs, cellular DNA polymerases, nucleoside phosphorylases,

dC(dCMP) deaminases and TS.



'II. MATERIALS AND METHODS '
A. General

Chemicals and solvents

All chemicals were of reagent grade quality.. 2'-Deoxyuridine (dU), N-iodosuccinimide
(NIS), and chloramine-T were pﬁrchased from Sigma Chemical Corﬁpany, St. Louis, Missouri,
USA. ,5-(Hydroxyméthyl)uracil was obtained f rom' Aldrich Chemical _Coml;any, Inc.,
Milwaukee, Wisconsin, USA. N-Bromosuccinimide (NBS) was purchased from Fisher
Scientific Company, Fair Lawn, New Jersey, USA. [*'Br]-Sodium bromide (97.8% enriched
*'Br) was obtained from Qakridge National Laboratories, dakridge, USA. All solvents used for
high - pressure liquid chromatography (HPLC)‘ were of HPLC grade and were purchased from
Fisher Scientific Company. Solvents used for chemical and radiochemical syntheses were dried
by routine methods, fractionally distilled and stored over molecular sieves.

Basal Medium Eagle's ’(BME). Minimum Essential Medium (MEM) and foetal calf
serum were purchased from Flow Labdratorjes, Virginia,; USA' All bottles of serum were heat
iﬁactivated at 56' C for 301 min and maintdined at 4" C until use. Trypsin (1:250) was purchased
frorﬁ Difco Laboratories, Detroit, Michigan, USA. Penicillin was obtained from Ayérst
Laboratories, Montreal, Canada. Streptomycin was obtained from Glaxo Laboratories,
Toronto, Canada. Modified radioimmune precipiiation assay (RIPA) buffer was preﬁared by
making an aqueous solution of 0.15 M sodium chloride, 1% sodium deoxycholate, 1% Triton
X-100, 1% sodium dodecyl sulphate and 0.01 M Tris ﬁCI«- buffer. All tissue culture flasks énd

plates were purchased from Becktoﬁ-Dickson, Oxnard, California, USA.

Radioisotopes ‘ : . _

All radioactive iodide samples (**'1, *2*[ and '*’I) were of radioiodination grade. 1

and '*°] samples were supplied as a 'no-carrier-added' (NCA) solution of sodium iodide by

p 28
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Edmonton Radiopharmacy Centre, Edmonton, Canada. '**] samples obtained from Equnton
.Radiopharmacy Centre were supplied as an NCA solution of sodium iodide containing
ammonium hydroxide by Atomic Energy Commission L.td., Vancouver, Canada.
[**Br]-Bromide samples required for radic;brominations were prepared from [*'Br]-NaBr by the
following method. Amberlite CG-120 (Na*) was converted to Amberlite CG-120 (NH,*) by
treating with excess NH,Cl aqueous solution and washing with deionised water several times. i
[*'Br]-NaBr (10 mg) in deionised water (0.5 mL) was added to a column (1 cm id X 50 cm
length) containing Amberlite CG-120 (NH,*) and eluted with deionised water. The elpant was
evaporated in vacuo and the residue [**Br]-NH,Br was collected ( 5 mg, 52.5% yield). |
[**Br)-NH,Br was prepared from fhe above sample of ["*Br}-NH,Br by the "Br(n,y)"‘Br
nuclear reaction at the University of Alberta SLOWPOKE Reactor Facility at a neutron flux of

1X 10°* ncm*? s**, A typical vield was 2.3 MBq mg"* of' ["Br]-NH.Brr for a 4 h irradiation.

The théoretical yield calculated was 2.6 MBq mg™* (Appendix).

Instrumental analysis

Melfing points (mp) were d_e}ermined on a Buchi capillary apparatus and are
uncorrected. Proton ma’gnctic resonance spectra (*H NMR) wefe recorded on a Bruker
WH-200 (200 MHz) or a Bruker AM-300 (300 MHz) NMR SL;ectrometer using deuterated
dimethy! sulfoxide (DMSO-d.) or deuterated methanol (CH,0H-d,) as solvent and
tet'ramethylsilane as an internal standard. Ultravoilet spectra (UV) were recordgd on a Unicam
SP 800 spectrometer using methanol as the solvent. High resolution mass spectra (hrms) for
exact mass measurément were obtained on an AEI MS-50 mass spectrometer. HPLC
purifications and analysis were performed on a Tracor system (Tracor 950 Chromtographic
Pump, Tracor 970 A Variable Wavelengh Detectorj or Waters system {Model 860 Automated
Gradi;nt Controller, Mode! 510 and M-45 Solvent Pumps, Model U6K Injector and Model 480

LC Ultraviolet Detector). -
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A

Chromatography
Thin layer chromatography (TLC) separations were carried out on Whatman MK 6F
microslides (What;nan Inc., New Jersey, USA) using one of the following solvents:
1. “chloroform : methanol (85:15 by volume)
2. chioroform : methanol (95:5 by volume)
“3. ethyl acetate : acetic acid : methanol (7:1:1 by volume)
4. n-propanol : water : ethyl acetate (1:'2:4 by volume)
Thin layer radiochromatography (TLRC) was perf orrhed on a Berthold LB 2832 Automatic
TLC Linear Analyzer equip'ped with a Berthold LB 281 Proportional Counter and a Caﬂberra
Series 40 Multichannel Anal};zer. Column chromatographic separations, uniess otherwise
épecified, were performed using silica gel 60 (70-230 mesh) using a glass column (2 cm id X 40
cm length). Preparati\:e HPLC separations were carried out using a Whatman Partisil-10
) CCS/C, reverse phase M-9 preparative column (9.4 mm id X 25 cm length) using methanol :
water (40 : 60 by volume_:) as eluant at a flow rate of 2 mL min-*. Analytical HPLC were done
© using reverse phase C,, radial pak cartridge (8 mm id X 12 cm length, 10 u particle size), which
were obtained from Waters Associates, Mississagua; Ontario, Canada. Unless otherwise stated
the mobile phase and flow rates were the same as those used for preparative HPLC. An
ultraviolet absorption (at 298 nm or 296 nm) detection system was used for detection of
non-radioactive eluants. An ultraviolet absorption (at 298 nm or 296 nm‘) dete&tion system and

a y-ray detection system were used in conjunction for the detection of radioactive eluants.

Radioactivity measurements
Radioactivitigs for y-emitting radionuclide samples with high total activvity (37 KBq.or
more) were estimated using a Picker Dose Calibrator. Samples with low total activity '’ were
counted on a Beckman 8000 gamma cdunter by the double photopeak method (program # 9).
/Samples with low total activity of ”:I were counted on a.Beckman 8000 (program # 6) or a

Tracor 2200 (window : 300 to 420 Kev), or a Tracor 2200 gamma counter. Low activity **Br
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samples and all *C-labeled samples were counted on a Beckman LS 9000 liquid scintillation
counter (program # 10 and 3 respectively) using Aquasol I\I\SNcw England Nuclear) as the-

}
’

"fluor.

B. Chemical Synthesis \
4
5-Chloromercuri-2'-deoxyuridine
Mercuric acetate (4.18 g, 1.31 mmol) in water (12 mL) was added to a solution of
2"-deoxyuridine (2.84 g, 1.24 mmol) in water (18 mL). To this an additional quantity of water
(10 mL) was added and the mixture was stirred for 2.5 h at 50" C. This resulted in formation of

a thick white suspension. The reaction mixture wa$ cooled to 40° C and to this, a solution of

¥

sodium chioride (1.8 g 3 mmol) in water (6 mL) wés added. The reaction mixture was cooled
to room temperature and stirred for another 2 h. The fine white precipitate was filtered,
washed in succession with 0.1 N aqueous sodium chloride solution (24 mL), water (16 mL),
ethanol (8 mL) and diethyl ether (12 mL). The air dried precipitate was stored in a vacuum
dessicator over phosphorous pentoxide overnight. The dried product (4.85-g,. 84.2% yield) was
used for subsequent reactions without further purification; mp 210:212° C (dec) [Lit (196)

210.5-211° C (dec)].

(E)-5-(2-Carbethoxyvinyl)-2'-deoxyuridine

S-Chlofomercuri-2'-deoxyuridine (347g. 5 mmol); ethy! acrylate (8.9 mL, 82
mmol) and a 0.1 M methanolic solution of Li,PdCl, (79 mL, 7.9 mmol) were stirred under
nitrogen for 10 h. The mixture was filtered, the precipitate collected, warmed in methgnol (120
mL), and refiltered. The combined filtrate was treated with hydrogen éulf ide gas until
precipitation was complete. The solution was filtered and the solvent was removed in vacuo.
The residue was dissolved in water (10 mL) and.lef t overnight at 0-4° C for crystallization. The

product was collected and dried in vacuo to give the title product (1.25 g, 46% yield); R f0.5
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(solvent 1), mp 186-188" C.

© 'H NMR (DMSO-d,) 8 : 1.23 (3H, t, } =6 Hz, CH, CH,). 2.17 (2H, m, C,"-H,), 3.62 (2H,

m, C,'-H,), 4.15 (2H, q, J =6 Hz, CH, CH,). 180 (1H, m, C,"-H), 4.26 (1H, m, C,'-H),
6.14 ((1H,.dd, } =6 Hz, C,'-H), 6.85 (1H, d, ] =15 Hz, vinylic C,,-H), 7.37 ((1H. d, J =15

Hz, vinylic C,)-H), 8.43 (1H, s, C,-H), 11.6 (1H, s, N,-H),

(E)-&}(2-Carboxyvinyl)-2'-deoxyuridine

A rﬁixture of (E)-5-(2-carbethoxyvinyl)-2'-deoxyuridine (1.5 g,.4.6 mmol‘) and 0.5 N
aqueous potassium hydrqxide (4 mL) were stirred at room temperature for 1 h. The reaction
mixture was neutralized with Dowex 50X 8-200-[H"] ion exchange resin and then the ion
exchange resin was removed by filtration. The filtrate was evaporated to dryness in iacuo. The
residue was crystallized from aqueous ethanol to yield the title compound (1.01 g, 73.7% yield);
Rf0.47 (solvent 3), mp 220-230" C. | '
'H NMR (CH,0H-d,) 3 : 2.15 (2H, m, C,'-H,), 3.68 (2H, m, C,'-H,), 3.75 (1H, m, '
C.'-H), 4.40 I(IH. m, C,’-H), 6.18 (1H, dd, J=6 Hz,-C,'-H), 6.7 (1H, d, J =15 Hz, vinylic

Cu)-H). 6.95 (1H, d, J =15 Hz, vinylic C(,,-H), 8.25 (1H, s, CG-H).

(E)-5-(2-Iodovinyl)-2'-deoxyuridine

(a) N-lodosuccinimide (NIS) method

(E) -5-(2-Carboxyyip_y1)_—2‘ -deoxyuridine (40 mg, 13 umol) was dissolved in dry
dimethyl formamide (DMF) (2.5 mL). To this, potassium acetate (30 mg, 34 xmol) and
N-iodosuccininiiéie (34 mg, 15 ymol) were added ;nd the mixture vL'as stirred at room
temperature for 24 h. The solvent was evaporated in vacuo and the residue was purified by
column chromatography [solvent : chloroform : methénol (85:15 by volume)] to give the
title compound which failed to crystallize } :,mg, 30.4% yield); R £0.42 (solvent 1),
'H NMR (CH,0H-d,) 3 : 2.15 (2H, m, C,'-H,), 3.62 (2H, m, C,'-H,), 3.81 (1H, m,

C,'-H), 4.28 (1H, m, C;'-H), 6.16 (1H, dd, J=6 Hz, C,'-H), 7.15 (14, d, J=15 Hz,
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vinylic C(,,-H), 7.28 (1H, d, J =15 Hz, vinylic C(;,-H), 8.10 (1H, s, C,-H) _
UV (CH,0H) : Amax 252 nm and 298 nm, Amin 275 nm. The *H NMR and UV data

were in agreement to those reported in the litergture (197).

(b) Chloramine-T method

(E)-5-(2-Carboxyvinyl)-2'-deoxyuridine (10 mg, 30 umol) was dissolved in dry
dimethy! formamide (DMF) (1 mL). To this, solutions of potassium acetate (5 mg, 60
umol) in ethanol (100 L), sodium iodide (5 mg, 30 pmol) in ethanol (100 4L ) and
chloramine-T (10 mg, 44 ymol) were added and the mixture was stirred at room
temperature for 1 h. The rt;,action product was purified as described under method (a) to
give the title compound (3 mg, 26.3% yield). The product was shown to be identical to the
product obtained by the NIS mrthod with respect to R fvalue, UV and 'H NMR

characterisitcs. It also co-chrdmatographcd (analytical HPLC : UV detection at 298 nm,

)
(E)-5-(2-Bromovinyl)-2'-deoxyuridine

(a) N-Bromosuccinimide (NBS) method

(E)-5-(2-Carboxyvinyl)-2'-deoxyuridine (75 mg, 25 umol) was dissolved in waterg
(4 mL) by heating with potassium acetate (50 mg, 5 umol). While still hot,
N-bromosuccinimide (45 mg, 25 ymol} was added in small portions to the clear mixture.
The mixture was stirred at room temperature for 2 h at which time the reaction was
corhplete as indicated by\ TLC. The solution was then left overnight.at,0-4° C for
~ crystallization of the p£oduct. The crystals were collected (25 mg) andlthéwrhother liquor
| was evapo;ated to dryness in vacuo. The residue was fractionated by column

chromatography [solvent ; chloroform : methanol (90:10 by volume)] to give an additional

quantity of the title product (10 mg, 42% total yield); R £0.45 (solvent 1), mp 164-165" C.



1H NMR (CH,OH di) : 2. 28 (2H fn C.'-H ) 3.78 (2H m, Cs“Hz) 3. 93 (1H, m,
.C.QH) 440(1H m, C,' H) 625(1H dd, J=6Hz, C,'-H), 680(1H d.J= 15Hz
vinylic C“,-H), 7.38 (1H, d, J=15 Hz, vinylic C(,,-H),'-8.14' (14, s, C,-H).
.UV (CH,0H) :Xmax 252 nm and 296 nm, Amin 271 nm. The UV and 'H NMR data
tvere_ in agreement with those reported lntth.e literature (197). ' | -
} (b) Chioramine- T method
(E)- 5 -(2- Carboxyvrnyl) -2'- deoxyundme (10 mg 34 umol) was dissolved in dry
dimethyl formamrde (DMF) (I'mL). To this a solutron of potassium acetate (5 mg, .60
;Lmol) in ethanol (100 al), sodlum bromlde (3.5 mg, 34 umol‘ in ethanol (300 xL) and
chloramine-T (10 mg, 44 umol) were added and the mrxture stirred at Toom temperature
for 15 min. The reaction product was purxf ied by preparatlve HPLC (uv detection at 296 |
nm, retentrorr trme 18.6 mm) to give the trtle compound (2 mg, 18% yield). This product
‘ was 1dent1cal to the product obtamed by NBS method wrth respect to R fvalue, UV and 1H

K NMR characte_ristics and co-chromatography (preparatr_ve HPLC).

¥ s

.'(E)~5-(2-Carboxyvrnyl)-2 '-deoxyundme~3 5 '-dlacetate
o (E.) -5- (2 Carboxyvmyl) 2 deoxyurrdme (100 mg, 336 umol) m pyridine (1 mL) was
strrred with acetrc anhydnde (1 mL) at room temperature overmght The solvent was
evaporated in vacuo. The residue was crystalllzed from ethanol (95%) to give the trtle product

(N1 mg 55. 4% yreld) Rf0.72 (splvent 3) mp 190- 195 C (dec). .

1HNMR(CHOH d4)3 215(6H s, C; and C' OCOCH3,245(2H m, C, H) 435

N

¢r

; (2H m, Cy' -H,), 445(1H m, C,' H) 5.30 (1H, m, C,' H) 625(1Hyddl =6Hz, Cl H)

7.20(1H, d, J =15 Hz, v1ny11c Cayy-] H), 7.40 (1H,d, J=15Hz, vmyhc Cm -H), 7.80 (1H S,
CoH). . : : [
Exact mass calculated for CysHuN;0, (M - CO,] ) 338 1125% measured (hrms) 338 1121

: (mtensrty 041%) - PR

¥
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»
(E) 5-(2-Iodovmyl)-2'-deoxyundme-3 5'-diacetate .
. Potassitim acetate (5 mg, 60 umol) and N-iodosuccinimide (6 mg, 27 ymol) were
~added to a soluuon of (E) -5-(2- carboxyvmyl) -2'-deoxyuridine-3',5"-diacetate (10 mg, 028
.' umol) in DMF (7 mL): The reactlort was allowed to proceed at 25" C thh‘stlmng for 20 h at
which time TLC indicated the reaction was complete. The s_olvent was removed in vacuo and the

residue was pu;gfied Sy column'ch'romtoggdphy [solvent ; chloroform : acetone (90:10 by

volume)] to give the title product as a syrup (5 mg, 41% yield); Rf0.79 (solvent 2).

'H NMR (CH,0H-d,) & : 2.15 (6H, s, C,'- and C,'-0-CO-CH,, 2.45 (2H, m, C.'-H,), 435
(2H, m, C'-H,), 4.45 (1H, m, C,'-H) 5.30 (1H,'m, C,'-H), 6.25 (1H, dd, ] =6 Hz, C,"-H),

7.20 (1H, d, 1=15 Hz, vinylic C(;,-H), 7.40 (1H, d, ] =15 Hz, vinylic C;,-H), 7.80 (1H;s,
Cs'H).\ ‘ . , ‘ - 14 |
Exact mass calculated for C, ;H,7N,O7I (M*) : 464.00394 ; tneasur_ed (hrms) : 464.0081

(intensity =2.27%). | o - : o

S5-Formyl urecil
Silver nitrate (15 mg) and potassidm persulf ate (2.0 g) were added to a suspension of
5-(hydrox‘ymethyl’)uracil (500 mg, 3.5 mmol) in water (30 mL). The reaction mixture was
stirred at 30 C for 10 mm Upon. cooling the title product crystallized (400 mg, 80% yield); RS
0. .67 (solvent 4), mp 295 300" C [Lit (198) 300 303° C]
5 ‘ § : » .
(E) 5-(2—Carboxyvmy])m'acll |

Malonic acid (15 mg, 144 umol) and piperidine (1 drop) were added toa suspensmn of

“
5-formyl uracil (20 mg, 143 umol) in dry pyrxdme ( 1 mL) The mlxture was heated in-an oil

bath at 65° C for 4 h. The solvent was removed and the residue was crystalhzed from aqueous
ethanol (50%) to )'give the title product (6 mg, 23% yield); R f0.46 (soivent 4), mp 281-283° C
(dec). .
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(E)-S-(Z-fodovinyl)uracil o
Poressium acetate (20 mg, 232 pmol) in ethanol (100 xL), sodium iodide (22 mg, 147

umol) in ethanol (100 uL) and chloraggnine-’f (33 rrlg, 147 umol) were added to a solutiorr of
(E) -5-(2-carboxyviny1)rr;acil (20 mg‘,'llo pmol) in dry DMF (2 mL). The reaetio\g_ mixture
.was stirred at room temperarure for 40 min. The solvent was evaporated in vacuo. The residue
was purif ied by preparativeu:f-IPLC to give"chromatqgraphically pure title product which did not
crysrallize (3 mg, 10% yield) ." Rf0.34 (solverlt 4).

'H NMR (CH,0H-d,) : 7.12 (1H, d, J =15 Hz, vinylic C;,-H), 7.22 (1H, d, J=15 Hz,
-vinylic C,,-H), 7.56 (1H, s, C,-H). The 'H NMR data were in agreement with those

previously reported (197). ™
C. Radiochemical Synthesis

[, **1, *2*I}(E)-5-(2-Iodovinyl)-2 '-deoxyuridine

o (a) Chloramine-T method
(i) Higir specific activity synthesis : A solurion of sodium iodide (50 ng, 0.33 '
umol) in‘ethanel (100 L) and potassium-acetate (500 pg) in ethanol (50 pL) were added
toalmL reactlon vial and the solvent was removﬁi under a stream of nitrogen. [**',
12511-Todide (118 4 MBq) in ethanol (500 uL) was then added and the volume was then '
reduced to aﬁout 20 nL (E)-5- (2 Carboxyvmyl) -2' deoxyundme (1 mg, 3.3 umol) in dry “
DMF (100 “L) was added to the reactlon vral and the reaction mrxture was then stirred for
5 mm usmg a magnetic strrrer The reaction was mltrated by addition of chlorarmne T (200
,,,zgag) in dry,DMF 0 uL) “nd strrrmg was continued at room- temperature forlh. The
‘éw solvent was remdved under a stream of nitrogen and the Tesidue punf ied by preparative

-

HPLC. The radroactlve fraction that corresponded to an authentic sample thh a retention -

a5

time of 20 minutes afforded IVdU (88 ug, 69% che,md? 1 yield, 80 MBq, 67.2%
© o L1

radiochemical yield, specific activity 344 G@rmol“).
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131 -1VdU was synthesised by the prdcédure described above except that the
reaction time was reduced to 30 min. The cheinical yield was 57.0% and the radiochemical
yield after purification was 40.7%.
(ii) "No-carrier added” synthesis : ['**I]-IVdU was synthesised as described above
[ .
in (i) without the addition of cold sodium iodide using Na!3!I (37 MBq) which has not
been isotopically diluted. The féaction was terminated after 30 min: The product was

purified by HPLC to give [**'I]-1VdU (24 MBq, 65% yield).

,’ . %,xchiinge method

A solution Gf 1vdu (70 ug, 0.18 umol, I -Iodide (3.7 MBq) and CUprous
chloride .(2 ug, 20 nmol) in dry DMF (20 pL) were heated at 70-80° C in a :eaction vial.
The incorporation of radioactivity into IVdU was monitored by TLRC The maximum
mcorporation of radioactivny into I'VdU was achieved after 20 h at which time the solvent

\was remov&i«l‘he resxdue was purified by preparative HPLC to yxeld [“’il - \{dU (38 ug,

4.3% chemical recovery; 1.67 MBq, 45.1% radiog:hemical yield; spec1f ic FerRvity 16.7 GBq

rh ol").

[“‘I]-(E%)-5-(2-Iodovinyl)-2'-deoxyuridine-3' 5'-diacetate
A’
&”II] IVdU- 3 ,5'-diacetate was synthesized by the chloramine-T method as dezgnbed

for the lligh specific activity synthesis by reaction of

(E)-5-(2-carboxyvinyl) -'2'-deoxyuridine-3',5'-diace’tate (500 ng, 1.4 umol) with [**'I]-sodium

~ iodide ( 'ug, 33 nmol, 14.8 MBq) and chloramine-T (100 ugb in the presence of potassium

acetate 250 ug) in DMF (50 uL) for 1 h. The product obtained after purification by column !‘

chromatography using a small glass column (0.5 cm id X 10 c¢m length) [solvent ; chloroforn\i :

acetone (90:10 by.volum,e,)] co-chromatographed with an authentic sample of
(E)-5-( 2-iodovinyl)-2' -deoxyuridine-3',5'-diacetate on TLRC (7.4 MBq, 50% radiochemical .

yield, specific activity 54.5 GBq mmol™).




["Br]-(E)-S-(Z-Bromovinyl)-2’-dedw;ldiné (BVdU)

-

(a) Chloramine-T method

4

A solution of (E)-5-(2-carboxyvinyl)-2'-deoxyuridine (‘2 mg, 6.1 umol)
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potassium acetate (1 mg), [”Br] ammoniurh bromnde ( 300 ug, 3.1 umol, 0.72 MBq) and

chloramine-T (2 mg) in dry DMF (200 L) and ethanol (20 uL)(were stirred at T00m |

temperature using a magnetic stxrrer The reaction was complete witRin 10.min as indicated

'be TLRC. The solvent was evaporated under a slow strearn” of mi}ogelz Th?xesxdue was
purified by preparative HPLC as described prewously. The radloacnve fraction
correspondmg toan authentlc sample w1th a retention time of 18 6 min afforded BVdU
(727 ug, 72% chemical yield, 0.5 MBq, 69. 8% radlochemlcal yield; spemf ic activity 227

I
MBq mmol-').

(b) Direct neugton activation -3

A sample of BVdU (1 mg) (containing natural abundance bromine) was irradiated

ina double plasuc vxal at a neutron flux of 10*? n cm™? § ! for 4 h. The sample was allowed

to stand for 24 ll (to allow the decay of *°Br, **Br™ and *?Bf™M ) prior to punflcatlon by

preparative HPLC as described prevxously The radloactlve fraction havmg a retention time

of 18.6 min showed identical TLRC HPLC and uv spectral charactenstlcs to that of an
authentic sample of BVdU. The specific activity of the product calculated to the end of
irradiation was 32 MBq mmol!. Radiolytic decomposition was estimated to be less‘than

3%. The radioactivity associated with BVAdU was 30% of the overall activity f)roduced.
D. QuantitativevUptake Studies of Radiolabeled Nucleosides in HSV-l-Inl’ected Cells In Vitro

Cells
Two 2-5 day old rabbits were sacrificed by cervical dislocation. The kidneys were

removed, washed with phosphate buffered saline (PBS) and cut into small pieces. The pieces
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were incubated at 37° C in PBS (20 mL) containing Trypsin 1:250 (0.25%). The supernatants
were collecfed from three 20 min sequential incubations and added to Basai Medium Eagle's
(BME) or Minimum Esentiall Medium (MEM) containing foetal calf serum. After a cell count
the tissue culture flasks were seeded at a concentration of 5 'X 10¢ cells per 25 cm? flask. Celis
were maintained in 10 mL of BME or MEM supplemented with 10% foetal calf serum,
penlclllm -G (100 IU mL"), and streptomycm sulphate (100 pg mL'), 2 mM glutamme and
sodium bicarbonate (2 g L-'). When monolayers became confluent, cells were split twice at a

ratio of 1:3.

Viruses

HSV 1 (strain J LJ ) 1solated from a patient with HSV encephalms was used as the
HSV- 1 (TK*) inf ectmg agent. HSV-1 (strain 2006 which is TK deficient) was used as the
HSV 1 (TK ) infecting agent. All viral titrations were performed by Drs. D. R. Tovell or M. J.

Gill (Faculty of Medicine, University of Alberta, Edmonton Canada).

Radiolabeled nucleosides

[*#1]-1VdU samples (specific activity 43 3 GBq mmol-!, 370 GBq mmol-! and 80 GBq
mmol-!) were prepared as described in section C.
[5-‘“I]-1-(2-deoxy-2-flubro- B-D-ribof uranosyl) -5-iodouracil (specific activity 20.4 GBq
mmol-!) aud [2:*C]-1-(2-deoxy-2-fluoro- B-D-ribofuranosyl) - 5- fluorouracil (specific
activity 1.86 GBq mmol-') were synthesised by Mr. T. I\;/aShiua (Faculty of Pharmacy;
University of Alberta, Edmonton, Canada). |
[2-“C]-1-(2-deoxy-2-ﬂuoro-B-D-ribof uranosyl)-5-chlorouracil (specific activity 1.86 GBq
uirudl") Was synthesised by Dr. J.R. Mercer (Faculty of Pharmacy, University of Alberta,
Edmonton, Canada). '[5 -117-1- ( 2 deoxy-2- ﬁuoro B -D-arabinofuranosyl) -5-iodouracil
| (specific activity 111 GBq r'nmol“} was synthesised by Dr. H. K. Misra (Faculty of Pharmacy,

‘University of Alberta, Edmonton, Canada).
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Quantitatién of cellular uptake of radiolabeled nucleosides by primary rabbit kidney (PRK) cells
The rabbit kidney cells were grown to co‘nfluency in Falcon 25 cm? flasks or 60 mm
P_etri dishes. The medium was removed and the cell mopolayer was infected with a known
infecting dose (plaque forrhing units per mi, PFU/mL) eitkgr HSV-1 (TK"), ‘I'-ISV-.l’ (TK-) or
mock infection in 0.2 mL of medium. Unless otherwise stated, HSV-1 (TK*) infections were
performed in triﬁlicate’ and HSV-l (TK) and mock infections were perform‘ed in duplnicate.
IAfter the infection, the flasks were incubated at 37° C for 1 h, at which time 2 mL of medium
was added to each flask. After 7 h of post-infection incubation a known quantity of the
‘ radiolabeled nucleoside was added to each flask. Unless otherwise stated the flasks were
“incubated for a f urther 4 h, The early cytopathi;_ effect was confirmed micfoscopically before
determining the-radioac}ti_vity in.the cells. The supernatant was decabnted,' am the ‘cells wére
" washed twice with l mL PBS. The superhatant along with the washings were counted for

radioactivity. Modified RIPA buffer (1 mL) t\i'as added'to dissolve the ce}lm( 199). The flask
was left.for 5 min and the ;luld was removed. The ﬂask was further washed twice with 1 mL of
. modifi 1e(HVRIPA (buf fer. The solubilized cells and the washings were counted for radioactivity in
‘a gamma counter or a liquid §cinti11ation counter.

E. Tissue Distribution of [**'I}IVdU in a Herpes Simplex Encephalitis Animal Model

" . Anim.alAmodel

A ; -The herpes encephali‘tis.animal model was developed by Drs. M. J. Gill,:D. R. Tovell |
and D. L. Tyrrell (Faculty of Medicine, University of Alberta, Edmonton, Canada). Rabbiis
(Dutch) were infected with intﬂerebfal injection of 10¢ PFU of HSV-1 (JLJ). After 4 days
the infected rabbits showing s~ mptoms of HSE inéluding convglsions were used for the'tissue
distributiqn studies or diagnostic imaging using [*?*I or **I]-IVdU. Brain samples of

HSV-1-infected rabbits were ov.aine and the radioactivity was compared with the virus titer.
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Quantitative tissue distribution of [***I}-IVdU

Rabbits (infected and uninfected controls) wer%given‘a bolus i.v injection of 0.74 MBq
of ['2*I]-I1VdU. The animals .were sacrificed at 1 or 6 h afte; the injection . Blood samples were
collected by cardiac puncture just before sacrificing tﬁe animals, Organ sémples (brain, liver,
kidney, spleen, lung and muscle) were collected, weighed and‘the radioactivity quantitated by

gamma counting,

/

/

F. Pharmacokinetics and Metabolism of [**!I]-IVdU in Dogs

Quantitative radio high-préééu}; liqﬁid chrp’matography (r-HPLC)
The radioac,:'tive componen(ts of the pl‘asma’ were separated, identified and quantitated

by the following method. The plasma samples weré mixed with an equivalent volume of
“methanol and chilled in ice (0-4" C) for 5 min. The supernatant was subsequently evaporated at
room temperature under a stream of nitrogen and the residpe dissolvcd in aqueous methaﬁol
(30% by volume). Two reference compounds [(E)-5- (2-iodoviny1) -2'-deoxyuridine and

(E ):5-(2-iodovinyl)uracil] were added and the methanolic solution was filtered through a
‘Millexe-HYV, filter (ngcv; ‘Sgicmif‘ic, LTD., 3688, Nashua Drive, Mississauaga, Oﬁt. L4V
1M3, Canada) and"mjected onto the r-HPLC system (Waters Scientific, LTD., column:
Waters radial pak C;;, 1.8 mm cartridg‘e). The ﬁobile phase' was eiiher A:a mixtﬁre of
aqueous 0.01 M KH,PO, (polar eluent) and methanol (noﬁ-polar eluent) B: a mixture of
paired ion chromatography (PIC) solution [(aqueous 0.01 M KH,PO, containing 1 vial of low
UV PIC A reagente (Waters Scientific, LTD.) in a 2L volume] and methanol (9:1 by volume).
The plasma components were eluted by gradiént elution with mobile phase A, increasing from
30% to 70% of fhe non-polar eluant over 15 min (Waters curve profilé 7), followed by an
additional elution for 5 min at 70,%‘ non-polar elqant. The identitigs of the radioactive

4

components were confirmed by co-elution with authentic reference compounds, as ev?i‘denced by
H"y -ray detector) and UV absorbance (at

the simultaneous detection of radioactivity (by Nal-T]
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298 nm). The fractions corresponding to the radioactive peaks were quantitated by gamma
counting ('I"racor Gamma 2200). A typical radiochromatogram (Fig.14) showed four
radioactive peaks: A, B, C, and D. Peaks C and D were identified as
[**1]-(E)-5-(2-iodovinyl)uracil (IVU) and [111]-1VdU respectively. The identification of .
- peak A was achieved by paired ion chromatography. The radioaqtive fraction A, on
rechromatogfaphy with mobile phase B, co-eluted with the reference sample of inorganic iodide

(UV absorption at 214 nm) with a retention time of 6.5 min.

Metabolism of [1"1]-IYdU in blood in vitro.

Heparinised blbod (5 mL) obtained from a dog was incubated at 37" C with *1-1VdU
(1.85 MBq in 100 uL of saline; spécif ic activity: 2035 GBq mmol"). B}ood samples (250 L
each) were periodically withdrawn into precooled Eppendorfe tubes, cooled for 30 sec and
centrifuged at é0,000 1pm for 2 min. The supernatant was removed and analysed by

quantitétiyg 1-HPLC as described above.

Metabolism of [**!I}IVdU in blood in vivo.

A The in vivo metabolism was studied using both low (1665 MBq mmol-!) and high
specific activity (37 TBq mmol™) samples of [**'T]-IVdU. Dogs were anaesthetised by i.v
administration of sodium pentbbarbit'al (25 mg/kg body wt ) and the femoral vein was
canulated for blood sampling. [”‘I]-IVdI;I ( 2.5 MBqg/kg body wt) in saline was injected via
 the radial vein and the blood samples were periodically (30 sec, 1, 2, 3,5, 7, 9, 11, 15, 20, 30,
45 min, 1, 2, 3.5, 4, 6, 8, and 24.h) collected through the femoral canula!into‘ p‘fecoﬁled tubes
and the plasma was separated from cells by centrifuéaiion as described prgvipusly. An aliquot
of the plasma sample was counted to estimate total radioactivity. Another portion (1 mL) was
processed immediatelvy and analysed by r-HPLC as described above. Alternatively some samples
(1 mL) at selected time points (3, 11, 30 min and 3.5 h) were dial{sed in PBS and the

radioactivity remaining in the dialysis bag was estimated by gamma counting.
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Urine samples were collected at 2 , 4.5 and 8 h after the injection of [***I]-1VdU, using
a catheter. The urinar! bladder was rinsed with saline to ensure efficient removal of urinary
metabolites. Aliquofs of each urine and wasl{ samples were counted for radioactivity. Other
aliquots of the urine sample were filtered through a Millexe-HV, filter ?nd analysed by
quantitative r-HPLC.

1

G. Diagnostic Imaging

JPlanar imaging
Rabbits (2 infected and 2 uninfected) were anaesthetised by i.v injection of sodium
pentobarbital injection (25 mg/Kg body wt). [**'I1]-1VdU ( 37 MBq) was administered as an

intravenous bolus injection. Diagnostic imaging in the planar mode (static images) was

—performed at 30 min, 45min, 1.h, and 6 h aftér injection of [**'1]-IVdU using a Searle gamma

l
camera (Pho/Gamma II1) interfaced with an ADAC (CAM II1) computer. For each static

image 200,000 counts were collected.

SPECT o .
Rabbits (1 infected and 2 uninfected) were anaesthetised as described above. Right
common carotid artery was exposed by dissection. [*2*1]-1VdU ( 37 MBq) in saline (0.2 mL)
was administered carefully as an intracarotid bolus injection. Intracarotid injection was carried
out by Dr. D. L. Tyrrell (Faculty of Medicine, University of Alberta, Edmonton, Canada).
Diagnostic brain imaging in the tomographic mode was started 20 minutes after the injection
using a GE-400 AT ga‘mma camera interfaced with a DEC-11/70 computer (Department of
Nuclear Medicine, Cross Cancer Institute, University of Alberta, Edmonton, Canada). The
radioactive counts were acquired at different angular orienfations in 64 frames, with each frame

collecting 50,000 éounts. The time required for the aquisition of the data was about 30 min.



HI. RESULTS AND DISCUSSION

A. The Problem and the Approach ‘ " ¥

The objective of this study was to develop a radionuclide brain imaging agent for the
iagnosis of HSE. The metabolic transformations of the antiviral nucleosides in HSV-infected
cells discussed in chapter 1 offer a new approach to the development of specific biochemical
probes for the non-invasive diagnosis of HSE. The nuéleoside phosphates selectively formed in -
-infected cells would be g!i&iected to have a very low permeability across the plasma "
membrank. Therefore, these nucléosides may be metabolically trapped in HSV-infected cells.
Since such metabolic #ransformations are limited to the infected cells, the uninfected cells will
be free of any\selective accumulation of these nucleoside analogs (Fig. 3). Therefore an -
anti-HSV nuclegside analog labeled with a suitable gamma emitting isotope may ’be used as a
specific probe tzx n-invasively differentiate a norfrlal from HSV-infected brain with the aid of
brain imaging techni Jues. While this study was in progress, Siato et al have reﬁorted the
successful application gf the selective metabolic trapping of radiolabeled nucleosides for
quantitative autoradiographic mapping of HSE in a rat model (200-202), supporting the in vivo
feasibility of such an approach.

Several antiviral nuclgosides qualify as pdtential candidates for the development of
radiopharmaceuticals for the diagnosis of HSE. We have chosen
(E )-5-(2;‘iodovinyl)-2'-deexyun ine (1VdU) and (E)-5-(2-bromovinyl)-2'-deoxyuridine
(BVdﬁ) in our investfgations for the following reasons. IVdU and BVdU are among the most
sqlcctiy'é and potent compounds effective against HSV-1, which is the most common causative
agent 05" adult HSE. Since IVdU and BV4U already contain halogens, labeling these molecules
~ with radiohalogens does not alter their chetical or biological properties. IVdU labeled with '*'1
may be used for two-dimensional (planar) conventional brain imaging u&ng equipment
currently available to many general hospitals. Alternatively, the incorporation of '] into IYdU

" would permit its use in tomographic brain imaging using a SPECT system. BVdU offers the
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Fig. 3 Selective Metabolic Trapping of (E)-5-(2-Halovinyl)-2'-deoxyuridines in Herpes

Simplex Virus-Infected Cells.
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possibility of introduction of "*Br, a positron emitting radionuclide, and therefore the

development of a diagnostic test for HSE, using PET.

B. Chemical Synthesis
The major objectives of the non-radioactive syigfgheses were twofold :
1. To prepare authentic samples of nucleoside analogs as reference compounds for
radiochemical syntheses and metabolic studies.

2. To explore alternate synthetic routes suitable for radiochemical syntheses and to show that
the products thus f ormed are identical to those obtained from previously reported
methods. ~

The syntheses of (£ )-15-(2~halovinyl)-2'-deoxyuridines (Fig. 4) have been teported
(197). The general synthetic ‘route employed for the syntheses of iodo and bromo derivatives is
shown in Fig. 5. S-Chloromercuri_-Z'-deoxyuridine (2) was synthesised from commercially
available 2'-deoxyuridine in 84.2% yield by the reaction of 2' -deoxuuridine with mercuric
acetate f ollowed by sodium chloride (196) ‘Introduction of the 5-alkeny1 group onto
2'-deoxyuridine was achleved by coupling ethyl acrylate with an organopalladlum intermediate
generated in sitw from 5 chloromercuri-2' deoxyundme (2) (2Q3) The use of organometallic

4 . “lz..

intermediates for the syntheses of nucleoside analogs has been r%AWed by Bergstrom (204) i'f‘

reactxon for the arylation of olefins (Fig. 6) (203*-206) 5 Chloronf&tcurx 2 »deoxyundl ie.
reacted with dilithium pallladium tetrachlorlde to f otm a bond bet‘nvueen Cs oj‘ ,e pynmldme

ring and Pd (2a). This is followed by formation of a, ;e complex between ethyl acxylate and qu
f |

Ty
Iormanon of a a, complex Zd ThlS w

,.

,@l, Kl
to afford an intermediate 2b. The insertion of the w-§onj olef in mto the Cs -Pd bond would
o

then give 2¢ which on cis elimination of Pd-H leads.
Sw il
complex then undergoes dissociation to give Pd(O) ahd tr e-nucleoSLde 3. Compound 3 was

+

S

readily hydrolysed to the corresponding carboxyhc

. 2
é{:t)yby 0.5 N aqueous potassmm
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. Fig. 5 General Synthetic Route for the Synthesis of IVdU and BVdU. )
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hydroxide (73. % yreld) (197). Themoxyhc acid 4 was the key intermediate in several

“’50

subsequent chemical and radroegemrcal synth.eses The final step involved the reaction of 4 thh

. N-iodo- or N-bromosuccrmmrde (NIS or N?BS) to give (E )-5-(2-1odovmyl)-2 -deoxyuridine

(IVAU, 5, 30.4% yield) or (E)-5-(2- bromovinyl)-2'-deoxyuridine (BVAU, 6, 42% yield) . The

kNBS reaction was performed m aqueous medium, whereas the NIS reaction required dry DMF

due ro the instability of NIS in water. The halogenation reactions were stereospecific since little ’

orno Z isnmer w\as produced. The identities of products were established by R fvalues (TLC

: and HPLC), UV and 'H NMR spectrai data. THe;e data were in agreement with rhnse reported Ty

in the' literature (197). The vicinal coupling constant (J) of 15 Hz for the vinylic protons

confirmed rhat_ compounds S and 6 were E isomers. The Z isomer of BVdU has been reported -

. to have a J value of 8 fiz for the vinyhc protpns (&207). The‘NIS andYNBS reactions are not

suitable f or radiohélo”gena,tions employing short-lived isotopes such as 123 | "*Br and ”Er, since

the\se Tequire the radiochemrcarl synthesis of radiohalogenated NIS and 'i~IIS as the first step.

The\ref‘ore-, alternare methods using chloramine-T, amenable to 5 radiochemical sy_nthesis were

: developed (Fig. 7) 1VdU and BVdU obtained in these reactions were 1denmca1 to the\ “

correspondmg ‘products f ormied by the NIS or NBS reacnon wrth respect to R f value, UV and

'H NMR spectral characteristics and HPLC retentron ume The chemrcal y1elds obtamegl by the

chlqramrne-T method (26.3%-fér 1VdU, 18% for BVdU) were lewer than those obtained By the y
NISandNBSmethods | ‘, . @’% g T . o

‘ ; (E )- 5 - Iodovmyl) -2 deoxyurrdrne -3 ,5 ‘ dracetate was Tequired as a‘ref eré’nce

_compound for the radiochemical synthesns of ’ |

[*31]-(E)-5-(2-iodovinyl)-2' deoxyundme 3'.5' drace:;te The synthetrc Toute employed is

shown in Fig. 8. Acetylanon of (E)-5-(2- carboxyvmyl) -2"'-deoxyuridine (4) usmg acetic

anhydrrde r/n pyrrdme gave the correspondmg diacetyl compound 7 55 4% yreld) which on ;.

iodination by the NIS method gave (E )-5- (2 rodovmyl) -2'-deoxyuridine-3',5' -diacetate (8)

(41% yreld) The 'H NMR conf 1rmed the presence of ‘the two acetyl groups in this molecule.

The vicinal couplmg constants (J ) of 15 Hz for the vinylic protons conf 1rmed that itis an E
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Fig. 7 Synthesis of IVdU and BVdU Using the Chldramine-T Method.
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isomer. The high resolution mass spectra showed a moleéular ion (M*) at 464.0081 which
.  }

co. \ ¢} :
corresponded to the molecular formula C,H,;,N,0,1 (calcu\ated mass . 464.00394)

(E)-5-(2-Iodovinyl)uracil was required as one of th\e reference compounds for

\

\‘\
metabolic studies of [***I]-1VdU. It was synthesised by a 3 step procedure from commercially

available 5-(hydroxymethyl)uracil (Fig. 9). Oxidation of 5-(hydroxymethyl)vuracil (9) with
potassium persulfate and silver nitrate at 30° C gave S-formylurvacil (10) (80% yield), which on
: condensatibn with malonic acid in the presence of piperidine gave .
(E)-5-(2-carboxyvinyl)uradl (11) (23% yield). (E)-5-(2-Iodovir;yl)uraci1 (li) was.obtained |

by iodination of compound 11 using chloramine-T and sodium iodide (10% yield)

C. Radiochemical Syntheses

The major dbjective of the'radiochemical syn;heses waé to develop radié’chemicgl routés
suitable for the high specific activity syntheses of radioh;a.ldgenatéd 1VdU and BVdU labeled
with short-lived isotopes such as !?°I, ""Br and "*Br. Specific activity is an imporfant factor to
be considered in the design of a radiophafmaceutical aimed at a relatively small number 0f
molecular targets (208). A low specific activity sample may quickly saturate thé small number
of molecular sites and any seiective uptake may be left unnoticeﬁ due to the srﬁall ratio of
radiolabeled to unlabeled molecules in the target. The specific’ éctivity of radiolabeled I1VdU or
BVdU‘ used in this study is lil;ely to be a" cfitical factor, since the ratio 6f the HSV-infected cells
to uninfected cells in an.infected region of the brain of an HSE patient is likely to be very
small. ’ -
The technidues for radioiodination and radiobrdminatioh of small molecules have been
reviewed (209-211). Radioiodination reactions :rery often require in situ generation of an
electrophilic species of iodine. Mild oxidising agents such as chloramine-T (212, 213), Viodogen

(214-216), and lactoperoxidase (213, 217, 218) are commonly used to om radioactive -

iodide. The electrophilic speéieé is believed to be I*. A simpler method for radioiodination. of

small molecules is the ha_log;r‘x'-'halogen exchange of a radioactive iodine isotope fora
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Fig. 9 Synthesis of (E)-5-(2-iodovinyl)uracil.
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non-radioactive iodine atom (219, 220). This can often be achieved by simply heating the
compound with radioactiv.dide in a suitable solvent. Copper (i) salts have been reported to
“catalyze this isotope exchange (221, 222). T'he major limitation of this method is that it is not
useful for the preparation of 'high specific activity' or 'no-carrier-added’ ('NCA') syntheses.
Electrophilic radiobromination reactions involve generation of an electrophilic species 011P
bromine from bromide using a mild oxidising agent. Chloramine-T and N -chlorosuccinimide
have been used for tpe in situ generation of an electrophilic species of bfomine (g,robaﬁly BrCl)
from bromide. (223-225). ’

The synthétié: routes developed for the preparation of radiohalogenated 1VdU and

BVAU are shown in Fig. 10. These include

1. _ radioiodination‘and radiobromination using chloramine-T (routes C and D)
2. halogen :ig,otope exchange reaction for radioiodination (rogﬁe E) ‘and
3. direct néutmn activation of unlabeled BVdU (route F). |

The radio'chexﬁical yi_eld‘s of radioiodinated IVdU (VSa) using a variety of reaction
conditions is summarise:d in Table 7. The Chloramine-T reaction used for the 'high specific
activity" synthesis of [**'I or **[]-1VdU wasl f:omplete in less thﬁn 1 h and gave 67.2% chemical
yield and 69% radiocherﬁical yield, A NCA reaction using "I, terminated at 30 min, gave
[**1]-1VdU without aﬁy substantial geduction in radiochemical yield (65%). This method was
‘shown to be suitable for the synthesis of [?]-1VdU for the imagihg studies using single
photon emission computed tomography (SPECT). The lower radiochemical yield ..(40.7%')
obtamed for the '2*[ synthesis is due to the short half-life of the isotope (13.26 h). The
radiochemical yield corrected for decay i8 57% and col:responds closely with that for 1 -
synthesis. [}*'}-(E )-5-(2-Iodovinyl)-2‘-deoxyuridine-3',5'-diacetater was alsé synthesised by
c#loramine-T method. The radiochemical yield was 50%.

The cuprous jon catalysed halogen isotope exchange reaction (route E) required heating *
:f'or'a prolonged time (20 h). fi‘h,e low chemical recovery (54.3%) and radiochemical yield

v‘i‘f;‘(45.1%) may have been due to thermal decomposition'. The stereospecificity of the iodine



l|31I'|ZSI or I2JIl

o)
H\- I
H C..C\
10
0 N
HO o
S5a
OH

©

[\3‘ I.‘zSI or ‘ZJIINQI/

Chioramine-T

{2'8r] NH4Br
HO

n.Y

[828¢]-NH4 Br/

Chioramine-T :

0O H
\

HN | =
‘ OA\N

- HO %

OH 8a

['3'I]-Nal/CuCl
70 —80°
[o]
H\ /COZH
HN l = NH
O;\N
(o]
4
‘OH
'
/Br (828¢|
C
NH

&

HO

" HO

OH

.

N—-Iodosuccinimide

N-Bromosuccinimide

0 8r
H s
C=C
HN I S H
OJ\N
4 S
OH 6

Fig. 10 Synthesis of Radiohalogenated IVdL{taﬁd BVdU.

v

Wi

56



57

Table 7. Radiochemical Synthesis of [VdU ~
Method Isotope Specific Tempera- Time ! Radio- -. . Chemical
Activity ture (‘C) chemical- Yield

“(GBq mmol') Yield * (%) Isolated
Chloramine-T R L) | 3435 25 1 h 67.2 69.0 -
Chloramine-T B | 370 25 30 min 40.7 57.0
Chloramine-T g "NCA" 25 30 min 65.0 -
Halogen Iso- 1] 16.7 70- 80 20 h 45.1 54.3
tope Exchange
! Does not include the time required for purification.
! Radiochemical yields are those obtained at the end of purification. ]
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exchange is consistent with previous studies involving halogen exchange reactions for other
vinyl iodides (226). The exchange reaction is believed to proceed via generatid‘n‘ of a small
\

quantity «f Cu'’!l, which undergoes ligand exchange with the unlabeled 1VdU (\5\)\. There is less
radiation hazard using this technique since it does not generate a volatile radioiodiné\species.
This exchange reaction is limited to the preparation of low and medium specific activity,
products. .

, o Y

“Br was used as a model isotope of radiobromine in these studies since it is easily

prepared at the University of Alberta SLOWPOKE Reactor Facility. [*'Br]-NH,Br, required

for the preparation of [*Br]-NH,Br was obtained f orm [*'Br}-NaBr by ion exchange using

Amberlite CG 120 [NH,*] resin. Neutron activation of [*'Br]-NH,Br using the "Br(h,y)”Br
nuclear reaction at a flux of 10> ncm-?s ! for 4.h ga;'e [*?Br}-NH,Br wimé specific activity
of 2.3 MBq mg™'. The theoretical yield calculated was 2.6 MBq mg! (Appendix). It would be
possible to incﬂréase the specific activity to 6 MBq mg™* with a subsequent 16 h irradiation at a
neutron flux of 0.5 X 10" n cm™? ™. The SLOWPOKE reactor conditions d.o not allow
irradiations at a higher neutron flux during this second period of 16 h irradiation.

The chemiéal and sadiochemical yields of [”Br]-BVdU‘obtained by chloramine-T
method and by direct neutron activation are shown in Table 8. The reaction of
(E)-5-(2-carboxyvinyl)-2'-deoxyuridine (4) with [**Br]-NH,Br in the preseni:e of
chloramine-T gave [*?Br]-BVdU (6a) (69.8% radiochemical yield; specific activity 227 MBq
mmol-*). The short reaction‘ time (10 min) makes this a suitable methad for the incorporation
the positron emitter *Br _(vhalf -life 95.5 min) into BVAU. The direct neutron activation.for the
preparation of ['5Br]-BVdU, was carried out using BVdU which contained natural abundance |
bromine ("*Br and *'Br). A 24 h cool-off time was required to allow decay of **Br, **Br™ and
2BM (half-lives of 17.6 min, 4.3 h and 6.05 min respectively) before the irradiated sam;ale
was purified. Although radiolytic decomposition was minimal (<3%), only 30% of the overall

activity produced was associated with [**Br]-BVdU. This is due to the Szilard -Chalmers

“cleavage reaction which frequently occurs during neutron activation of organic halides (227).
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~ .
_ Table 8. Tncmazoz of (*Br{-BvdU . .
Method Specific Temperature Time ! Radio- Chemical
Activity (C) chemical Yield
(MBg mmol!) . Yield * (%) Isolated (%)
Chloramine-T 227 25 <10 min £9.8 7.0
Direct 318 - 4 h 30.0 97.0
Neutron .
Activation )

&

&)

' Does not include the time required for purification

* Radiochemical

yields are those obtaincd at the end of purification.
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The neutron capture by bromine nucleus is followed by emlssmn: of a Y- ray wH‘f&h ‘giv&;»rqcon

s >

energy to the radioactive nycleus. Thxs recoil energy may cause cacavage of tha bond beMeenC
and radioactive Br. Because of this, the specific acnvfty achieved f rom an orgamc brcﬁmde by
direct neutron activation is much lower than the calculated theoretlcal yield. The %oacth&‘
inorganic bromine formed by Sleard Chalmers cleavage would be of high, specxﬁt acu“ 5

Therefore, Sulard Chalmers cleavage of organic bromides could be used for the generatxon of

~ high specific acti:'ity samples ‘of inorganic bromine, which if separated from the organic
compounds, couln.be used for high specific activity radiobrominations. A recent study at the
University of Alberta SLOWPOKE Reactor Facility has shown that the inorganic bromine
generated by the Szilard-Chalmers cleavage of an organic bromidt; attained a specific activity of
about SQO times greatef than that attained for an inorganic bromine sample by direct irradiation
under the same irradiation conditions (228). The specific activity of [*?Br]-BVdU calculated to
the end of irradiation was 32 MBq mmol-'. The theoretical specific activity attainable for
["Br]-BVdU by neutron irradiation of BVdU containing natural abundance bromine at a flux
of 1 X 10" n cm? 5™ for 4 h is 130 MBq mmol*! (Appendix). The direct irradiation method is
not the method of cho%ce for the preparation of [**Br]-BVdU, since most in vivo studies require

v

a much higher specific activity product.

D. Quantitative Uptake étudies of 13]-Labeled (E)-5~(2~Iodovinyl)-2'-de6xyuridine in Herpes
Simplex Virus-Infected Cells In Vitro ’ |
The biochemical rationale for the development of radiolabeled nucleoside analogs as
potential diagnostic agents for the diagnosis of herpes simplex encephalitis (HSE) is based on
their selective trapping in HSV -infected cells. The metabolic trapping of the radiolabeled
nucleoside [***1]-1VdU was evaluated by quaniitating its uptake in HSV-1 (TK"*)-infected PRK
cells_ in vitro. In biblogical evaluations 1'VdU was preferred over BVdU, since radioisotopes of

iodine are more commonly used in clinical nuclear medicine than radioisotopes of bromine. The

uptake of [**'I}-IVdU was studied with respect to three variables :



throughout the perrod of the experlment The uptake of {**'}]-1VdU by the HSV-1 (TK")-cells

1. duration of exposure of cells to radiolabeled Qg

2. concentation of radiolabeled drug and
g
3. the mfectigg dose of virus. ”'
HSV-1 (TK- )- and mock-infected PRK cells were used as controls. The mean and range values

of ge cellular uptake of 1VAU under various conditions are shown in Fig. 11; 12 and 13.

Time-response curve for cellular uptake of [**'IHIVdU ¥ e \
Confluent PRK cells in Falcon 25-cm® flasks were either infected with 6 X 10¢ PFU of

HSV-1 (TK*) or mock infected. After 7 h of incubation, 0.629 KBq of [**1]-1VdU was added

to each flask to give ‘a final concentration of 2.76 ng ml-!. Quantitation of both the intracellular

and extracellular radiolabeled IVAU were determined at20s, 30 min, 1 h, 2h,4h,and 9 h

respectively, Four HSV-1-infected flasks and three mock -infected flasks were used for the

'v quantitation of intracellular and extracellular radioactivity at each time point.

" The response for the cellular uptake of IV4U relative to time is shown in Fig. 11. The
a‘v, .

_ ‘amount of radrolabelcd IVdU in mock infected cells remained low throughout the period of the

study, whereas uptake of 1VdU in HSV-infected cells increased with increasing time of
exposure to the drug The concentration of radiolabeled IVdU in the supernatant of HSV-1

-

(TK )- mf ected cells hecreased with time, wh11e that of the mock infected cells remained high
¢

uptoSh corresponded to 36% of the total activity present. This study demonstrates u:e';.‘y

selective time 3ependent uptake of *'1-1VdU by HSV-1-infected cells. A 5-10 fold higher

o co'ncentration of the isotope could be detected in HSV -infected cells relative to uninfected cells

as early as 1 h after the @dmmtstrauon of IvVdU. ThlS suggests that uptake was rapid enough to

permll the development of a radionuclide brain image even usmg a nucleoside with a relatlvely

2

fast excretion or metabohsm.

®
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Effect of i mcreasmg mfectmg dose of virus bn [”‘I]-IVdU uptake
Serial dilutions of stock HSV 1 (TK* ) and HSV 1(TK- ) were made to glve an

infecting dose range of 10* to 10’ PFU per flask. Three flasks were infected with-HSV-1
(T’K'); two flasks were infected with HSV-1 .(TKl'), and two flasks were mock infected. Af ter
7h 0.836 KBq of [**'I]-1VdU was added to each flas.i( to give a finat concentration of 0.858 ng-

R ml-'. The cells were rerrtoveg for the quantitation of the radioactivity af ter 4 h of inculaation.
The results are shown in Fig. 12. The quantity of [’”I] -1vdU taken up by HSV‘ 1 |

. (TK )-infected cells increased with mcreasmg titer of infecting virus. HSV 1 (TK- ) -infected
cells showed msxgmf icant uptake even at hngh doses of mfectmg virus. The mclus1on of HS\UI

(TK") controls in thlS study ‘demonstrates that the selectlve .uptake observed was medlated by

* HSV- encodeﬁ TK i

v ;‘.'w
b ; ’“.'

inadeq'uat' v 'second phase of vual mfectlon to occur. As shown in Fxg 12 an mfectmg

“* pcan be deteote . OR this basis, in an animal model, at least 1 in 50 cells atany time would have
ES ’ t .

to be infegted befoTe géldutive concentration of **] -labeled 1VdU could concievably be detected

* byradionuclide brain j ‘agin. The titer of HSV measured in ﬁgm biopsy specimens from HSE
" patients is not well documented. Nahmias ef af have reported that in 11 out of 18 brath
biopsies the virus concentration was less than 10* 5‘0% tissue cultute infective dase per g brain

_;( 79). A number of factors ‘could af fect the titer of virus from brain biopsy. The most

1mportant factor is probably the proxxmlty of the bxopsy t’o the mos active site mfection.

Since there is extensive hlstologxcal destruction of HSV-infecte brain tlSSllC, ‘1t iS™ikely that the

titer of virus at the site of infection will be adequate to allow selective séquesteration of the

radiolabeled nycifoside. ¥ : | B o
. . ‘ . . | ' . ' o .
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Dose-response curve for [“‘I]-IVdU uptake \

Known dilutions of '*!I -labeled IVdU (specific activity 80 GBq mmol- l) were made
and added to the flasks 7 h after infection with either 6 X 10¢ PFU of HSV-1 (TK*), HSV-1
(TK"), or mock infection. Concentrations were selectedtocover a broad range around the dose

known to.cause a 50% reduction of PFU (IDy,). The ID;, of I VduU f or the J LJ strain 'used in

.these expenments was 8 ng.per mL. The cells were mcubated thh [**1]-1VdU for 4 h. The.

uptake of mI labeled IVAU increased proporuonately to the amqunt of the labeled drug in. the
media (Fig. 13). This relationship was observed only,in HSV-1 (‘TK*)-infected cells and
R

occurred even at concentrattons greater than the IDj,. [”‘I] IVdU was intracellularly trapped -

even when the nucleos1de concentraa’ was sufficient to inhibit v1rus replxcatlon ThlS suggests

- that; medium specific activity compounds may be satisfactorily used for a radxonuclﬁe imaging -

and that the selectlve uptake of a nucleoside analog into HSV- mfected cells may not be

g
5& \

’ mhlbltedﬂgy @e presence of an antmral drug. A recent study on twff ect 8f ara-AMP and ~

ara~AMP and ACG f ora penod" of 24 h (2»29) This sﬁg}ests that a dtagnostlc 1mag1ng of HSE*

acycloguanosm&A’QG) ort the in-vitro upta(ke of [‘“I] -1VdU in HSV-‘i-mfectcd cells have,

<

shown that,the uptake was vutually ngf af fected by the presence of 1nhxb1tory\concentratxons of

e f
g

?‘ «s \

usmg a radlolabeled nucleosxde may prove to be successful even du ,'ng the mmal pemd of

therapy by an antiviral nucleosxde : b .

" The results of these m vttro studles vahdate the concept of metabollc trapplng of
LI =N
radiolabeledmnucly(sge in HSV -infected lissues as a basis for the development of a @

. o . . . ’ \
radiopharmzﬁ:}(tical for the on~1nvaswe diagnosis of HSE. . };{

- E. Tissue Distribution of [***TFIVdU in 2 Herpes Simplex Encephalitis Animal Model ~ ~ .

-

The main obJectlve of the prehmmary tissue distribution study wa.% to compare the

uptake of [”’l] IVdU in HSV 1-infected brdin with that in unmfected bram to d%termme the

1

feas1b111ty of IVdU as a radxopharmaceuncal for the in vivo detectlon of HSE Eight. rahblts (4

mfecteémnd é umnfected) were mJected W1th anj.v dose of [**1]- IVdU A group of nssues : .



- tissue to blood r4tio at 1-h and 6 h are shown in Table 11 and 12

. ‘uninf ected ammal‘s were. hver and spleen for the organs exammed The reason f or this is not ~

o
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i 5

including blood, bram liver, kidney, spleen, lung, and muscle were collected at 1 h and 6 h.

after injection and counted for radloactf'wty The brain samples of the infected rabbits were

- assayed for the viral 'titer to confirm the presence of HSV infection. A’f,ral titer _of about 1 X

10° per g brain could be detected. Tissue distribution expressed as % injected dose per g tissue at

1 hand at 6 h are shown in Table 9 and Table 10 respectively. Tissue distribution expressed as a
5

None orthe organs examined demonstrated hrgh uptake of radioactivity. The uptake of

i

radioactivity bram was f ound to be relativelylow at hoth time pomts studied. This may be
Yo .

*44» 'ﬁ by

duetoa relanvély low permeabxhty of theyp the BBB. VAU has a log P value

- ‘h\"

&f 0. 60 whereas the optlmal log P range ’- .l* b’ility accross BBB is 0.9 to 2.5. The

ﬂ’e»

uninf ected‘ bra ; . et mJectlon The drf f erence was smaller (15101 9 trmes gréater in

mean uptake of th racer in the inf e was 5 '4 to 6.4 times hrgher than in

~ the infected b s - red 10 the umnfected) 6 h after mjectron. The reasons for this are

not clear One p ~ explanatton is that radloactrve I1VdU, selectively trapped in mfected

5 +
cells may undergo metzabohc degradation to radioactive compound(s) having good permeabthty
across plasma membrane resultmg in decreased mtracellular radioactivity. The diff erences in

the bram uptake between 1nf ected umnf ected animals was ‘highest at 1 h However these B

: data need to be vrewed w1th cautlon s)mce thrs study does not exclude the poss1b1Mt the

PR 3
hxgher uptake noted in mfected brain tissue may m part be due to non- selectrve accumulatlon

caused by mcreased BBB permeabrhty in infected ammals .The only organs othe than brain
which showed 'Y pronounced d1f ference in uptake of radroactrvrty between the mfected and *

1y

clearly understood Since these rabbrts did not have antibodies to HSV there isa possrbrhty of .

)
; 1nfectron of organs other than bram However th1s could not be conflrmed since organs other

RO M oA : S -
than bram were not assayed for the v1ra1 tlter : __ '

. % . ’ The radxoactrvrty in blood remarned hrgher than that in the target organ bram at I’ and

& 1

6 h.A companson of the blood actmty atlh and at 6 h (Table 9 and 10) mdlcated that

o -

o,
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‘Table, 9. 'I‘xssue dxstnbutlon of #31-I1VdU (Exprcssed,ﬁas % ‘Injected Dosé per Grain . -

7 Tnssuc) in a Rabbit Model 1 Hour After i.v Injection of 0.74 M.Bq of ¥-1VdU

(inzan of two animals with’ range) ,

.o C oy o
. Tissue Uninfected \ Infected [ ° -
‘ ¥ A’— Rabblt o ; . y

i

Liver

plood | o116 0204 e

Brain, . ' 00188 @ 0.0089
, 8 O $00039 +0.0089
ALY

s 0.1132 - 0.251
w‘—@ 4—.00169 | £0,0105

Kidney o, 02512 - T . 0.326]
- ‘ +0.0080 ° +0.1069 °

. ’ TSy . . . )f ’
: ' 0.0Y87 C 0.1667

Spigen , ( ‘
| ' : - +0.0065 © 40.0257
Lung ‘ 0.1185 7 0.0764

+0.0086 - . .
@ . B O
.

Muscle ’ ‘ - 0.0565° 0.0676
‘ | | +0.0047 © ‘ +0.0413

®

tp <0025 v

' T . . c N . v . ’ - PR nae d
! Data from a single, animal \y\ N m



"

Table- 10. Tissue distribution of '*I- IVdU (Expressed ;as % . Injected Dose per Gram -
Tlssue) in a Rabbit Model 6 Hours"‘AfLex 4§ Injection of 0.74 MBq of 1-IVdU:

- (mean of - two a?nmals with range)
Tissue: . Uninfected . Infected
- L SN * Rabbit : -+ Rabbit
" Biood o e 0.0958
Ly e e : + +0.0057 ' +0.0058 -
" Brain . 00057 t 0.0075 +
N o HQM0005 »  £0.0015
7 Liver . v | 0.0613  * 0.0420  «
8 ©£0.0033 \ +0.0031
Kidney f 01236 | 0.0972
* +0.0068 o +0.0183
Spleen: .+ - 0.0427 * . ‘ 0.0392
: - | +0.0033
Lung . % ¥ o083t , ©0.0589
‘Muscle ‘ , . 0.0177 / 0.0184
| ‘ +0.0019 +0.0057
. Iy . ’,. *
fp < 0.40 - v
' Data from a single anirﬁal . ~
v L2 ?
[}

G e
k4



70

Table 11. Tissue distribution of '?*I-I¥VdU (Expressed as Tissue to Blood Ratio) in
a Rabbit Model 1 Houi After i.v Injection of 0.74 MBq of '**I-IVdU (mean of

two animals with range)

»

Uninf ectéd

. Tissue Infected '
Fa Rabbit - Rabbit
%" Blood, 1.0000" 1.0000
. Bram 0.0906 - t 04881 T &
"’”\ +0.0291 +0.0477 L
o k’%&i . ,2%-:”7_ \
i Liver 0.6553 1.2386 ki
= ;j‘&‘ 10.1448 10.0621..,
F, “‘dv ) ) o <L
., - Kidney = 14415 1.6035 kot
W +0.1518 +0.5140 :
by .
Spleen 0.4532 0.8228
-+0.0701 - £0.1336
% e ;.ung :}?062)(5)86 0.3796 !
Y |
~«.!J".4' ' o :
- Muscle L ~70.3254. 0.3347
‘ ey - £0.0510 +0.1062

tp < 0025

@ 9 »

!.Data from a single animal
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Table 12. Tissue distribution of '**I-1VdU (Expressed as Tissue to Blood Ratio) in
Rabbit Model 6 Hours After i.v Injection of 0.74 Mﬁq,of 131-1VdU (mean of two

animals with range)

%

A Y
Tissue Uninfected
Rabbit
- iR
Blood 71,0000
. Brain 0.0426 t
| , +0.0020
Liver 0.5053 "
: +0.0032
ad .
Kidney ~ 0.9272 e
+0.0114 +0.1325
. Spleeri 103346 L
o - +0.0092- 5% R
Lung 0.6456 !
Muscle 0.1316
: . +0.0084
tp <04 =
! Data from a single animal , '\\
Y
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v
clearance of radioactivity f rorn mlood during this period was slow. Intact nucleosides usually
have fast blood clearance characteristics due to their high water solubility. Lee et a/ have
recently reported the tissue distribution of [2-“C]-5-e{f1y.1-2' ~de8xyuridine in tumor bearing
' mice (230). The biological half-life of '{§‘-¥;C]-5-ethyl-2' -deoxyuridine in blood in the second
phase of a bif uncnonal clearance curve was estimated to be 33 min. The slow blood clearance of
radioactivity for [***1]-1VdU in thlS preliminary study may be largely due to radroactrve -
metabolites of [***1]-1VdU. The high background radioactivity may present a major problem
for diagnostic imaging, since it would obscure any selective uptake in the brain of the infected

[y

animal.

Saito’et al have reported the use of quantirative autoradiography f o:he in vivo
, :.er/aluation éf the f casibility of radiolabeled nucleosides as non-invasive diagnostic agents for
HSE (200-202). They have reported reglonal distribution of . '
: [2 14C]-1-(2-deoxy-2-fluoro-B-D- arabmofuranosyl) -5- methyluracﬂ in the infected bram of
an HSE rat model 'usingihis technique. The HSV -infected regions of the brain (presencc of the

virug conf irmed by detection of viral antigens) 0 13 times hrgher uptake of

radioactivity relatrve to thqxﬁ’mnf ected 1ions. Quantltzmve autoradlographyeoffers an

‘ 'adVantagc over tissue distribution studies using scmtrﬂ“fxomq\ntmg in that it is able to

et

- Qe g v e, g
. demonstrate the high uptake by a small number of cells. In ussWn studies using
scintillation counting, high uptake in a small area may be left unnoticed, since it may be .‘Q

masked by the background activity associated with thc surroundmg cells. Our tissue drstnbutron _
R
studies succeeded in showing §.4 to 6 4 trmes higher radnoacuvrty in the infected brain as

compared to the uninfected brarn 1 h after 1n3ecnon However, quanrrtauve auloradrography

-

could hav\demonstratcd even a hrgher difference in regronal uptake of radroactlvuy
)Oxr\prehmmary tissue drst,rrbutron studres on [*'1]-1VAU indicated that there is a need /

for a clear understandmg of pharmacokmeuc and metabolic aspects of radrmodmaled IVdU in -

vivo. Therefore the next phase of 1nvesugatron was drrectc&towa_rds an evaluation of the in vivo

&

kinetics of IVdU and its metabolites in a dog model.



esince it eluted very close to the. soflvent front using the solvent sys

1

- ,& g §
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F. Pharmacokmetlcs and Metabolism of [“‘I]—(E) 5(2- Iodovmyl) 2'-deoxyundine in Dogs

The pharmacokmetncs and metabohsm of a radxophamiaceutlcal may significantly
influence its diagnostic value. Rapid excretion and/or metabolism" to mactlve compounds are
usually undesirable since it would result in decreased bioavailability of thc\’compound for
accumulation into target tissue. In addition, radiéactive metabolites having; lang biplogical
half -life may contfibute to high. backgrblind activity and increase the radiétidn'mé\i

The metabolic degradation of deoxythymidine and its 5-substituted analogs 'yia
phosphorolytic cleavage of the nucleoside bond by pyrimidine phosphérylases (182)'Jhnve
already been discu.ssed in chapter I. The base formed as result of a phosphorolysis may be :
further catabolised by a reductive i)athway (231). The first Step is the reduction of the C,)—CG
double bond of the ring to givevdihydropyrimidines. followed by the oxidative cleavage of the
N 3-Cf bond to give B-uriedo acids, from which B-aminoacids, carbon dioxide and amrﬁonia are
formed. The 5'-monophosphates of the pyrimidine nucleosides which have halogens or ‘hal'bgen
containing s_ubstituems‘at the 5 position are subject to thymidylate Synthetase-catalysed et

dehalogenation (19I) as 1nd1cated previously. The present mvestlgauon mvolved 1dent1f1cat10n

and quantitation of the maJor radloactlve metabolites of [”‘I] -IVAU in in vitro and in vwo .

biological systems. , | ' . p

Metabolism of [”‘I]-IVdU in blood in vitro
[”‘I] IVAU was incubated with heparuﬁsed whole blood and the radioactive

components present in methanolic extracts of plasma were analysed by quantitative r-HPLC.

Control experiments indicated that HPLC sampleés ready for injection contained greater than  *.

90% of the original activity of the plasma sample prior to extraction with methanol. A typica‘ -
radiochromatogram (Fig. 14) showed four r’adioactive‘peaks A, B, C and D. Peaks C and D

were identified as [**1]- (E‘) 5-(2- 1odovmyl)uracﬂ (IVU) and [4“1] IVdIJ

A was suspeéted to be raioactnve iodide. However, the 1d€n’t1ty co

-,

4]:"4 dv‘vt -

. o ' . s . . ‘ S 0
'3 .'L o P : NS o k ) % o
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[*'1]-1VdU and its Metabolites “Peaks A, C. and D are [*'1)-1, [*'[]-1VU, and ['**13-1VdU

_réSpectively. Peak B has not beeti identified.
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Fig. 14 A Typical Radio High-Pressure Liquid Chromatogram of Plasma Sample Containing
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the other #adioactive compounds in plasma The 1dentrty of peak A was subsequently
estabhshed by rechromat‘pgnmhy onr- HPLC usmg parred ion chromatography (PIC)
| separation condmons"“"‘(232) The mobile phase’ used in PIC may coptain a quaternary
| ammonium compound having ﬁrophobrc groups $0 that it increases the retention of the anion.
bemg analysed on a reverse phase column by formatron of an ion pair, Peak A
‘co chromatographed with a non-radioactive jsamplc of iodide under PI C separation condrtrons
A peak B, not identified to date, did not correspond to any of the reference compounds used in
the experiment, o - o - ,
A- The kinetics of [**1}-1VdU, [l"I]-IVU and [*']-iodide in blood in vitro are shown in
Fig. 15. The rapid disappcar';r’rce of [**'I]-1VdU corresponded to an increase in the amount’of

[**1]-1VU formed (Fig. 15). After a 2 hour incubation, 73% of the.radioactivity was associated“ -

phosphorylase activity of intact blood plateléts on several 5'su’bstituted deQxythymldine analogs
including BVdU (186). BVdU on mcubatron with human blood platelets Was metabohsed (95%
in 2 h) to the corresponding base (E)-5-(2- bromovmyl)uracrl (BVU) Thrs in vitro study on :
. BVdU dld not include evaluatron of possible debromination. The formation of radroactrve
1od1de from (f1]- -1¥dU or [”‘l] 1VU) remamed low (<10% of the radroactrvrty in the
plasma) over.a peﬁxof 2;1 ours. This observauon is consistent wrth the relatrvely high
j chemrcal\stabrlrt_y expec_ted for the vinyl iodides. : . , T

A}

s,
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ABSTRACT | : ' .

fhe effects of 1&@unelogicalﬁeensitizaeion to ovalbumin (OA) were
investigateg’in isolated guinea-pig airway tissues. It was fdﬁnd that
the response; and. sengltivity of normal and sensitized tracheal

spirals and lung parenchymal strips, to bronchoconstrictors includiﬁg

4

tleukotrienes (LTs) C, ‘and D,, and bronchodilators, 1ncluding isopro-

terenol and vasoactive intestinal peptide (VIP), were similar in both

z~groups of animals. Indomethacin-pret;eatment enhanced the responses

2

of trachea to high concentrations of bronchoconstrictors andreduced

fesponses of lung parenchymal strips to bronchodilators.

The .bfonchodilators stimulated adenylate cyelase’ actibity of
normal and sensitized lung parenchymé to similar exéfnts.

i

It‘was concluded qhet immunolegical sensitization to OA does not
induce .airwayf—hyperr ‘ tivity tq brenchoconstrictors. or aifway
hyéoreaetivit§ veoA brqnchodilatbrs in guinea-pig airways ie vitro.
Apparent airwey—hypeffeaetivity of the ﬁ;achea to bronchoconstrictors
may result ‘from removal gf the negatlve modulatory‘influence of fGEz

upon treatment of tissueg with indomethacin. The reduction in broncho-

dilator effjicacy in lung parenchyma upon indomethacin—pretreatment is

’ unexplained and was not paralleled by a reduction in adenylate cyclase

‘activity. Thus, there is a lack of correlation between broncho-

dilation and. adenylate cyclase éctivation_of luﬁg strips.
It was further demonstrated that calcium ionephore A23187- and

|4 . . .
AA-induced contractions of airway tissues were- similar in both normal

)

; ; < ¢



/
&

and sénéitized tissues; Fﬁrthermorep_it wgé found that airway-t;ssue
contraction induced by OA aﬁd* A231§7 was reduced 'by mepacrine and
nordihydroguaiaretic acid (NDGA) pretgéatpent. These agents ingibit
phOSphol{pése A, and lipoXygeﬁase—enzyﬁe'activi;y, respéctively. The
effect;ﬁ-of ‘all thesé stimuli were enhanced - by indomethacin-
pretreatment of trachea. The ‘éffects were similar on both ﬁormal and
sensitized tissues. . |

& It was concluded that OA and A23187 stimulate AA‘;etabolism via
the lipoxygenase pathway. iﬁe mediators responsible for OA- A23187-,
and AA-induced contraégions ﬁere‘ isolated and puriéigd‘-by ‘hiéh
performance~liquid chromatography and - subjected to bioaséayv‘énd
ulfraviolét spectrometry studies.aJThe evideﬂée indicated that thesge
mediators included LTC, and,L&Du. _
‘i\:};ZD Contr#ctibns to AA were reduced 1ﬁ cgacium—ﬁree media and further

N

reduced by EDTA and lanthanum ions. Re-addition of calcium reversed

v

the inhibition. Nitrendipine prevented this reversal. Nitfendipine

*

and verapamfl inhibited AA—iﬁgpced contraé?ibns but did not affect

LTDy—induced contractions. . Hence it was concluded that extracellular

»

calcium is more important for metabolism of @?-to LTs than for smooth

ﬁ\\\\musglg contraction induced by the newly syﬁthesized LTs.

e

Finally, the effects of LTD, on the adenylate cyclase activity of
lung membranes were investigated. Current evigence indicated that
LTDy inhibited adenylate cyclase. The effects of LID, were ‘investi-

gated on guinea-pig lung and rat ce:ebeliar adenylate cyclase.



4 “
GTP yS—-induced inhibition can be wused as an 1index of the

inhibitory potential of hormones in various cyclase systems. It was

a
a

found that GTPyS 1nh£bition of lung cyclase was small relativs to

inhibition measured in the cerebellar cyclase . system. Moreover,

Lol
B

LTDu-induced inhibition of l“"’%?%*ﬁ A

activity was - small and

erratic. LTDL, did inhibit the lung ‘and Cerebellar emzy‘

degree on. some occasions. = However, the reproducibility of the data

. : i .
was a major problem in these experiments.
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-

1.1 ASTHMA AND AIRWAY HYPERREACTIVITY: INTRODUCTION

‘ﬁronchial asthma is a complex disease characterized by reversibie
.obstruction of @oth conducting (large) and distensible (small)
airways. The main components of airway obstruction in asthma include
alrway smooth muscle c;nstriction, smooth muscle hypertrophy and
hyperreactivity, mucosal inflaﬁmation, goblet cell and mucus gland
hypertrophy, mucus hype;secretion and plug‘formation,'and a decreased
rate of mucus clearance (Leff, 1982; Wanner, 1983). Pulmonary
function tests of asthmatic patients indicates increases in resistance
to airflow due to constrjction of the larger airways, decreases in
compliance due to decreases in distensibility of the smaller airways
and increases 1in residual volume of ghe lung due to, trapping of air in
alveolae. Post mortem examinations of patients who died of asthma
consistently show that edema and infiltration of infiammaCOry cells in
;he bronchial mwmucosa have 'oécurred (Hogg, 1983) suggesting the
development of inflamma%ion. ®

AThe‘etiology of asthma 1is complex. Factors implicated in its
development and pathogenesis inglude atopy (Cross, 1981), viral and
_bacteriél respiratory tract infections (Welliver, 1983), psychological
influénces (Herrera & Fialkor, 1981), ‘environmental influences
(Hendrick et al. 1981), and a genetic predisposition towards alrway
hyperreactivity td\honspecific-and pharmacological agents: Patients

with asthma can be broadly divided into extrinsic and“*intrinsic

groups. In the former group, there is a known causative external

S



agent (Garland, 1984), as opposed "to the latter group, where an

external stimulus 1is not apparent.

1.2 MECHANISMS OF ASTHMA

Asthma 1s a syndrome that arises as a consequence of immunolo-

gical, ‘humoral, autonomig and cellular biochemical regulatory
} . -

mechanisms that operate within the airways. Dysfunctions 1in these

regulatory influences may contribute to the hyperreactivity of airways

" inherent in asthma.

1.2.1. Humoral and Immunological Mechanisms in Asthma:
b

Allergic asthma is initiated in susceptible individuals by prior

sensitization of components ofl;the immune system with a foreign
substance (i.e. allergen) which is usually a protein moeity (Foreman &
Lichtenstein, 1986). Subsequent development of specific antigen
hypersensitivity then paves the way for the immediate (type 1)
hypersensitivity reaction which results in anaphylactic release of
mediators whén antigen bivalently crosslink; antibddigs bound to the
effector cells of the 1mmune system (e.g. mast cells, basophils,
macrophages (Ishizaka,’l982). Subsequent release of meqdiators in the
vicinity of the airway smooth muscle and other effector cells
initiates bronchoconstriction, edema, and mucus accumulation (Austen &
Orange, 1975; Eyre & Burka, 1978; Leff, 1982; Lagunoff, 1983).

The mediators primarily involved 1in airway obstruction include

X
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. o o . ‘ R ,I_ | '\.« .
histamine,»prostaglandins (PGs) an and D) and leukotrienes (LTs) C,,
Du’and qu The pharmacology of PGs and LTs in the airways is reviewed
%31 sections 1 2.1.3" and 1.2. 1 4 ’ Histamine can .act directly to
contract- airway smooth muscle via H, receptors or indirectly ‘via

irritant receptors in the airways to induce vagally—mediated reflex

bronchoconstriction (Gold et al. 1972; Leff & ©1982; Biggs; 1984).

.

Histamine can also ‘increase the release" ‘of"acetylcholine from,

-cholinergic-nerve‘terminals in the airways (Theoharides et al. 1982).

'

1.2.1.1. Biochemical events preceding mediator release:

7

The Ishizakas in 1967 showed that the reaginic antibody in human

asthma is immunoglobulin E (IgE)» This is similar to the situation in

4

rat,; mouse, dog,‘and‘monkey. In the‘guinea'pig, the reaginic antibody . -

appears to be of the . IgGl class (Mongar 1965; Andersson 1980).

‘However, the guinea pig can be made to produce Igk in addition to 1gG,

:(Andersson, 1980). Bryant et al. (i973, 1975) showed that IgG can

play‘a role in human asthma, but that this‘involves.a subgroup'of igé
called IgG“fwhichbhas hongcytotropic properties. IgE has the capacity
Eo”sensitize tissues fron,nornal indi;iduals pa:;ively. Details of
the structure of . IgE have been reviewed (Tada, 1975 Ishizaka, 1976;
Metzger, 1979; Foreman & Lichtenstein, 1980 Ishizaka, 1982)

‘Activation ofvmast cell_mediator ‘release can oécur when antigen

bivalently crosslinks two IZE molecules - via their antigen ~ binding

regionSF(Fah)mu‘Other stimuli that can activate mast . cells to induce .~
. , T ST

Y

&
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‘mediator relea;é: include compound 48/80, polymyxin B, dextran,

mellipin,-formy}fgéﬁfleu%?hg, C5a and C3a anaphylatoxins, phosphatidic
acid; and de;raﬁulatiAg ﬁeptidb from cobra"venom. .The calcium
ionophore A23187 is&aa useful;»noﬁspecific tool in mediator reléésev
experiments. o
A’variety of biochemical processes appear to be iﬁportant in mast
cell activatio: These includg phd%pholipid,methylaﬁion, phospha;idyl
inositol (PI) turmnover, adenylate cy;lase activation and ca’t enﬁry
into the cell. The first three processes appear to be §ita1 for the
lésf—‘process to occur (Metzger, 1979, Hirata &l A;elrod, 1980;
'Ishizaka et al. 1980; Ishizaka gt al. 1984).
fﬁistémine secretién b; acgivatgd masi cé%ls parallels Ca2+ hptake‘
(Foreman et al. 1977; Foreman; 1980; I;hizaka et al. 1983). The rise
in ionized calcium insi&é fhe mast cellrinduced by variohs secreta-
gogues serves to activate phospholipase (PL) Az‘(ﬁillah et al. 1980;.
Laéetina et al. 1981l; Wightman et al. 1982) which splits off arachi-

donic acid (AA) from phosphatidylcholine. Free AA 1is metabo}ized.by

}
1 N

tcycloqugenase and the Ealcium-dependent lipbxygenase (Jakschik & Lee,
'1980) téi pfqduce PGs and LTs, respectively. Moreover, calcium is
‘requiredlin ﬁhe exocytotic release of preforﬁed mediators.frém the
mast cell. The effects of calcium are probably exerted via calmodulin

~ (Cheung, 1980; Steinhardt & Alderton, 1982).

& B



- Irvine, 1982). PGs are not stored to any great extent in a

o

+ .

mediators of asthma:

1.2.1.2 Chemical
-\ ,

The mast cell is central to the currently held views of the
pathogenesis of allergic asthma (Austen & Orange, 1975; Lagunoff,

f983). Upon stimulation, mast cells release a plethora of mediators

(summarized in Table 1).

1.2.1.3 Prostaglandins and the 'airways:

PGs are local modulators of cellular responses. The role of PGs
in homeostasis and body functions has received ‘intense attention. The

literature has been well reViewed*(Moncada\&\Vane, 1979; Sfenson &

o

/

Parker, 1980; Mcgiff, 1981; Moncada, 1981, Goetzl; 1981; Spannhake et

al. 198l; O'Flaherty, 1982; Burka, 1983).

1.2.1.3.1 Prostaglandin biosynthesis:

st énd‘ thrombokanesv (TXs), are  derived via - cyclooxygenase
metabolism of AA (fig. 1). The buik of AA in cells is esterified in
the 2-acyl‘position of glycerophospholipids of the ceil membrane (see
glissue.
An Increase in their levels represents dg novo syﬁthesis. f';t is
generally ag;eed that the first rate.iimiting step in PG‘syntheéis is.
the releéée of bound AA into'a free form. This 1s accomplished by a
. calcium dependent PLAZ'ksee section 1.2.1.1). | ‘

Activation of PLA; can be induced by mechanical or electrical

stimulation (Turker & Zengil, 1976), and by challenge of airway tissue
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with histamine, acetylcholine, KCl (Orehek et ai. 1975;fGrodzinska et
al. 1975), A23187, and antigen in sensitized tissues (Burka et al.
1981) (See Burka, 1983 for a review). : ' _—

PLA2 ‘can  be inhﬂbited by drugs such as the anti-inflammatory
glucocorticoids which induce the synthesis of a protein known as
macrocortin which then causes PLAj inhibitiop (Blackwell et al. 1980;
Hirata et al. 1980).\ Mepacrine also inhibits PLA, activity inoairway
tissue (Blackwell et al. 12]8).

Foliewiné release from membrane pools, AA 1is rapidly'enzymati-
cally metabolized to various oxygenated 'producgs via the \cyclooxy—
genase ;nd/or the lipoxygenase“pathwaye. The pfoducts of eyclooxy—
genafion of AA include PG endoperoxides, PGE,, PGD,, PGFax, PGI, and
its breakdown product 6-keto PGFa, and TXA, and its breakdown product
TXB, (Fig. 1). PG synthesis has been demonstrated in guinea pig,
himan, and dog airways. ‘ The principal PG in guinea pig and dog
trachea is PGE, (Orehek et al. 1975; Yamaguchi et al. 1976; Burka et
al. 1?81)i- The principal cycldoxygenase netabolites in lung ®6issue
ere TXA,, éGDz, and PGI, (Schulmen et al.-198l).v The majority of PGD,
1; probably produced by lung mast cel%s upon immunolegical activation
(Peters et al. 1983), whereas the other metabolites may be produced
indirectly by the action of other anaphylactic mediators upoﬁ‘otherA

2

cells in the lung,
- ? -

Selective inhibition of the cyclodxygenase enzyme can be brought

about by aspirid (Vane, 1971), which irreversibly inhibits the enzyme

. \ N
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12
and.indomethacin;‘which reve}sibly inhibits the enzyme in gﬁinea_pig
airwa&s (Burka & Paterson, 1980) and other tissues. -One possible
congsequence of cyclooxygenase—enzyme inhibition 1is diversion of AA
m;tabolism into the lipoxygenase pathway with increases in the amount
of.products formed via ;his pathway (Engineer et al. 1978; Adcock &
Garland, 1980; Burkgn & Pgterson, 1980). Another conseqrence‘-of

inhibition of PG synthesis 1is the removal of any modulatory effects.

This is described below.

1.2.1.3.2 Effects of PGs on fhe éirwazg:
T s

In 1974, Farmer et al. showed that indomethacin treatment reduced
tone in guinea—pig trachea. vInhibition of PG synthesis by aspirin in
éuinea—pig trachea decreases the reéponsesbto low concentrations of
bronchoconstricétor agents, bu; enhanceslresponses to higher concentra-
tions of bronchoconstrictors (Orehek et al. 1975; Grodginska ét al.
‘19f5). PGE, levels were reduced concomitant with the above effects.
PGE, is a weak bronchodilator in the airways and inhibition of its
synthesis would lead to removal of its negative modulatory influence
on the airwéys. Furﬁherpofe, the guineé—pig trachea can produce PGE,
in greater amounts than PGF,a, 6-Keto PCFia, or TXB, (Burka et al.
1981; Brink et al. 1981).v These products may serve to regulate tomne
in guinea-pilg trachea. PGs also havé direct contractile ana relaxant
effects in the airways. Ghelani et al. (l§80) and Chand & De Ro&h

N
(1979) showed that PGFja contracts' human and guinea-pig lung
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parenchymél prebarations. - Furthermore, PGD; and TXA; can contfact,
and PGE; and PGl can relax, human airways in vitro (Hutas et al.
1981)‘And in vive (Waiters et al. 1982; Hardy et al. 1985). éardinér :
& Collier (1980) suggested the e;istence of contractile, relaxant, and
irritant (cough reflex)‘receptérs for PGs based on the rank order of
potency of a range oﬁ PGs and analogues 1in mediaging the above
effects.

Schneider & Drazen (1980) used the 9a, lla, (U-44069), and the
lla, 9a—epoxymethanoendoperoxide analogues to demonstrate contractile
effects on guinea;pig lﬁng and tr;chea. Thése analogues exceeded the
ability of PGFja, ?GDQ, and hisﬁamine to constrict lung parenchymal
strips, but did not exceed thé ability of histamine to contract
tracheal spirals;f The éfchts«of U-44069 ;re similar to. those of TXA,
and it has been_;sed in‘place of TXA; as a potent comnstrictor of many
smooth muscles inclﬁding airways (Wasserman, 1976) and is more potent
on smaller airways. Furthermore, it also agéreéates platelets (Menzel

et al. 1976).

1.2.1.4 Pharmacology of the leukotrienes

In 1938, Feldberg & Kellaway stimulated 1lung tissue with cqgfa
venom and caused the peleaSe of a substance that produced characteris—
tic slow contractions of guinea-pig intestine. Subsequent work by
Kellgway & Trethewie (1940) showed that a similar factor was released

from guinea-pig lung undergoing anaphylaxis and they. named it "slow



14
’

reacting substance.” During thé 1950s, Brocklehurst coined the term
slow reacting substance of énaphylaxis. (SRS—A). Subsequent work'
(reviewed by Bach, 1982) by many groups df researchers throughout the
world on the structure, origin, and functions of SRS-A in physiologi-
cal and patho}ogical states has led to the present state of knowledge
on this imporggnt group éf AA metabolites. |

The major highli:hts of knowledge on SRS—-A were the facts that
SiS—A constitut;d a mixture of LTC,, LTDQ,Vand LTE,, that these were
products of AA metabolism by the lipoxygenase pathway, and that thesé
potent mediators play an important role i£ the pathogenesis of
inflammatory and ailergic states such as asthma. Many reviews havé
been publigﬁkﬁ on various aspects of LT research. These includg
reviews on LT chemistry and nomenclature (Samuelsson, 1981; Corey,
1982; JHammarstrom, 1983), biological sources aﬁd release of. LTs
* (Burka, 1981; Bach, 1982;_Taylor~&,Morris, 1983). Biological actious
of LTs and modulation of these effects (Sirois & Borgeat, 1980;
Hedqvist et al. 1980; Borgeat & Sirois, 1981; Burka, 1981; Goetzl,
1981; Lewis & Austen, .1981; . O'Flaherty, 1982;. Bray, 1983; Piper,

1983). The above references also detall the role of LTs in asthma and

other disease states.

1.2.1.4.1 Leukotriene biosynthesis:

Lipoxygenase enzymeé are widely distributed in the plant and

animal kingdom. AA can be oxidized by 5-, 8-, 9-, lI-, and 15-
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lipoxygenases {(see Burka, 1981 for review) forming 5-HPETE, 8~HPETE,
9-HPETE, 11-HPETE, and 15-HPETE, which after reduction, form the
corresponding HETE, respectively. The most widely studied is
5-1lipoxygenase which 1is found in mast cells, basophils, macrophages,
and lung tissue of various species.

- The production of the more polar leukotrienes océurs whenvS—HPETE
loses water to‘ form an wunstable epoxide, 5(6)—oxido-7,§,ll,14-
elcosatetraenoic acid (LTA,) (Fig. 25. After enzymatic hydrolysis of
LTA,, polar compoundé such as 5,12-diHETE (LTB,) and its geometric
isomers (Borgeat & Samuelsson, 1979a,b,c,d; reviewed by Sirois &
Borgeat, 1980; Bray, 1983) are pfoduced‘%n eosinophils, neutrophils
and mast cells; LTBy 1is a botent chemotactic and chemokinetic agent.
| The smooth muscle cbntracting LTC4{, LTD,, and LTE, are also produced
from LTA, in mast cells, mécrophages, basophils and lung tissue..
5-hydroxy-6-S~glutathionyl-7,9~trans-11,14,cis-eicosatetraenoic acid
(LTCy) (Hammarstrom et al. 1979; Murphy et al. 1979) is formed after
reacfion of glutathione with LTA,, catalyzed 'by glutathione~S-
transferase. LTC, is further metabolized by the enzyme y-glutamyl-
transpeptidase to 5—-hydroxy-6-S-cysteinylglycyl-7,9-trans-1l, l4-cis-
elcosatetraenoic acid (LTID,) (Andersonv et al. 1982; Morris et al.
1982). ~ Another cysteine—containing LT, 5-hydroxy-6-S-cysteinyl-7,
9-trans—11,}4—cis-eicosatetraenoic acid (LTE,), is formed from LTD, by
the actions of aminopeptidases inhibited by L-cysteine and other

thiols (Sok et al. 1980); The structure of LTC, was first determined
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from mass spectrometry of bilologically produced materfal from rat
basophilic leukaemia (RBL) cells challenged with A23187 (Morris ez
‘al. 1980a). Further work indicated that LTs from guinea-pig lung had
identical structures (Morris et al. 1980b).

The 5-lipoxygenase enzyme 1s calcium dependent (Jakschik & Lee,
1980; Furukawa et al. 1984). The enzyme from RBL cells has been
purified using ATP linked to sepharose (Furukawa et al. 1984). These
authors demonstrated’ that ATP stimulated enzyme activity in the
presénce of calcium.. The S—lipoxygenaSe, y-glutamyl transpeptidase,
and aminopeptidase of RBL cells were isolated by Kuo et al. (1984) who
showed that the lipoxygenase enzyme 1is present in a soluble fraction
of RBL cell homogenates whereas the latter‘ééo enzymes were membrane
bound partigulate enzymes. °This confirmed earlier work by Jakschik et

¥

al. (1982) and Morris et al. (1982) who also studied the presence of
¥

&

these enzymes in gulnea-pig lung and ileum.

1.2.1.4.2 Inhibition of lipoxygenase product synthesis and effects:
The pharmacological manipulation of 5-lipoxygenation of AA and
subsequent enzymatic steps has received intense attention. éompounds
that selectively %nhibiﬁ 5-11poxygenase have been developed and 1i§d
to determine fhe involvement of 5-lipoxygenase metabolites in various
tissue responses (Falkenhein et al. 1980)..
The compounds, l-phenyl-3-pyrazolidone (phenidone) (Blackwell &

Flower, 1978), nordihydroguaiaretic acid (NDGA) (Morris et al. 1979),
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and U-60 257 (piriprost) (Bach et al. 1982) have been shown to inhibit‘
5 1ipoxygenase activity in various tissues and cells including guinea—
pig lung and mast cells. As'a.gonsequence of-inhibition of enzyme
activity, these compounds reduce the production of SRS-A and other
lipoxygenase products. Phenidone also inhibits the chclooxygenase
enZyme. |

. U-60,257. Ras been reported (Bach et al. 1982) to ‘inhibit

oo R

.glutathione. S—transferase' activity in addition to 5- lipoxygenase.
Furthermore, this compound may also antagonlze LTs at their receptor

sitesf‘an\action similar - to that of the selective SRS-A antagonist
FPL55712 (Augstein et al. 1973). '
- Finally, "’ Lfserine-borate complex has  been shown“to be an

effective inhibitdr of_fy—gfutamyl transpeptidase (Tate & Meister,

1978}, hence reaucing thé;formation‘of LTDy fromlLTC“.

. 1.2;1.4.3.BiologTBal sources of lipoxygenase products:

A variety of cells and tissues have been shown to producé lipoxy—

>

. .genase products:after'stimulation with antigen, A23187 AA, og other

stimudants. Representative’ sources are summarized in Table 2. ~In

I . . v \\

this regards,'it is notewortbyrthat such techniques as'reverse—phase

r/j .
high performance liquid chromatography (RP—HPLC) (Morris et al 1978;

AN
AN

: Borgeat & Samuelsson 1979a,b,c; Blackwel% et al. 1980), ultraviolet
spectrometrey (Morris et'al.'1978), bioassay on guinea-pig ileum and

lung' parenchymal strips, ﬁaSS spectrometry (Morris ‘et al. 1980a),



20

and -‘radioimmunoassay (RIA) (Levine et al. 1981), have gontributed to
the identification of these metabolites in various systems.

The Schultz-Dale reaction that occurs in various smooth muscle
preparations (reviewed‘by‘Chand & Eyre, 1978) upon the addition of
minute amounts of antigen,-is due to the release of phdrmaeological
mediators of the immediate (t}be 1) hypersensitiyi@? reaction.
Immunologically produced lipoxygenase products fromw‘airway smooth
qusele have been observed since 1940. However, the chemical nature of
the -mediator releised from guinea—-pig trachea was' not fully
' charéctefizedu |

Many lines of eYidence‘support the eontentiod ;ha§ the mediators
released f?om this ;issue,@re derived via the lipoxygenase éathway.
Adams & Lichtewsﬂein~(l979), Mitchell & Denborough (1979), and ﬁ;rka &
Paterson (1980; 1981) demonstrated that antigen-induced contractions
of .guinea-pig tracheal spirals were enhanced by indométhacin pretreat-
ment, and that antihistamines reduced the early phase (0-10 minutes)
of the contractile response. By cqntrast, lipoxygenase idhibitors and
the selective SRS-A antagonist FPL55712, reduced the late phase (15-60
'dinutes) of the eontractil%,response. These obserﬁaéions agreed with
'theﬁhypothesis tég% hiﬁfamine end;SRS-A contribute to the early and
late phasef'of antigen%dnduced.contractLOns, respectively. Furth%f—
more indomethacin—pretreatment ‘enhances contractions by removing the
modulatorygdnfluence of relaxant PGs on the trachea (Ore;ﬁé et al.

:

1975) and possibly cause_the diver51on of AA 1into t@g/lﬁpoxygenase
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pathway, hence producing more lipoxygenase metabolites, leading to an

enhanced response (Burka & Paterson, 1980; Adcock & Garland, 1980)Ln

Finally, Yen & KEthner (1980), Mitchell & Denborough (1980), and
Burka & PatérsOn (1980) showed that AA relaxed guinea-pig tracﬂea and
con%racted lung pafenchYmal strips. However, after indomethacin
pretreatment, AA-induced relaxations of the trachea were converted to
bont:aétions'with a concomitant'redﬁctioh in PGE; synthesis (Bu;ka &
Paterson, 1980), and contraétions‘of parenchymal strips were reAuced
with a'qonéomitaht reduction in TXAz synthesis (Mitghell & Denborough,

. 1980). Furthermore, lipoxygenase inhibitors and FPL55712 reduced the

AA-induced contractions of trachea after indomethacin~pretreatment..

Hence, the possibility that L‘:y be syn-t:hetized in guinea-pig .

trachea after ang&gen, A23187, a challenge. This possibility and

the role of calciumgin the above processes was investigated in this
‘thesis.

‘

1.2.1.4p4. Effects of leukotrienes on the airways:

ot

LrCy, LTD,, and VLTE“ are 100-1,000 times more potent than

histaﬁine in contracting airway smooth muscle from man, guinea pig,
and monkéy. Furthermore, the LTs. are more potent on the small
terminal airways, e.g., bronchioles, than tﬁe large conducting airways
e.g., trache;. LT effgctsf in vitro, develop .slowly and afe long

lasting despite exhaustive washing of airway tissues. (Hedqvist et

al. 1980;vDrazen et al. 1980; Hanna et al. 1981; Sirois et al. 1981;

&
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Piper & Samhoun, 1981). Also, LIB, contracts guinea—pig lung
parenchymal strips and to a lesser extent,gdinéa—pig trgcheal spirals
(éirois et 'al. 1981). | LTB, does not contract -guinea-pig ileunm,
whereas LTs C,, D, and E, do; LID, is the most potent. -
tAdministration of LTC,, LID,, and LTE, to guinea pigs in vivo
results_in a long las;ing increase in airway resistance and a.deérease
in lung compliance. ‘The latter persisted after the former returned to
normal baseline levels (Draien, l’ﬂb; Drazen et al. 1982). In
addition to the above effects, LTC, and LID, in&uce vasoconstriction .
and increased vasopermeability, respectively (Drazen et al. 1980;
Drazen @al. 1982). |
In vitro human bréﬁchial smooth muscle coﬁtracts to both LTC, and

LTD, (Jonmes et al. 1982). This effect is not blocked after atropine,
¥ .

mepyramine, or indomethacin-pretreatment. However, responses to both

- LTs are reduced by FPL55712. ' Human asthmatic ldng strips “falso

-

contract to LTs, but there is no hyperreactivity to LTs when‘compared
to control lungs (Schellenbefg.& Foster, 1984). These findings are
sﬁpported by those of Griffin et al. (1983), who. showed that
asthmatics are not hyperreactive to the bronchoconstrictor effects of
LTQH. | ‘ |
LTCH;, LTD,~, and LTB,-induced contractions of guinea-pig lung
pafenchymal strips are reduced.by'indomethacih—pretreatment (Piper &

Samhoun, 1981 and 1982; Creese et éi. 1981; Sirois et al.cl982). The

effects of LTB, on the same tissue are reduced by inhibitione of
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cyclooxygenase or by-inhibitién of PLA; with mepacrine (Siroils et al.
1982). The reduction of LT-i&duced contractions of lung parencﬁyma by
cyclooxygenage blockade, occurs with a concomitant decrease in TXA,
synthesis. Also, others have reported the synthesis of the broncho-
dilator PGI, after LT-induced contractions of guinea~pig lung strips
(Creese ‘et al. 1981; Omini et;al. 1981). ‘Heﬂce, oﬁ the guinea-pig
lung pa:enqhyﬁa, LT effecﬁs are mediated partly via the synthegis of
cyclooxygenasé ptodﬁcts, such as the bronchoconsﬁricfbr TXA,.
However,";n. human #solated bronchial and -lung parenchymal strips,
LTBy-, LTC,~, and LTD,~induced contractions w;re not affected by

cyclooxygenase inhibition (Samhoun & Piper, 1984).

1.2.1.4.5 Effects of leukotrieﬁes on the.central nervous system:

The ‘effects of}‘the LTs on CNS fuéction ‘have not been. widely
studied. However, the following studies suggest a possible role for
lipoxfgenase metabolites fn the CNS. |

'Pélmer et al. (1980) and (1981) showed that pressure-injectioﬁ of
LTC4 and LTD, onto rat éerebellar Purkinje fibers caused a prolonged’

éxcitatory action;  i.e., incérease in firing rate, which could be

*antagonized by FPL55712. LTB, had no effect in the above system. '’

b

Recenﬁly, LTs have been shown to be synthesized in various areas of

rat brain including cerebellum (Lindgren et al. 1984). F¥hally, LTC,

in léw concentratiohs has been ghown to stimulate luteinizing hormone
"y \ ) 3 v

release from rat pituitary cells in culture (Hulting et al. 1985).



1.2.1.4.6 Leukotriene receptors:

The greater potency of LTD, relative to LTC, in contracting

'
¢

gulnea-pig 1lung 'parenchymal strips and tracheal spirals, and the
greater.antagonistic effect of FPL55712 on LTD,—induced contractions
suggests that LTC, and LTD“vprobably act at different receptor sites
(Drazen et al. 1980; Xrell et al. 1981; Snyder & Krell, 1984).
Moreover, Fleisch et‘al. (1982) showed that FPL55712 was more potene
in antagonizing LTD,-induced contractions of 1ileum than those induced

. . 'Y
on isolated airways of guinea pig. This suggests that-LTDq receptors
may be different in various smooth muscles.

The fact that LTC, can be converted to LTD“ which o/n/ﬁ//further
converted to LTEH by enzymes present in airway smooth muscle and in
guinea-pig ileum (Morris et al. 1982) (see Fig. 2) complicates the
study of receptor‘ subtyoing in these\ tissnes. However, by the
judicious use of inhibitors of y—glutamyl transpeptidase (inhibitor.
serine borate complex) and aminopeptidase (inhibitor: cysteine) the
relatively undistorted effects of LTC, and LTD,” can be assessed.
Snyder et si. (1984) demonstrated that under conditions where'LTCq and
LTDn remain unmetabolized their potency increaSed since conversion_to
LTEq’was prevented. Furthermore, the_slight‘antagonistic effects of
FPL55712 on guinea-pig trachea against LTC, ’were abolished in the
presence of serine borateu complex .(Snyder & Ahrell,v 1584); These

*findings suggest that LTC, acts at a different receptor site from

LTD[“
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Radioligand binding studies of the LTs has coqfifmed the pre?ious
pharmacological evidence. LT~binding sites equated with receptors
based on their high affinity, ph&rmacological specificity, tissue
specificity, saturability, revefsibility, and stereoselectivity have
been demonétrated for LTC, and LTDQ in membranes of guinea-pig lung
(Pong & DeHaven, 1983; Brunms et al. 1983; Mong et al. 1984 a,b; Cheng
& Towniey, l1984 ‘a,b,cj.‘m Receptor sites for LTE, appear to .be’
identical to those forALTD“ (Cheng & Townley, 1984c). Specific LTC,-
binding sites have been shdwp-in rat lung (Pong et al. 1983), a smooth
muscle cell line derived from hamster vas deferens éKrilis et al.
1983; Clark et al; 1984), human fetal lung (Lewis et' ai. 1984),
guine;—pig ileum (Krilis et al. 1984; Nicosia et al. 1984), guinea-pig
uterus (Levinson, 1984), and guinea—pig brain (Qheng et al. 1985).

The order of potency for inhibitiqn of [SH]LTDM bidltng in
guinea-pig lung 1s LTD, > LTE, > Lic.* >> FPL55712 (Pong & DeHaven,
1983; Chené et al. i985). In the same tissue, the dissociatioﬁ'
constant (Ky) for LTDy bindiné at saturation and at ZO;C ranges from®¥
0.5 nM to 10 nM in‘variOus studies. thg number of *binding siteé’aE
saturated equilibrium (Bpax) range’ frbm 384 to - 2160 fmol/mg
protein. Some tissues do not exhibit specific LTDy binding sites and
LTDy can compete with [3H]LTC“ in binding to the LTC, receptors with

an inhibitory constant (Ki) supportive of the preseﬁce of two

receptor sites for the LTs. Furthermore,bFPL55712 can inhibit LTD,

binding with Ky values similar to Kp values obtained in
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pharmacological studies (Pong & DeHaven, 1983). FPL55712 does not
inhibit LIC, binding‘effective‘iy\.

LTC, may be metabolized to\LTDq during thé binding assay and may
give rise  to curvilinear Scatchard plots and erroneous competition
data. The inclusion of serine bqrate complex (45 mM) in the asséy
minimizes possible degradation of the radioligand and changes the
order of potency for inhibitign of [3H]LTCH binding in guinea-pig lung
from LfC“ = LTD, > LTE, to LTIC, $> LTD, »>> LTE, and for inhibition of
[*H]LID, binding from LTC, = LID, > LTE, to LTID, > LTE, = LTC, (Cheng
& Townley, 1984b). o

LIC; binding is not regﬁlated by guanine nucleotides or mono-
valent cations but is divalent cation sensitive (Pong et al. 1983 andv
others). LTD,, bindiné i; reduced by monovalent catio?s especially
Nat. A 50% reduction in the Bpax by Nat (50 mM) was observed by
Mong et al. 1985. Nat does not éffeqt the Kp. Mg 2t, Mo2+, and Cat
at 5-10 mM increase the By,x of LTCy and LTD, receptors in various
tissues to 175-200% of control level; without affecting the Kp (Poﬁg
& DeHaven, 1983, Brun§ et al. 1983; Mong et al. 1985). Addition of
GTP 1increases the raté of dissociation of bound LTD, (Pong & DeHaven,
1983). Furthermore, guanine nucleotides reddce the level of assayable
high affinity LTD; binding sites in lung (Pong & DeHaveﬁ, 1983; Bruns
- et al. 1983; Mong et al. i985). Guanine nucleotides (the.honhydroly-
sablg analogs, GTPyS‘and GppNHp, being most potent) reduce the Bméx

but do not affect }:he Kp of the residual binding, possibly they
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shift LTDy receptors into a lower affinity and less easily assayable

form (Mong et al. 1985).

1.2.1.4.7 Possible intracellular mechanism of action of LTD,:
= ;

The inhibition of LTD, binding to its receptors by Nat and

0

guénine nucleotides indicates that the receptor may be linked to
adenylate cjclase in an inhibitory manner. This 1is because similar
guanine' nucleotide and Na+—dependent regulation of other receptors
th;t inhibiﬁ adenylate cyclase has been observed. ' These recepto;s
include muscarinic receptors in mouse brain, rat brain and {leum
(Sokolovsky et al. 1980; Ehlert et al. 1980; Olianas et al. 1982),
D .
adenosine Rj receptors in-brain and gat cells (Cooper et al. 1980;
Gavish et al. 1982; Ukena et al. 1984); opiate reieptors in braiﬁ and
ileum (Koski et al. 1982), ap—adrenergic rgceptors‘in platelets (Tsal
et al. 1979; Hoffman et al. 1980; Motulsky es al. 1983), and GABA
reéeptors in rat cerebellum (Hill _& Bowery, 1981; Wojick & Neff,
1983). | ‘
The effects of guanine - nucleotides are transmitted to the
receptor via the GTP regulatory proteins of adenylate cyc;ase
(Rodbell; 1980; Jakobs et al. 1981). Thedg hormones have all been
shown to 1inhibit adenylate gyclase (for reviews see Jakobs et al.
1981; Cooper, 1982; Jakobs et al. 198Q) and section‘1.2.3.1.1.
By analogy with the apove ‘hormone-receptor systeés; 1t seems

likely that LTD, may interact with its receptor in a similar fashion.
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Further support for this hypothesis was the observation that LT~
induced contractions of guinea-plg tracheal smooth muscle occurred
along with a reduction in - cyclic AMP levels. FPL 55712 blocked the
contractile response, and the reduction in cyclic AMP (Hedman &
Anderson, 1982). Since LTs exert effects on airway smooth muscle and.
on rat cerebellum, these tissues were sgtudied in this thesis with
regards a possible inhibitory action of LTD, on adenylate cyclase.

-

1.2.2. Autonomic control of the airways

Autonomic nervous activity modulates a variety 6f body funcfions.

The airways are no exception. Reviews on the relative contributions
of sympathetic, parasympathétic, and other inhibitory pathways to
kéirway smooth muscle (ASM) include those by Richﬂrdson (1979) and
Nadel & Barnes (1984). Table 3 briefly summarizes the various

pathways exerting influences on ASM..

) m

1.2.2.1 Parasympathetic and sympathetic nervous system:
Radioligand binding studies and autoradiographic ‘localization

N T

studieé demonstrate the presence of muscarinic receptors, (Murlas(éﬁ %
él. 1982; Barnes et al. 1983), B, and a receptors (Barmes et al. 19325;}
Nadel & B;rnes, '19é4) in the ‘ai:ways of various species. - Tﬁe B>
receptor subtype predominates over the fB; receptor in the airways

(Bp: By, 85:15) (Nadel & Barnes, 1984).

The effects of muscarinic and o~ and B-adrenergic receptor
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stimulation on airway functions are shown in Table 3. The effects of
p-adrenoceptor stimulation may be related to 1increases in intracel-
L

lular levels of cyclic AMP (Sullivan & Parker, 1976; Lefkowitz et al.

1983).

1.2.2.2 Non—adrenergic non-cholinergic (NANC) inhibitory innervation:

NANC inhibitor§ innervation has been &ocumented in a variety of
smooth muscles (Burnstﬁck, 1972). The neurotransmitter may be
vasoactive intestinal peptide (VIP) (Richardson, 1981; Diamond &
Richardson, 1982; Said, 1982). Other possible candidate neurotrans-
mitters inélude pufinés (Burnstock, 1972), substance P, enkephalins,
prostaglandins, and a host of others (See Richardson, 1981; Diamond &
Richardson, 1982).

NANC innervation has been demonstrated to exert substantial
influence in human (Rich;;dson & Beland, 1976) and in  guinea-pig
airﬁays (Yip et aL: 1981; Grundstroam et al. 19815. In fact, it has
been estimated that 60% of nerve—induced inhibition in man and guinea
pig is due to NANC activation (Richardéon, 1981; Richardson & Beland;
1976; Diamond & Richardsom, 1982).

In the guinea pig, two liggs of evidence implicate VIP as being
B4 ‘

R}

the NANC transmitter. First,'éﬁ%isera to VIP reduced the re1§xation
i

obtained after stimulation of the NANC innervation, and secondly, by

ﬁsing radioimmunoassay, it was demounstrated that relaxation can be

correlated to the levels of immunoreactive VIP released (Matsuzaki et
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al. 1980). Furthermore, VIP containing neurones have been-immunocyto-
chemically localized in close vicinity to airway smooth muscle in dog,
man, and guinea pig (Uddman et al. 1978; Dey & Said, 1980; Richardson,
1981).

VIP can prevent the bronchoconstriction induced by histamine,
kinins and PGF,a (Said et al. 1974). VIP receptors have been
demonstrated pn rat lung and activate adenylate cyclase linked to

these receptogmm (Robberecht et al. 1981). VIP also increases cyclic

AMP levels .in ‘gplnea-pig trachea (Fransden et al. 1978), and inhibits
,}, L.

antigen-indi‘k?ﬁnveiator release from guinea-pig lung (Undem et al.

1983). Finall}, VIf has been shown to inhibit mucus sec:etioh by
human airways in vitro (QPles et al. 1981).

The protective effects of VIP (bronchodilation, inhibition of
mediator release, and inhibition of mucus secretion) on the airways
serve to highlight the fact that an abnormality in NANC innervation
may lead to asthmatic hyperreactivity. A substantial amount of

evidence is still needed to establish VIP as the prime neurotrans-

mitter in the NANC innvervation of the airways.

1.2.3 Basic regulatory processes in the airways:

In this section, consideration is given.to regulatof& processes
exerted upon airway smooth muscle and secretory cells in the lung by
cyclic AMP and calcium. The pathogenesis of asthmatic hyperreactivity

(1.3) may find correlates in éhanges or dysfunctions in the regulatory

i
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roles of these secondary messenger of cellular functioQ;

S 1.2.3.1 Adenylate cyclase: o o /
Adenylate cyclase is a membrane - bound enzyme universally

distribu;ed‘iﬁ animal’ cells. The enzyme catalyzes the conversion of

N -

ATP into cyclic AMP and p;rophééphate.7 .

Vérious stimul;tory and '1nhib1§ory hormones reguiate adenylate
cytlase activity ,iﬁ"a yariety pﬁ.%cell types (Cooper,‘ l98£ for
reviéw). Thesé hormones.hénée cgntrol the intrgcellulai levels of
cyclic,AMP'inxghe ce11 and thus affecﬁ thé trahsfer of information,
Qitimately  1éading lo the _characteristic cellular ‘:esponSe to ‘the

particular hormone. -
: ' i

The cqmpoﬁenté of this information‘Eransmission systém consist of
ﬁhe hormone reieﬁiéQ*(R) which ‘acts as the recognition transdugtibdt
éiement,‘ the. guanine;,ducleoﬁide binding’ proteins,uﬁps' and N1~vwﬁic%é“
mediaté the" effgcts of R :éccupatiOA by stimﬁlatory  and 'inhibi%orfl
>hofmogés;vré§pectively, opfo thé'catalyfié'sgquit (C) of the enzym% »

~(Rodbell, 1980). Activation qf C involves the exchange'df inactive-
i : v ' o :
GDP fordéctivé GTP at Ns or Ni.  This eXchangegisqprobably initiated

by hormone'binding,to R. Ns and Ni are probably'fwo separate proteins
' - - o~ s

(Hildebrandt et_al. 1983). C’utiliies a complex” formed between Mn2+-

or Mgz+ an& ATP to produce cyFlié AMB.',)Q%“
" Various -models of  the. ihte%ﬁction of cyclése componernts in.
; : i , I ,

stimulatidn'aﬁd inhibition,éf the enyzme induced by hormones, have

: 5 -
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been developed (for review see Muller,v1985). The "exchange-collision-

,:),)‘ o . . -
coupling model” of Levitski (1982) and the "disaggregation—gpupling“

model of Rodbell (1980) seem to account for experimentally observed

interactions between-R, Ns, Ni ‘and C. In Levitski's model and other

L

models, GTP, at a‘concentratipn:range of 0.01 - 0.1 LM for stimulation
and . at a .conéentration range of 0.2 = 6.0 LM for=~inhibition, is

essential for stimulatory and inhibitory hormone effects on adenylate

-

cycfése.

In both the abowé_models; high>affinity binding of a hormone to

1

its receptor is éohverted' to a low affinity interaction upon the
biﬁding of guaniné nucleotides to Ns or Ni. Fﬁrthermore, Rodbell's

model implies reciprocal effects, i.e. hormone binding facilitates‘fheﬁ@’
N . . ' ¥ N ’ )

interaction ofs guanine nucleotides with Ns or: Ni.

Studies: of adenylate cyclase were greatly clarified ‘following,

;ﬁe discovery of forskolin (see Seamon et al. 1981).lThis'diterpene

ﬂﬁ§increase3‘cyclic AMP éynthesislin all cyclase systems studied to date

5

(reviewed by Seamon & Daly, 1981b). Forskolin does not utilize

o

guanine nucieotides in its répid ana massive (i.e. relative to
hormonal s?imulants)’stimui;tion of tbe enzyme (Seamon "& Daly, 198la).
thfhermorg,‘forskdlin enhénceé the abiliiy of stimulatory horméées to
activate the enzyme.- This implieé an interaction of for;kolin with

the processes of Ns actiVation of C. ‘Forskdlin'has been shown to bind

to rat brain membranes (Seamon et al. 1984). Analogs of forskolin '

-

&hi¢h ,do not activate adenylate cyclase did not compete for the

)

P
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binding site. It 1s now currently accepted that forskolin activates C
directly, aithough interactions with Ns cannot be ruled out.

Ry

1.2.3.1.1 Characteristics of adenylate cyclase inhibition:

Non-hydrolysable analogs of GTP ‘can inhibit the basal and the

forskolin-stimuTated enzyme (Seamon & Daly, 1982). In fact, this

effect is exploited to determine the presence of Ni in a given cell.
N o ~ 0 .

Although Ns has been shown to exist (funQpipnally and physic;ily) in a
variétyrof cells, the situation with Ni is not as clear.
The reduction in cyclic AMP levels in cells may act as a signal

to promote varigGs other cellular activatory proceéses including

phospholipid metabolism, release of AA from membrane pools and its

subsequent‘péroxidation into active metabolites, and ca’t entry ‘which

activates the latter processes, prior to the tissue—-specific

& : '
biological response. (MicheXl & Kirk, 1980; Jakobs & Schultz, 1980;

)

Jakobs at al.'1984; Berridge & Irvine, 1984; Baron et al. 1984).

Common  features shared by hormone-induced and GTP analog-induced

inhibition of cyclase include a'greatér effect at low temperatures

“><200C.VS 37EC),¢Qt low Mgz+ concentrations in the assay (around 1-2
- . ",.?. S D X

“¢mM),&a'higher GTP requirement than for enzyme -stimulating receptors

(does not; apply to TP analogs), and sensitivity to proteases (pro-

teases abolish cyclase inhibition). urthermore, Mn’*t concentrations
b SR )
' o

over 1 mM ‘have been shown to reducé adenylate cyclase inhibition. A

high Nat concentration (100Km§§§%as been shown to optimize inhibition
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induced by certain receptors e.g. the ap receptor in the fat cell
system (Aktories et al. 1979; Aktories et al. 1981; reviewed by Jakobs
et al. 1981).

T . Iﬁ@gy}tqu hormones generallyv reduce basai adenylate cyclase

o J"?l ~;";' . v
: athﬁg@yiﬁyﬁfbout 30-80%. In the presence of a stimulatory hormone or
S & Y !

RS

compohnd; e.g., forskolin, the degree of inhibition 1is generally -

greate:'than observed if the enzyme is in the basal state.

1;2.3.2,Cyclic AMP and the airways: B -

. smooth muscle

in the ~airways, cyclic AMP may be involve&!

contractility,‘mediator release, and mucus -secretions "In this section

P

some of the evidence for. cyclic AMP involvement in airway smooth
muscle contractility is discyssed. The area has been reviewed (Baer,

1974; Andersson & Nilsson, 1977; Diamond, 1978; Hardman, 1981),

5

" Since the original studies of Sutherland & Rall (1960), the

second messenger role of cyclic AMP in éellﬁiar function has received

intense attentionw Hormones activating smooth muscle relaxant

receptors such as the fB-adrenoceptor, adenosine receptor, various
: -

relaxant. PG receptors, and other hormonal receptors Have been studied
in airway, intestinal, vascular and uterine smooth muscle. Cyelig AMP
levels in'tissues'can be increased or decreased by activation of the

- membrane .bound enzyme, adenylate cyclase, or by inhibition’ or
stimulation of cyclic nucleo%ide phosphodiesterase. |

1

It has been .suggested, as a general working hypothesis;y by
| Q.
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Sutherland (19743 that p-adrenoceptor effects are mediated by‘
increages in cellular igvéls of cyclic AMP. It has been theorized
" that decreases in‘cyclic AMP levels, or increases in cyclic guanosine
monophosphate (cyclic GMP), will prbaote contraction of smooth muscle
(see Baer, 1974; ?iamond, 1978 and others). Tﬁis siﬁplified scheme
has not found cohvincing evidence .and the roles of cyclic AMP. and
cyélic‘GMP in smooth muscle relaxation are still corfroversial.

The above hypothesis is based on ;he'fact that cyclic AMP and
some of fts analogues can indﬁ%e spooth muscle relaxation. Secondly,
adreheréicaliy“ induced smooth muscle relaxatiop can sometimes be
correlatgg »;ith tissue levels of cyclic AMP. Both effects are

abolishedi;ﬁy p-adrenoceptor antagonists. Thirdly, inhibitors of

cyclic AHP phosphodiesterases can induce relaxation, 1increase cyclic

Y

. L
AMP levels, and potentiate effects induced by o&her relaxant agents..
. . . . ‘} -

. . €
These observations are derived from studies on vascular, uterine,

‘airway and intestinal smooth muscle. "
Various authors haGe,shown‘that airway smooth muscle relaxés in
'response to B;édrenocepcor sbimqlation concomitant with increéses in
tissue }evels of c&clic AMP. These two’effects generally exhibit
similar concentration—response'and‘time—response rélatibnshipsvand are
similarly blocked by propranolol (Murad, 1974; Ohkubo et ai. 1976;
hKats;ki & Murad, 1?77;‘ kinard..et al. 1983; Laﬁ & Lum, 1983).

 Furthermore, theophylline and other phosphodiesterase inhibitors can

potentiate‘relaxation and cyclic AMP increases following stimulation
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with B agonists (Lohmann et al. 1977; Polson et al. 1982)

Other hormones;‘stuAied in airway smooth muscle include PGI,
(Macdermot & Barnes, 1980), and VIP (Rébberecht et al. 1981). Both
substancés increase cyclic AMP levels by stimulation °f, adenylate
cyclase .in' guineé-—gig and rat _lung, respectively. , Recent studies
utilizing.forskolin have demonstrated that this’diterpene is a potent
inhibitor of mediator release from the airways.' Burka (1983 a,bs has
' demonstrated that forskolin 1nhibits‘antigen- and calcium ionophore~
quuce§ éontractions of gulnea-pig airways and ié a potent broncho-
- dilator 1in vitro. Kreutner et al. (1984) héve also shown that
forskolip is a bronchodilator when admihistered by aerosol. It
prevents and feverses allergic bronchoconstriction 1in guilnea pigs:
The initial qbservations of Assem & Schild (1969) that epinéphrine can
inhibit ;ntigen-induced histamine release from human iung and the
recent work with forskolin further demonstrate a role for cyclic AMP
in mediator release (Sullivan & Parker, 1976;.Tungh& Lichtenstein,
1981; Alms & Bloom, 1982) and smooth muscle céntractility (Scheid et

al. 1978). In fact, current bronchodilator therapy in asthma probably

depends -on these two mechanisms of action. _ ‘ (

1
i

~1.2.3.3 Calcium and the airways:

-The 1mportant roles of Ca2+ in the airways hasv been well
documented (for reviews see Middlefon, 1980 and 1984; Rasmussen &

Barrett, 1984). - Unfortunately, there are very few studies of the

N



1._.

38
- Q

molecular basis of contraction of. girway smooth muscle and its Ca2+

regulation per se. It is only with the advent of calcium entry

“blockers 1in the therapy of asthma (Goodman, 198l; Fanta & Drazen,

1983; Triggié, 1983; Barnes, 1983) that more attention has been paid

to ca’t regulation of airway smooth muscle contractility.

1.2.3.3.1 Sources of utilizable calcium in the airﬁlys:

-

Creese &_Denborouéh (1981) showed that contgfcfile responses of
guingé—pig tr%chea-fo KC},'his;amige, aceﬁylcho{fhe, and PGFja were
reducéd, but not abolished, in a Ca2+—free mediﬁg. These authors
concluded that there were two sources of Ca’t in the trachea: an
extracellular source probably in equilibration with the<medium and an
internal source of utilizable ca’t. Furthermore, responses to high
concentratioéﬁ? of ‘bronchoconstrictors were less "dependent on
extracellular ca’*. similar results were obtained by Farley & Miles
(1978) using dog tracheal smooth muscle.. Bu;ka (1984) showed that
céicium?ionophore—A23187-1nduced contractions iof guinea-pig trachea
were totally dependent on extnaceliular Ca2+, but tha£ antigen—induced<\

2

contractions were part%ﬁlly dependent on intracellular calcium.

1.2.3.3.2. Calciur ~hannels in smooth muscle:

During peric =+ . stimulation of smooth muscle by ca?t mobilizing
agents, intracelluls- ca?t concentrations may'ihcrease'up tb‘a 1000

times those in the relaxed state (Middleton, 1984). This rise occurs
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via entry of Ca2+ into the cell through specific conductance channels,

or via mobilization of intracellular bound ca?t from sargoplasmic or

Tnea .
—

endoplasmic reticulum, mitochondii§; or bcher cat sequestering
organelles (Webb & Bhallau, 1976)./ Mechanisms also exist‘toAreturn
ca’t concen;rations to resting levels (Rasmusseq & Barrett, 1984).

Ca2+ movement .across Ehe membrane occurs through specific chan-
nels éctiVated in response to depolarization (i.e. voltage-dependent
channels) or in response to receptor occupation" by ; contracti}é
agonist (i.e. réceptor-ope;ated channel) (see Triggle, 1983). A group
of drugs known collectively as 'Ca2+- channel blockers, 1including
verapamil, D600, nifedipine, hiprendipine, gnd diltiazem have a high
affinity for Ca2+ channels in a variety of celis“ﬂincluding‘mairway
smooth muéglé“éeil;. These compouunds cén selectively.: inhibit the
, were _
activaéion of Ca2+ « channels especially the volgage—dependent
channels and ianhibit Ca*t-mediated effects (Triggle, 1981, Goodman,
1981; Triggle, 1983; Barnes, 1983).

- An intracellular' ca?t antagonist; 8-(diethylamino)octyl—3,4,5-"

trimethoxybenzoate hydrochloridé (TMB-8) (Chiou & Maiagodi, 1975)

stabilizes intracellular ca?t ions to binding sites and inhibits

contractions of skeletal and smooth muscle.

1.2.3.3.3 Excitation—contraction qgggiingfinvéﬁooth muscle:

A rise in intracellular ca’t concehtratioqg activates the calcium

binding protein, calmodulin (Cheung, 1980; Brostom & Wolff, 1981).

o
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The Ca’*-calmodulin complex interacts with inactive myosin light chain

kinase, which becomes activated and subsequently phospﬂorylates myosin
« ,

v

to myosin-POy,, whigh in thé presence of the contractile protein,
actin, activates the myosin ATPaée. Subséquent cleavage of ATP yields
energy which is utilized in muscle shqrtening according to the sliding
filament theory (See Stull & Sanford, 1981; Middleton, 1984; Rasmussen
~and Barrett, 1984).

Sparrow et al. (1984) recently demonstrated th;t calmodulin
vincreased sensitivity to ca’t in skinned muscle fibers from guinea-pig
trachealis. Furthermore, a cyclic AMP-dependent protein kinase
inhibited tension .development induced by the Ca?*-calmodulin complex
after ﬁiadrenergic stimulation. An earlier studyiby Hoéaboom et al.
(1982) wusing tracheal ‘smqoth muscle demonstrated cyclic AMP- and
cyclic GMP—&ependent phosphorylation of 2 membrane proteins uLtimately

-involﬁed in transport of Ca2+ into microsomes viaézhosphorylation of a

Ca2+-tﬁ3nsport ATPase.

1.2.3.3.4 Calcium antagonists and asthma:

£ .
CLalcium entry blockers have demonstrable therapeutic wuse in

certain types of asthma (Goodman, 1981; Bérnes, 1983; Fanta & Drazen,
1983; Middleton, 1984). Patel (19813j showed that nifedipine
prevented exercise—-induced asthma in abgroup of fifteen asthmatics.
Other authors havé demonstrated similar effects of nifedipine,

verapamil, and cinnarizine against exercise-induced and <cold

v e
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ai?-induced br;nchoconstriction in asthmatics (see Middleton, 1984).,
Furthermore, Patel (1981b) showed thﬁt verapamll given by inhalation
did not alter histamine- and methacholine-induced bronchoconstriction
in' asthmatics. Similar results were obtained by McIntyre et' al.
(1983). They concluded that calciutm antagonists »inhibit mediator -
felgase and not the smooth muscle bronchoconstricdtion effected by
astﬂmatic mediators. This conclusion was partly supported by the
findings of Henderson et al. (1983) who showed that in vitro
contractioﬁ of sensitized éhinea—pig trachea and human brogchial
muscle induced by acetylcholine, histamine, and specific antigen were
either unaffected by nifedipine (100 uM) or reduced by about 50% in
" human bronchial muscle. Moreover,’ these , authors showed that
nifedipine—pfetreatment inhibited antigen—inducedObronchoconsﬁriction
in asthmatics challenged with grass pollen. These findings contradict
those of So et al. (1982) who showed: that inhaled verapaﬁil and
nifédipipe did not alter antigen—induced bronchaconstriction in eight
asthmatics, and Patel et al. (1983) who also showed that inhaled
verapamil did not affect allergen—induced bronchoconstriction in human
asthmatics.

Weiss et al. (1982) showed that in vitro verapamil inhibited
-antigen-induced contracfions of gqigga—pig tracheal spirals. However,
antigen-induced histamine release'was unéffecﬁed. Fanta et él; (1982)
also showed that nifedipine reversed existing tone in guinea-pig

tracheal spirals and Iinhibited constriction induced by histamine and

2
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carbachol in tracheal and parenchyma% preparations in vitro.

The above representative :studi;s leave no doubt that calcium-
entry’ blockers are‘ effective in preventing or reversing asthmatic
bronchoconstriction. However, there is contfoversy surrounding . their
mechanisms of action. They may work by inhibition of wediator

release, by inhibition of smooth muscle contraction, or both.

*
oy

1.3 STUDIES ON MODELS OF ASTHMA: MECHANISMS OF AIRWAY HYPERREACTIVITY

| Unfortunately, most animal models of human diseases are not
“true” models of the human situation. This is basically the situation
with animal models of human broachial asthga. Models have included
dog, guinea pig, moﬁkey, sheep, and rat3, and airway tissues and célls
derived from these models, and from human sources. Although a huge

amount of data has accumulated from studies, as yet there is no

concrete theory to describe the origin and pathogenesis of human

.asthmatic hyperrereactivity. Howéver, a lot of knowledge has been

gained on processes of anaphylactic mediator release, and the effects

of mediators that may likely translate into the pathologic induction

~of hyperreactivity. 1In this section various studfgs of animal models

and their human counterpart will be reviewed in order to demonstrate

the variety of hypotheses that have been orjginated to account for

airway hyperreactivity.
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1.3.1 Sensitization-dependent changes in pharmacologic receptofs:

. Szentivanyi (1968) first proposed that B-recepﬁgrs are hypoactive
in the airways of asthmatics. Hence, the relagg;t influence thesg
receptors mediate 1is lost and bronchoconstrictor tone overrides the
fine balance of airway caliber 1eading to an enhanced broncho-

’

constrictor response to various stimulants. These observations were

'supported by the fact that propranolol induces bronzhoconstriction in

asthmatics, but not 1in normal individuals (Richardson & Sterling,
1969). Szentivanyi's theory has gained a lot of support especially
since it has .been reported that’ a variety of p-mediated effects such

as vasodilation, hyperglycemia, platelet aggregation, yteases 1in

) v -
urinary cAMP, and 1increases - in blood 1lactate were reased in

asthmatics (Sly, 1981).'

An extension of the B—hyporésponsiveness theory of asthma is the
premise that excitatory o—adrenoceptor and muscgrinic 'receptof
function is increased in asthmatic individuals. This was based partly
on fhe fact that a—-adrenergic antagonists and atropine can pfevent

exercise- and histaminerinduced bronchoconstriction in asthmatics

AV

(Bianco et al. 1974; Kerr et al.\l970). Fﬁfthermore, Kaliner et al.

(1982) have shown that allergic subjects, including és;hmatics, have
muscarinic-receptor, g—adrenoceptor hyperresponsivéness,. and
B—adrenoceptor hyporesponsiveness (Shelhamer et al. 1983).

In opposition to the hypoactive beta-adrenoceptor theory of

asthma, it must be noted that most asthmatic subjects have a history
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of treatment with PB-adrenergic agonists, and the 'observed ' B-hypo-

i

responsiveness may be a manifestation df receptor desensitization
and/or down regulftion of receptors (Lefkowitz et al. 1983).
Furthermore, the stress of asthma may cause metabolic changes leading
to the observed effects, 1.e., receptor hyporesponsiveness 1is a
consequence rather than a cause of asthma.

Radioligand binding studies have demonstrqted significantly lower
f-receptor density in mononuclear leukocytes of asthmatics not taking
any 'medication, whereas in asthmatics on nedication, - including -
agonists, there was a significantly reduced. B—adtenoceptor binding
density in mixed leukocytes, nenonuclear cells and in polymorpho-

4

nuclear leukocytes (Sano et al. 1983). Studies by Makino et al. (1983)

A
;««4_ o

have demonstrated diminished 'Cyclic AhB responses of asthpatig

lymphocytes after stimulation with:B-egonistA : Furﬁhermore,§? ere»wasa
, s o &W;,w

e "fi é r“"

a significant correlation between B*hypores.w

Ry 7

hyperresponsiveness determined by meaSurEmeht'@”

threshold to acetylcholine. However, andé%grrrstu

terms of  B~adrenoceptor binding den§
' PO ;;":
B-agonists. Ag~ I

Animal studies have produced% cBnﬁlicting evidence.‘k Bsrnes et
L e c‘i S o

‘q ¥ )
al. (1980) showed that in the Jogglbdpin-sensitized and challenged

%tﬁ‘

gulnea-pig model of asthma theret

density and an increased a-r
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magnitude of adenylate cyclase activation by 1isoproterenol in lungs
from these animals was less than that of control animals. The aniefl
model used by Barnes et al. (1980) exhibited symptoums of asthma; i.e?\
coughing, wheezing, and hyperreactivity to bronchoconstrictors.
Therefore, Cheng & Townley (1982) investigated the effects of
bronchoconstriction on B;adrenoceptor density and showed that only in
animals that. were expoéed to bronchoconstrictors like histamine was a
reduced binding dens}ty observed. Therefore, they concluded that f-
adfénoceptop hypoactivity can result as a consequences of the stress
induced by bronchoconstriction.

Studies comparing naturally ascaris-semsitive beagle dogs and

normal beagle dogs demonstrated that a-adrenoceptor-mediated br

constriction only*ﬁacurred in the allergic dogs (Malo & Wasserman,

a0

2

1983). Furtherqpr%? this effect was poténtiatéa by propanolol/
indomethacin pretfeatment.’ Hence, it appears that a-adrenoceptqé!r
induced bronchospasm only plays a role in allergic dogs and not in the
unsensitized rontrols. Finally, Bongrani et al. (1983) showed that
B-adrenoceptor blockade potentiated bronchospasm induced by acetyl-
choline, histamine, or LTCy,.

The above representative studies demonstrate the diversity of
results optained from investigations of P-adrenoceptor function in
asthma. There 1is clearly a need to investigate the role of other-

relaxant receptors, e.g., the VIP receptﬁr, in the airways.

Furthermore, it is apparent’that a variety of factors, including prior
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"administration of B—agonists and stressesuof Bronchocpnstriction, can

- -

contribute to the lack of uniformity of. the conclusions reached.

i
©

IR

'1.3.2 Sensitization-degendent changes ‘in cyclic AMP and PGs:

Various studies have suggested alterations in cyclic AMP levels

l)

after immunological sensitization. Sydbom et al.,(1979) showed that

the basal lenelg‘of.cyclic.AMEnin rat mast cells was significantly

reduced. by sensitization, and that anaphylactic histamine‘releasennaSg
: [ : o

"increased. /Cyclic GMP levels were,gnchangedfby'sensitizatidn and the

cyclic AMP/cyclic. GMP ratio was'decreased} Howe?er, Mathe et al.

(1§78) »demonstrateda earlier a decreased ‘CYClic AMP response .in

!

sensitized guinea—pig lung in response to histamine stimulation.
-Hence, it is not known if the decreased cyclic AMP levels,in rat mast

‘cells is due to increased. histamine release or if decreased cyclic AMP

1evels causes greater amounts ‘of histamine to be released..
d .
Rinard et al. (1979) showed that in dogs-’ sensitive to ascaris,

the4'isoproterenol-induced relaxation of,‘trachealis. muscle was less

than in control animals.'jFurthermore; sensitized-dog trachealis had

X . o : b
lower basal cyclic AMP levels than control trachealis and lower

T

isoproterenol stimnlated increases in cyclic AMP. These.dogs“had‘not

‘ beenrprenionsly exposed to a f-agonist. Hence these authors ruled out

‘desensitization of the f~receptor.

Sensitization increases the release of bronchoconstrictor PGs

Mfrom_the lung.‘Mathe et’al (1977) showed that ovalbumin sensitization
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of guinea pfgs caused é. cantly more PGFja in addition to hista—
"mine to be® spontaneously released from the lung relative to control
animals. .Yen et al. (1978) obtained similar results. - Rothberg &
Hitchcock . (1952) showed that microsomal fractions prepared from
'ovalbumin—sensitized guinea—pig 1ung synthesized more bronchoconstric-
‘tor TXAz and PGD, upon AA-induced‘stimulation than control microsomes.
Boots.et al.'(l978) obtained'similar(results using perfused guinea-pig

lungs. From these studies, it appears that immunological'sensitiaation

increases the production of bronchoconstrictor PGs in the "airways.

’

Fish et al. (1981) showed that ‘indomethacin—pretreatment of
allergic“-asthmatic ‘and - allergic »nonasthmatic (i.e. patients with

allergic rhinitis) subjects, increased the sensitivity'of the latter

group to antigen—induced decreases in pulmonary function.' Further-
more, senSitivity to methacholine was not changed by indomethacin.
The authors'concluded that PGsimay ‘be gegulating mediator ‘release in
._non-asthmatic subjects in‘a different fashion from asthmatics.

Wélters et -al. (1981) studied the effects of PGF2a~pretreatment
on the pulmonary responses to histamine in normal subJects and showed

that the sensitivity to histamine increased without a change in
reactivity when the data was compared to -placebo-pretreatment.
However, opposite results were obtained by Fish et al. (1984) in

~asthmatic subJects. PﬁEza—pretreatment ldecreased the response of

. d « « * ’ ) . .
‘human asthmatic airways to- histamine. Also, experiments by Walters
(1983) showed that vimmupization .of normal” humans ggainst influenza

v
“« .
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virus increased the sensitivity. and decfeased reactivity of the

,airﬁays -to histanine. Indomethacin-pretreatment abolished the

increased sensitivity but increased reactivity, implying a r&le of PGs

releaéed\‘in the inflammatory response to influenza virus in the

o

Q

induction of airway hyperrespongiveness. ‘ : ' B}

1.3.3 Sensitization—dependent changes in the role of 'lipoxygenase

n N
o

metabolites: . % . ' .

Lipo*ygenase producté have been implicated in the pathogenesis of

"asthmatic hyperreactivity. ‘

>

Increased syﬁthesis of 1ipoxygenase products has been shown. to .

B % occur as a consequence of immunological sénsitization, Thié has been

‘

demonstrated in guinea-pig lung fragments (Piper & Seale, 1979) and in

. platelets from normal and asthmaticvindividualg (Yen & Morris, 1982).l

, C : ‘ . 5
Furthermore, lipoxygenase products have been shown to increase reledse

'of‘ﬁiétamfne from human S%?%phils (Pg;éréléE al. 1981). -

The influence of prior~e§poshre of "airway tissue to libokygenasev

g

products on subsequent responses to bronchoconstrictors has also been .
studied. Generélly, ‘lipoxygenase products sensitize airway smooth -

muscle to the bronchoconstrictor effects of histamine and other con- -

tractile agonists. Cppas‘et al. (1982) showed that 5-HETE cont?actéd

human isolated bronchial muscle and guinea-pig lung strips. S-HETE at
P Sy . Ie .

e ©

subthreshold doses also potentiated histamine-induced contractions of.

human airway muscle. LTD, and LTE, enhanced contractions of gﬁiﬁéa-

G
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. plg tracheal spirals to ‘histamine and acetylcholine (Creese & Bach,

A ]

1983; Lee et al. 1984). These effects are antagonized by FPL55712.



2.

RESEARCH OBJECTIVES

50

+ 0%,

[P



51

2. RESEARCH OBJECTIVES ' ' ' s

This thesis consists of three separate "but related studies.
Studies 6ne~and two ytilize{the actively~sensitized (ovalbumin as‘the
antigen) guinea-pig médeivof asthﬁa: The hypothesis explored iﬁ the
first study was that immunological sensitizat@on alters the fespon—

~slveness and sensitivity of airway tissués to ‘bronchoconstrictors and
bronchodilators. By analogy with humaﬁ allergic bronchial asthma,
“ {mmunological sensitivity to an antigen may result in bronchoconstric-
tor hyperreéctivity and/or bronchodilator ﬁypoactivfty. These may
arise as a consequence of altered AA metabolism (Yen & Morris, l98é),
changes in receptor concentration (Szentivanyi, 1968; Kaliner et al.
1982), and/or ch;nges in cellular regulatorylprocesses of the airways
(Mathefet al. 1978; Rinard. et al. 1979). | “

In order to investigate such possible changes, the reactivity Qf

_sensitized airway tissue to bfonchoconstrictors and ‘bronchodilatérs
‘ﬁas compared to Appropriate unsensitized controls. Qpntr;ctile
responses and,sénsitivity of normal aﬁd sensifized‘isolated traébeél
spifals (large airways) and lung parenchymal strips (small alrways) to
histamine, carbachol, LTC,, LID, and U-44069 were détermined. These
agents being éhosen by virtue of their involﬁement in human asfhma.
Furthermore, the relaxént responses of noﬂhalgéﬁiﬁsensitized airwa§

tissues to 1sopro£erenol, PGE,, forskolin and vasoactive intestinal

pol&peptide (VIB)?qéré ipvéstigated. In conjunction with the relaxant

0
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in membranes bfepaféd from normal and sensitized lung p#renéhyma were
measured. This was done so as to obtain\a direct index of recépﬁor
occupation and activa;ion by these.;genEs and to determine whe;her
immunological sensitization alters t1ssue relaxation and/or ;yclic AMP
production. Again, tﬁis_hyéothesis was based on literaCure reporfs.of
phanges;in the effect of brdnchodilator receptors and the adenyiaté
cyclase'complex in ;sthma. The compounds used in this g}udy ﬁe;e
é?oSen by virtqe of the probablé importance of the p-and VIP-receptor
in asthma. Forskolin was used to obtain a non-receptor—mediated ‘
measurement of adenylate é}élase activ;tion‘and PGE, because of the
important modulato#y function of this PG in the airVays (Spannhake et
ai. 1981).

'Since AA;metabolites are synthetized and are{acﬁive'in airway
‘tissues, the effects of-inhibitors of the cycIooxygenase”enéymei(iﬁéa,"
indomethacin, the lipoxygenase énzyme;'ife., NﬁGA, apd an inhiﬁiﬁor)o%
both'eniymes, i.e., phghidonem were invegtigated on the coggractile
responses ofknormgl and sensitized tissues. The effects o% indometha;
cin were- als; investigated on bronchodiiatopfiﬁduéed relaxation éf

, ' .
normal and sensitized airway ‘tissues and ‘on aﬁenylate cyclase

activation in normal and.sén§itized'lﬁng parenchypal membranes:

[ : - ) s
Varjgus "studies have suggested that AA metabolism 1s altered in .

]

. , ﬂ . ’ " ;
“allergic .states. 'The use of inhibitors of AA 'meta
. ) . s , o o

.étudy sgrved _EQ define . such a defect.

- oo AL - - . C _"iy“-;" o e
\ainVestigafed-mgre”&&rectly by. comparing ‘A23187- AL <1 nduced-
e Ty e < . R T IR

. . 3 - a = ¥ & -
o clvewn e ol s ;L\;&L, Dol tohml Lt e
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contractions of normal and sensitized airway tissues.'>Furthermofé,_
the nétpre 6f lipoxygenase metabolite(s) released frbm;'the airways
. g -

upon antigeh, A23187, and AA challenge was investigated using reverse-
phase hié&wperformance 1iquia chromatography techniques supplemented
with UV‘sé;ctrometry and bio;ssay techniques.‘ |

fhe nature _of calcium regulatiqn ‘in  the synthesis of the
metabolite(si mediating AA-induced contragtions of ‘the airWQQSv was -
aléq;*examined. - This was ‘done so as to deterﬁine whether calcium
ﬁoduiatory drugs preferenﬁially fantag;hize mediator synthesis ‘as
opﬁosed to smooth muscle contraction initiatéd by released mediators;
(See evidence presernted in Section 1.2.3.3.4.). The third and final
study in this Lﬁesis was%to investiga£e the effects of LITD, on the
guiﬁea—pig iﬁng and ra;;éefebellar adenylate cyclase systems. The
hypothesis that LTD, ingeracts with a receptor negativély linked to
adenyl;ﬁe cyclase was tested (See evidence presented in Section
1.2.1.4:7). In this study adeﬁylate cyclase was prepéred from ;hé.

above tissues and tested under conditions which were optimal for

demonstration of inhibition of the énzyme.
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3. MATERIALS AND METHODS

3.1 Materials:

Histamine.dihydrochloride,_carbémylcholine chloride, nordihydro-
‘guaiaretic acid (NDGA), 1—phenyl—3—pyrazolid;ne (phenidone),
'adenosine, édenosine deaminase, vasoactive intestinal peptide (VIP),
y-amino butyric acid (GABA), arachidonig acid (AA), prostaglandin E,
(PGE ), and ovalbumin (OA, grade II for sensitization ané grade V for
challenge) were obtained from Sigma (St. Louis, MO). 8—(diethylamino)—
octylo—3,4,5—trimethoxybenzoate hydrochloride (TMB—B)was’from Aldrich
‘Chemical Company tMilwaukee, WI). Forskolin, calcium ioenophore
A23187, GTP (trilithium salt), GTPyS, creatine kinase, dithiothreitol,
‘creatine phosphate (potassium salt), AMP, cyclic AMP and ATP were f;om
Calbiochem-Behring (San Diego, CA). '[a—azP]rATP (25 Ci/mmole)rwas
obtained from ICN chemicals (Irvine, CA).

LTC,, LTDy and indomethacin were gifts from Drs. J. Rokach and
_Wm. D. Dorian, Merck Frosst Laboratories (Pointe Claire - Dor?al,

P.Q.). U-44069 was a gift from Dr. M. K. Bach, the Upjohn Company

(Kalamazoo, MI).

-~

All drugs were dissolvea in water, except U-%4069 (10"3 M) which
was diSSolved‘in 952“ethanol; indomethacin (10 mg ml'l) in 1 M Tris
bﬁffer (pH 8.4) or ethanol, NDGA ¢100 mM)bin'water containingil.SZ
NaOH to make a salt, A23187 (1 mg ml~!)" in ethanol, PGE, (10-%2 M) in
ethanol, forskolin (].0'2 M) invDMSO, isoproterénol in water containing

100 M ascorbic acid and AA (10 mg ml~!) in 1 M Tris buffer (pH 8.4)
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and stored in the dark at -70°C until used. LT stock solg'ion; QO.ZF
mg ml‘l) ’were checked for purity by HPLC and the concentration
adjusted to 10—" M, afd divided into aliquots and stored at -70°C
until the day of use. Diluted solutions were stored at’ 4°C and used
for a maximum of 1 week and then discarded.

The effect Qf vehicle was always tested on the responses being
measured and it was ensured that none of the vehicles significantly
affected the response. |

.All drugs were diluted in deionized water or in Krebs-Henseleit
solution (KHS). Furthermore, drugs used in adenylate cyclase assays
were always adjusted to pH 7.5 with Tris acid or base before storage

-
or use.

All solvents used in HPLC were of HPLC grade. All other drugs,
chemicals and solvents were at least of reagent quality.

3.2 METHODS

3.2.1 Sensitization of animals and preparation of tissues:

Male English short-hair guinea pigs (200-250 g) (Connaught
Laboratories, Toronto, Ontariq)’ were actively sensitized with
ovalbumin (OA) (grade II) 100 mg s.c. aﬁd 100 mg i.p. Normal animals
were untreated and age and weight matched wi&h sensitized animals in
all experiménts. Animals wefe'killed by stunning and'exsanéuinatio;

(3-4 weeks after OA injection for sensitized animéls). The trachea

qu*lung were removed immediately and placed in KHS. The composition

A
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(mM) of the KHS was NaCl, 118; KCl, 4.7; MgS0y.7H70, 1.2; CaCl,, 2.2;
KH,PO,, 1l.2; NaHCO;, 24.9; D-glucose, 1ll.1. The trachea was cut
spirally (Constantine, 1965) and divided intg four equal segments $0
that one always acted as a control to detectlchanéés occurring és a
result of time, vehicle, or previous additioﬁs of drugs. Parenchymal
strips were prepared from the distal edges of each lung lobe (Lulich
et al. 1976). Each strip was approximately 3 x 3 x 30 mm. Four
tissues were obtained from eacﬂ‘animal and used as above. Tissues
were placed in water— jacketed 10 ml baths, maintained vat 37°C in KHS
aerated with 95% 0, and 5% CO,. Tissues were attached-by silk threads
"to force disblacement. transducers (Grass FT03C) and the responses
o .
displayed on Grass polygraphs (Model /D). An initial load of 1 g was
-placed on each tissue. At ﬁhe end of a 90 min equilibration period,
Auring which the bath fluid was replaced with ffesh KHS every 15 min,
the resting tone was adjusted to 1 g. Initial experiments with
KCl-induced contractions (Fig. 3) démonstrated that the lenéthftension
relat%pnships were similar for pbot‘ norﬁal (N) and sensitized (s)
tissues. The optimal tension was 1.0 - 1.5 g for both qréchea and _
parenchyma . Higher applied tension, e.g., -2 g tended to tear
pafenchymal strips. Tracheal spirals normally increased in tone
whéreas‘parenchymal strfps tended to rélax slightly under 1 g applied
tensibn. The dry weight of each tissue was determined at the~end of
the experiment (after dry;ﬂgvoverhight at 60°C). The dry weight was

used to normalize the force developed to the smooth muscle mass (Brink

)
i
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& et al. 1980).  This normalization assumes that the percentage of

smooth muscle in trachea and parenchyma 1is constant. Furthermore,

L o
the maximal response to histamine (100 M) was determined 1initially
and other responses expressed as a percentage of this value.
&

14

3.2.2 Concentration;response curves to bronchoconstrictors and

bronchodilators: Effects of cyclooxygenase and lipoxygenase

inhibitors on responses to agonists:

~

After the responses to ﬁistamine (100 M) became constant, .

concentration-response (C-R) curves were established for histamihe,

carbachol, LTC,, LTD, and U-44069 on N and S trachéal spirals amnd

parenchymal strips. Only one bronchoconstriisor was studied on

tissues frgm anﬁvone animal. Additions of drugs were made-in graded

doséwform éiven in random order with two exceptiéns; (i) on tgacheal
spir#}s‘Uf44069,’LTCg, and LTD, were added in cumulative fé!Bion since
the‘ tissue responses( to these agonists ‘were very pro;onged anﬁ
diffiéult to reverse By washing (i&f§nitial experiments we did not

note any differences 1in C—R;}cufves achiev;d by graded dose or

aécumulative addition);v(ii) on pérenchymal étrips the LTs ‘were  added :in

gfaded doses giVen in 'increasing concentrations. These agonists were

not added randomly since the tissues desené@tized tompletelyzﬂ?&er

high concentrations. Only one C-R curve was generated using tbeSe
. o ) q@

agonists on the parenchyma. ‘ BeF

After establishment of the initial C-R curves, the tissues were

L]

»

A

!
S

N

~

-

Y
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incubated for 30 min with indomethacin (8 5. uM), NDGA (30 WM,

[V%

‘phenidone (185" mn) These concentrations effective&y inhibit the

-a

‘ cyclooxygenase (indomethacin, .phenidone) ‘and lipoxygenase (NDGA,

phenidone) enzymes (Vane, 1971 Blackwell and Flower, l978'uMorris et

al; 1979)~v The fourth control tissue was incubated with vehicle in

a_ -

30~'the final concentration used with the test tissues., The inhibitors

PIRIN N

were kept in the bath ‘upon: reestablifhment of the second CLR curves 'to - e

w

”&the bronchoconstrictors._ Hence, all tissues had two curves generated

;..

fon them except for LTCu and LTDq on . lung parenchyma where o ly one

itCurvev was generated “on control and inhibitor ‘treated. tissues,'

.o

‘-_:immediately after]establishment of the Optimal response'to.histaminel

.When sensitiied‘tissues Qere‘ﬁsed’5they”QEre‘challenged with,OA,

'(B ug/ml) at the end of the experfment to confirm that the sensitiza—‘

o n -\“

/f ,,tion procedure was effective. ,:f;_‘ A
The increases in force as-a result of drug addition were, deter-
'mi ed from the recorded responses and normalized in two ways. (i)’

°

i

Zaf er dividing by the tissues dryrweight and (ii) by eXpressing ‘as a

- percentage of the maximum responsa 0 histamine determined initially :

8]

' o/
yfor every fiSSue before ihe‘addition of inhibitors. The effects of

// .,upreincubatibn-tone;\ . " o fyl.;;

The concentration of an agonist required to increase tension by
"S

SOZ of the,maximum attained and by SOZ of the maximum attained\by:



Q@

3 ' ‘ '

_histamine were the ECsg and 'ECgy maximum histamine, respectively.
These values ‘were’ extrapolated . from hand—fitted individual C-R

curnes.. }The.negative logaritmm of the ECsy is.the pD2 and is an
indication of the potency_ofian agonist. The ECSO maximum*histamine

‘values were also converted into negative :jbgétithms.' Data was.

(J

‘»analyzed for statistical significance ﬁgﬂ’the %ﬁ gf S:udent s E%test
for- paired and unpaired data as appropriate. The difference bétween

,groups was considered.significant when p < O. 05.

B

The relaxant effects of iSOproterenol forskolin, PGEZ,'and VIP

o

.

vjwere determined on N and’ S tissues prepared as above. Trachealtspiﬂals

'_were pre—contracted with carbachol (l uM) a concentration which

’produces 70 80% of the maximum reSponse. Parenchymal strips were not
% ﬁjﬁ:contrac A7y %?t dechanically adJusted to m%%ntaim 1 g baseline
o gy » ﬁ"‘ ‘

tension., %The agents were added cumulatively until the, maximuJ

response reached a plateau at. which isoproterenol (10 pM) was added to
. ’ oW
fully relax the tissue.' ‘ ReSponses, were- expressed as percentage

:maximum response to isoproterenol (lO.pM), and  as mg relaxation/mg dry

weiéht of tissue. . Both rforms of data expression gave - similaf

c:Lclusians. Hence, onl; the former are presented.,
Two relaxantwdrugs -were studied on tisspes ‘frodt one animal " One

/' acte&ias a paiwed time control andpthe other tQ determine t;e‘eﬁfect

'«of indomethacin (8 .5 pM) on the reestablished C-R cgrzes to the~above
C R T

o
8
b

. ' "’ D .
¥ L e X BN
& R %

All comparisons‘(to degect - the effects of--n ibitoaﬂmreatment)

‘ 8 R %é T

a '575

x\‘ relaxants. .l" , S -
\. . 5y . L :4.
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. were made with the appropriate time and vehicle control .tissue.

Further/analyses were as described for bronchoconstrictors.

3.2.3 Responses to antigen, ionophore A23187 and AA. Effects of AA

metabolism inhibitors and calcium—modulatory:treatments:

TiSSues 'from N and S animals were prepared as described in:
'section 3.2.1; Tissues were treated with indomethacin (8 5 M), NDGA
(160 uM) or vehicle. _ After treatment of tilssues, with _the above'

% inhibitors for 30 min, the tissues were?challenged'with A23187 (5.7

pM) ‘or ovalbumin' (3 Hg%ml) A23187 was added to both normal ‘and’

sensitized tissues. AA (66 M) was added to some tissues 1 min before

the above Stimuli..

-~

In further experimeﬁts ‘the effects of mepacrine (210‘ M), a

phospholipase inhibitor - were also 1investigated. The'-protocoli in
R .
these experiments is shown in Table 4.

0

; In the above experiments, the bath fluid was collected at the end
v / g
of 60vmin and LTs extracted as described 1ater in section 3.2.4.

‘*jj/ In further experiments to investigate the grfects of Ca2+

e
modulatory treatments on AA—induced contractions, the following

’Lexperiments were performed on normal airway tissues only. Tissues

.~ ¥

were sety up as’ described earlier and - pretre&ted with indomethacin

S5 \,,

'(8 5 uM) for 30 miﬂaE They were then incubated .as shown in table’5 for

30 min prior to the addition of AA (66 M) . ‘i; experiments 6, 7, 8

and 9, AA-induced contraction8~were measured for 60 min éfter<which A
- . . . ’ : "13 d - - ’
@ 'a_

E



e

Table 4. | Experimental protocol for‘ the investigation of-the effects
of mepacrine and NDGA on A23187- and ovalbumin-induced
contractions of indomethacin (8.5 uM)- pretreated N and §

tracheal spirals and lung parenchymal"strips.. '

Experixﬁéhtfi ' Modulatory agent o , Stit'nulus‘ . , ' 5

o

{30 min incubation)

(o, o L T O -1
i g : Jone | o A23187 (5.7 pM)_ or OA (3 'uygml™ ")
None ~ S ' : AA (66 uM)
Mepacrine (210 ) M (66 M)
b Mepacrine (210 M) ~ A23187 (5.7 pM) or 0A (3 pgml™!)
| o g_r\td AA.(6.6.M) |
5 " Wepacrine (210 wo A23187§(§.7 uM; orboA¥43’pgm1-1) -
6 NDGA (100 pi) o " AA (66 M) R

7 * .NDGA (100 ‘M) | 423187 (5.7 pM) or 0A (3 ugml™!)

) and AA(665¥1) .
W . . x ’,‘ 5 /Q -

(- o
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Table 5. Experimental protégol for Ca2+ studies. Tissues in Ca2+_‘ .

free KHS were. washed frequently during the ‘ 'pt)-echa’lllep‘g‘e‘ ‘:'.)‘
yperilod to ensure remqiral of extracellular Ca?t, - f 7
o Q ’
. " "All tissues challenged with AA (66 uM)
. e -
e t’igcperiment \Caz"' concentration in bath Treatment (30 min)
S e o NI -
i ‘ , 2.2 mM (coptrol) e I‘bpe
2 3% X 2.2 M . I‘..anthénun-a‘chlo\ride' (1 o),
37% 22 miﬁ' ~ Nitrendipine (1,10 or 100 M) ., '
o BRI FVi v | %;Vérap'amif(lddo-.ul‘i) e
s | 8.8 w - e o | No:e\\% ’%4
6 - C32+-f1;ee - N . ‘. | None | L
| ' Lah'thaﬁmn chzlovrﬂide\:) é ‘M) . \
” " EDTA (300
; TMB-B (100 ) ¢
N
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Caz‘*i (2.2 mM) was added and the contractions measured for a further 60

34 “ B
x\' ,
Cumujative C-R curves to LTC, were  :also constructed on

?

indomethacin (8.5 uM)-pretreated tissues in normdl KHS (conmtrol), in -

Cal-fred. KHS with and without ighb chloride (1 mM) and in normal

KHS in- t’;‘he presence of 'nitre { Ca2+ (2.2 mM) was added

to“all tissuesafter the N . poﬁse. to LTC‘, ‘(0.1 ,,M) was

[

3.2.4 Extgac"; on,‘ initial pdrification, reverse—phase high pérformance
- 4 .

'liquidi chromatc;grabhyL ultraviolet spectrometry and bioass‘ay of

B

1eukotrienes released from airway tissues. '

After 1 hout ~of #&elease reaction induced“ﬁ 0A, A23187- or‘-

(.section 3.2 3), the bﬁh fluid wds collected and kept bn‘ ! The pH w7

.

was adJusted " 3 with lN HCL and the solution passed through a 0.22

o filter (MILLEX-GS Millipore) The filtered solt,;>ion was then .

‘ .

passed through -a pri.med SEP—PAK C18 cartridge (Waters Associates)

Priming was carried out by washing the cartridge with 5 ml methanol

B

/

followed by 40. ml iwater. The loaded cartridge was successively washed

mh &3 ml water,‘ 5, ml water/methanol (65 35 vol vol) and 5 mls

RN

‘methanoi. The last fraction was. collected and the methanol blown off

a

.at,50°C’unde'i" a nitrogen stream. Experiments with added [ H\] LTCL,_“

standard indicated that thig ifraction contained abOut 80% of . the



&

@ . &,;{ -

. initial LTC, $n the sample (Tahle 6). Furthermore, none of the drugs

A ;
used interfered with the recOWery of LTs. R T

The residue left after evaporation of methanol was susgended in aff{

small volume (Z.D ul) of distilled’ water and uSed in high peﬁﬁgrmance

liquid chromatography (HPLC) or bioassay procedures. A T
- '?F.-‘. By ;n

x

The final purification and analysis of samples was carried out by,"

HPLC using a Cjg column (Ragial-pak Waters Assoiﬁates)., Elution was"

carried.gut using methan%e/Water/acetic acid (65:35:0.1, vol/vol) (pH

5. 5 adjusted with ammoni@ﬁ hydroxide) The flow rate was 1 ml min™ L

and column back pressure was 1000 psi. Eluants were continuOusly
' W

monitored at 280 mm." Synthetic LTQQ “and LTDM were injected“ yas

*ﬁstandard. Peaks in the samples corre%ding to ..the retention 'times

\t N ’ ' .
Y LTC, and LTD, were collected (Fig. 4), the pH adjusted to

o

neutrality with 1 N NaOH,yevaported to dryness,'resaspended in water

\.. i a

and rechromatographed.

/ . ) . . (‘
Rechromatrographed samples were coapentrated as above and

suspended in methanol‘ for ultraviolet spectrometry on a Carey 15 -

spectrophotometed¥ Bioassay was carried out dn the atropinized (1 WMD)

LIS

- and mepyraminized (T ) guinea—pig il um longtitudinal strip and lung

.parenchymal strip. Positive contracti s were’ reversed with FPL55712

B

. (0.17-8.7 M). Synthetic LTC“ was used as a standarQ,in the above

‘)0

bigassay . procedures. Further experiments with ‘an LTCQ-SpeCifiC

radioimmunoassay carried out by DM§ Burka confirmed the identity of

v . .
the above mediators. ‘ .« .
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Table 6. Percentage recovery of[ 3_!-1] -LTC, utilizing Cg-SEP-PAKs?
\ o Y \ . ,
Conditigpn % of initial radioactivity
KHS . " 2.8 +o0.8b
Water wash ’ . ‘ ~ 0.0 + 0.0
35%¢Methanol wash - 7.7 + 1.1
) i PN -é‘.é s e g 1 Ao o bl iy <
‘100% Methinol wash - 'm ' 4 . - % - foloue ¥ g g
i o “ , - «
Cartridge . . @ 8.2 ¢+ 2.5 !
anumber ‘of experiments = 12 , : : \
bvalues are mean + SEM y '
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JFig. 4.
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High performance liquid chromatorgraphy of LTCq monitored by

liquid scintillation counting of [ H]-LTCg (main figure) "and ’
by UV absorbance at 280 om (Inset). Elution times were"

similar.

J;.
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3.2.5 Adenylate cyclase assay procedures:

rd : P

"~ Two studies ipvolvingAmeasurement of adenylate cyclase activity
were performed in this thesis. The first study attempted to determiﬂe
whetheé adenylate cyclase astivatigh induced by various bronchodilator

drugs differed between N and S guinea-pig lung pareachymal tissue.

Due 'to the inherent difficulty. in 'bbtaining hofﬁoﬁe-sensit;ye’

adenylate cyclase from pure smooth muscle prepafatidne (Mdiler, 1985),

-

gulnea-pig trachea was not studied in this thesis.

The second Study of adenylate cyclase carriedIOut 1n this tHesis

‘&

Q
involved investigating the effects of LTD, on guinea-pig lung -and rat

‘ﬁtﬁe:ebellar cyclases. The methods used in studies 1 and 2 differed

;i)%t 4 \w |

'elightly- These differences will be pointed ‘otit "ds appropriate;

S

3.2.5.1 Preparation of membranes:

Lungs from two animdls were used for each membrane preparation.

‘L Whole lphgs were removed from gnimals and perfused through the

pulmonary artery with ice cold KHS until "the perfusate was "free  of

blood. The lungs were then‘chopped (eicluding.1arge,b£onchi, fat and
B ‘e , ‘
adher&gg tissue) on ice. The %chopped lung was'%hen divided equally

into two portiomns, placed in oxygenated KHS (30 ml) and incubated at

&

37 ¢ for 30 minutes. One portion was treated with indomethacin (8.5 .

M) and the other with vehicle for'éo min. Hence, experiments were
done on a paired basis. The above 1incubation procedure was not

followed in the second adenylate cyclase study. The lung portions

v

A

’

£

\

»
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wafe then homogenized ‘at 4°C in a glass homogenize}"with a motor
dfiven' Teflon pestle (300 rpm) for 1 min in 10 volumes of homo~
genfzatioﬁ buf fer vof the following ébmposition: Tris-ﬁCl (50 oM),
dithiéthreitol‘p(l mM) and sucrose (0.25 M) pH 7.5 at 4°C. The
hohoéenate was filtered through glass wool and Q.eese cloth and
centrifuged at 500 x g for 10 minutes at 4°C. The pellet made up ‘of
-
tissuﬁg fragments, unbroken cells and nuclei‘ was discarded. The
) supernatant was subsééuently centrifuged at 25,000 x g for 20 min ;k
4°C. The resultant pellet was resuspended in buffer identicaxmto the
homogenization ﬁuffgr except not ing sucrose, and centrifuged
again at 25,000 x g for 20 min] . The resultant pellet was

gently resuspended fn the above buffer

; with a hand-heli teflon, pestlﬁ;i.
in" a glass homogenizer. Protein conce;:;zfr ,yas“%ﬁﬁusﬁ@dﬂ%eﬁ&een
0.5-3.0 mg/ml. Protein was determined by the°:::;3&\0f Lowry et al.
(1951). Aliquots of 500 ul were ffozen'and storea (less than™ four
weeks) until use under liquidenitrogen.

) R .
Essentially .the same procedure was followed for preparation of

rat~.cerebellar adenylate cyclase. Male Sprague-Dawley rats (300-

g
S & . . . *
500 g) were used in these experiments. ){(

s ’ . s B
3.2.5.2 Adenylate'czpiase'aséay procédure:

0 Y ‘ N .
The procedure followed was that of Baer (1975). This method uses

«

polyethyleneimine thin layer chrematograpﬂ} plates (Macherey-Nagel/

Brinkman Instruments, Réxﬂaie,»Ontafio), and development in lithium



chloride (0.25. M) to separate cyclic AMP from ATPQ"Assays were 
conducted in duplicate or triplicate in a final voluma‘nfvgﬁ ple ‘Each\
tube contained the following: 25 mM 4-(2- hydroxyethyl) l-piperazine-
ethane sulphonic acid (HEPES, pH 7.5) or Tris acid - Tris bas@‘(ZS mM,
pH 7.5), 5 wM MgClp .(for study 1, MgCl; or MnCl, ~at various
concentrations in study 2 as indicated in results), 1 mM cyclic:AMP,
10 mM creatine phnsphate,O.Z mg w1~} creatine kinase, "Q.l mM
[a—azP]—ATP (500,000-800,000 cpm) and 5-50 .g menbrane protein (the
reaction was aiways shown to be linear under various conditidna,. See
results). p;ugs and other additiomns or changq@ in the cannitions‘gne
" shown under‘ihe appropriate results.

Incubations were aarried out at 20°C)and 37°C for various® times
(3-40 min) as indicated in results. The reaction was stopbed by
adding 10 Ll of a "stop” solution (pH 7..5) containing sodium’salts of
. cyclic AMP, ATP, AMP, and EDTA, e%gn at 25 mn. Alternatively for time
course studies, 5 il ofra 3 fold water diluted “stop” solution were

spotted on. water-washed thin layer plates (20 x 10 or 20 x 6.5 cm)

&

and a 5 pl'aliquot of the adenylate cyclase- reaction mixtute spotted

PN

on tep of this at the appropriate time. ‘ ’ f" ‘ L

The plates were then developed in LiCl (0.25 M) Spbts _wer?_},f'v
‘ ‘ el ST SR

;’\ & L

visualized .under ultraviolet light and ;hose gé;m i Q4 ‘1 to '4213

2 5 B ,-4,.~

plus 5'—AMP“ ani‘Ecyclic~AMP, were cut out {35'

»

lin sciﬁ@t}lation vials containing 10 nl scintﬁ%lation‘

containing PPO (4 g/l) and POPOP (0 2 g/l) The fhtio of cpm in th&
- . . .3*’ ~
v : oo ’ ' 4 K ‘ " 3

\



cxg}ic AMP and ATP. + 5'AMP spots provided 1& méai
conversion of ATP to cyclic AMP. These values werh €%
computer program after substraction of - blank valugd
‘ 2

out in the absence of enzyme determined with everyf: 3

/f The results are Treported as the mean t §

s

triplicate determinations whicﬁ‘zngver varied by more than 45&&92.
N
Enzyme activity was calculated as cyclic AMP formed (pmoies/min/mg

\ protein) or as percentage conversion values.

f'fgfed by a
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Metabolism of ['*'I}VdU in dog in vivo:

" The in vivo pharmacokinetics and metabolism of a radiopharmaceutical may depend on
the specific actmty of the drug. Theref ore, the in vivo studies were perf ormed usmg bOth low
(1665 MBq/mmol) and high specific actmty (37 TBq/mrnol) [“’l] -vdu compounds

The kinetics of the total radtoactmty and its components in plasma for a2 hour N

' period after ani.v mJectlon of [**1]]- IVdU (low specific activity) are shown in Fig 16. The
. plasma clearance curve for total radioactivity showed an initial raptd clearance of the 1sotope
" followed by a very slow clearance phase (Fig. 16). An unexpected mcrease in thei total |
radioactivjty in the blood could be noticed during the period of 30 min to 1.5 h. This was
reproducible. This may be due to the release'of radioactive metabolites of [**'I}-IVdU from
', body compartrnent(s), which mighthav’e selectively"'aceumulated [”‘I]-IleJ during the first .
phwase of the curve. The clearance prof ile for intact [*I1-1vdu b'was characterised by a ‘major
rapid clearance phase. The concentration of [**']-1VdU in plasma 1 hour after.injection .
accounted for less than 2% of the overall radioactivity. The kmeucs of the metabolites ‘
[”‘I] -IVU and radioactlve inorganic iodide are also shown in Fig, 16. The radioacnvxty due to ‘
the umdentif ied component B rarely exceeded 10% @he total radioactivity in each plasma ‘ '\ g
sample Pnorgamc iodide was the major radioactive component (95%) in the plasma sample "
collected 24 hours af ter injection. Similar results were obtained from an expenment usmg a
high specific activity sample of [**!I]- IVdU (Fig. 17). The protein bmding of radioactn{e, . s
compounds in- the plasma Qas'evaluated by equil'ihrium dialysis. The protein bound form \of .) E
radioac_tiyity' rernained less thdn 2% of the total activity, suggesting that [**]]-1VdU and its ‘
radioactii/e metabolites existed in vivo in unbound forin.

| The urine' samples were collected using a catheter at 2, 4;5, and 8§ h after the injection |
of [**I]-TVdU. The total radioactivity in urine at each time' point was quantitated and an
~ aliquot from each sarnple was analysed by quantitati\'e r-HPLC., The total radioactivity
recovered from urine for the three periods and the relative'proportions of the radioactive

components are shown in Table 13. Less than 8 % of the injected radjoactive dose was excreted
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Table 13. xnoo«.a_.v. of

L3

the Radioactivity from

\
\

N .. N . . \ .
- 2 '

C,_,.Ea at  Various Times After the i. v., lujection of [*I]-IVAU (mean of two experiments
with range) )

v

Radioactivity

"* Radioactive Components (% of the total “activity in urine)

Time -
Hours % Inj. Dose Ivdu. VU lodide-. . Other
o o o . | . N
0.0 - 20 = 2.34 . 435 < 850 | 3337 - 13.12
$0.10 © AT , +0.11 +3.16 ) +0.19
20 - 45 2.47 5.22 . 8.86 . 73.06 ) 13.30
. +0.25 +3.72 +0.80 3583 +1.04
. s : : ! .
45 . 80 294 - 1.24 134 19013 ny
+0.06

10.40 - 1018 +2.97 ' 13.52

&)
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by the kidﬁ;:y during an 8"hour period after intravenous in j.cction. .
A comparisdn of the kiﬁetié data for low and high gpecific activi'ty samples of

{'*11]-1VdU (Fig. 16 and 17) suggésts a slightlyhfaster r"ate.of clearance of radioactivity from
the plasma ?in the lower pﬁase of the ¢urve) f or the high spec_if ic activity éompou’nd. Thg
-differences in plasma clearance kinetics are 6? fi/e'ry little irﬁportance, considering the 200,000
fold difference in the dbse of IVdU administered. The rapid in }ivo clearance of [”‘I]-IV/dU
from plasma corresponds to its distribution in the body, renal excretion and biological
t‘;ansf ormations to the mefabolites [”"I]-IVU and radioactive iodide. (Figs.16, 17 and Table
13). Thg: kinetic data cor-respohd to a volume of distribution of aboxlxty 2Landa biological
half -life of less than 3 m“ixklut'e§. The metabolites, [!*'I]-IVU and [**'1]-iodide, account for most
of the radioactivity in the\second,.slow clearance phase. The total radioactivity in the plasma
compartmeﬁt atl hofxr Eo;respénded to about 6.5% of tt;e injected dose, suggesting extensive
(possvibll'y nearly unif orm) distribution of ihese‘metabolites in one or more other body
compartments. The increase in free iodide concentration in‘the plasma even after the virtual
.disappearance of the infact nucieoside suggests in vivo deiodination of the newly formed base
[1*1]-1VU. The metabolic fate of the radiqiodin_e introduced as [»‘«“I]-IVdciﬂJ in vivo is
summarised in Fig. 18._The in vivo metabolic transformations of [“11]-IVdU are distinctly
different from the in vitro study since neither [“‘I]'-IV‘d.U nor [”‘i]-IVU fmdergo in vitro
deiodination in blood.. The mechanismr of the deiodination is not clear. Since IVdU is not
phosphotylafed to its 5'-monophosphates in uninf gcted cells, thymidylate synthetase-catalysed
dehalogenation of IVdU is unlikely. Such dehaloéex}ati;)'ns are usually limited to nucleptide;
£185-192). Cytochrome P -450-catalysed oxidation of the C-H bond of the carbon atom
.bearing the halogén-is a major rbute f or the metabolism of alklyl halidés (233). Metabolic
de’gradations of halogepated al}enes may be\med,iated by epoxida\ion (233). It is likely that
I'VdU and IVU ‘n}ight have undergane 'déhalogenation by either of the above routés_.

‘The percentage of injected radioactivity recovered f ;6m urine (8%) over a period of 8

hours was substantially lower than expectea. This data rriay be compared with the renal

O T
'



131 - . .

Fig. 18 Schematic Presentation of “the Metabolism of [**'I]-1VdU in Dogs in vivo.
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clearance data for [**'I]-5-iodo-2'-deoxyuridine in mice where 77.8% of the radioactivity
i o | . _ ,
injected was recovered in urine over a period of 8 hours. (234). The renal excretion data for the

radioactive components (Table 13) show that the intact nucleoside was the most rapidly

excreted major radioactive component. The base (IVU) showed extremely slow renal excretion.

" Desgranges et al recently reported the pharmacokinetics and in vivo metabolism of BVdU in

mice which demonstrated the persiétence of high concentrations of the base (BVU) in plasma

over a period of 24 hours (187). This suggests similarities in the excretion behaviour of IVU

: ‘1‘ .
and BVU. However, the kinetics of the metabolism and cxcmm AMgldAre more

- 37
;‘v‘\;‘(, ‘.vr

comphcated due to delodmatron The possrble in vivo debrominatié

1nvestrgated
. The prevention or reversal of undesired in vivo metabolic transformations of 1VdU
would be of great value with respect to its use as a diagnostic agent. Such steps would result in

increased bioavailability of the active radiopharmaceutical.and faster clearance of the -

background radioactivity from the blood prior to imaging. The chemical modification of I vdu

to develop analogs which are resistant to glycosidic bond cleavage would be one approach.
Roséwsky,et al have repently reported that the 5'-pivaloate of deoxythymidine does not

undergo phosphorolytic cleavage by deoxythymidine phosphorylase in vitro (235).

'Deoxythymidine S'-pivaloate acts as a prodrug of deoxythymidine in vivo . Plasma levels of

deoxythymidine were significantly higher (about 2.5 times 1 h after a subcutaneous injection)

when deoxythymidine was given to mice as the 5'-pivaloate than when it was given as the free

. nucleoside (236) In view of these results, Lee et al have made a preliminary in vivo evaluauon

of the tracer kmetlcs of [**'1]-1VdU-3',5"-diacetate, a prodrug of [!*1]-1VdU, in mice (237).
The tracer kinetics of [**1]-1VdU-3'e5" -diacetate was virtually the same as that for
[***1]-1VdU, presumably due to the rapid in vi;o, degradation of the ester to the free nucleoside..
This is consistent with the high serum esterase activity reported for mice (238). Studies usmg
[**1]}-1vdU-3'5' dracetate were not continued beyond this point. Another appmach to

increasing the bioavailability of IVdU would be its regeneration from rVU/m;ing

\‘1‘\.
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deoxyth;/midine, in a manner analogous to that reported for BVdU (187). However,
preliminary studies in this direction By Lee et al showed that tracer kinetics of ['*'1]-1VdU in~
‘mice was virtually unaltered by a sébsequem intravenous administration of deoxythymidine
(237). N

The in vivo pharmacokinetic and metabolism studies on [**'1]-1VdU suggested that its
1apid in vivo metabolism 'may prove to be a limiting factor with respect to its developm_ent~ asa
radiopharmaceutical for the diagnosis of HSE.
é. Diagnostic Imaging

The feasibility for in vivo use of radiolabeled IVdU as a radiopharmaceutical for‘HSE
was also.evaluated by diagnostic imaging in planar and tomographic modes. Rabbits (2 infected
and 2 uninfected) were inje‘ctcd i.v with [‘”‘I]-IVdU'( 37 MBq). Planar brain irﬁaging was
performed at 30 min, 45 mi.n. 1h and,6 h after the injection of IVdU. Planar images from an
uninfected and an infected rabbit 1 h after injection of [***1}-1VdU are shown in Fig. 19 and 20 |
respectively. The region of greatest actiyity in the wk;ole body scintigram was urinary bladder.
Uptake in the area corresponding to brain was minimali None of the images succeeded in

differentiating HSV-1-infected from normal brains. This was not surprising in view of the high

adioactivity observed in the tissue distribution studies, which could obscure any small
dif ferences ' fotracer uptake between infected and uninfected brains.

" Brain imaging in the tomographic mode (ECT) offers the potential to deteci
differential uptake ina relatively §méll region. The radioisotope of iodine most suited for
SPECT is ***I. The rapid and eff iciént methods develped for radioiodihation permitted the
synth;:sis of [*¥*I]-1VdU ready for i'njection (abouf 37 MBq) in a radiochemical yield of 40%. -
In view of the rapid in vivo meiabolism of IVdU, intracaroti'd injection was chosen as the vrouie ,
of administration of the labeled drug. The injectibn of drug ;Jia comfnon carotid artery would

be expected to allow a major portion of the drug to pass through brain at least once before any

significant metabolic degradation Qccurs. The optimum time point for imaging was thought to
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be"around 30 min after the injection of [!’]-1VdU for two reasons. First, pharm#cokinctic
and metabolic studies in dogs suggcste& that w{ithin a period of 2 h after injection of 1VdU,
blood radi.oactivity was lowcél at 30 mi_n. Secénd, most of the iabcled IVdU was already
metabolised.at this point. Therefore prolonging the time of imaging beyond this time of fer_s
liitle or nogdvantage. Bréih\i@aging in the tomographic mode (SPECT) was performed on
rabbits (2 norrpal'and 1 infected\)\c)v\er a.period of 30 min (20 to 50 min after injection of

['**I]-1VdU). The tomographic images é)e{ly showed a 'cold spot’ in uninf ected animals in the

a .

N ’ b
area corresponding to brain (Plate 1). Uptake in the infected rabbit brain was not signif icantly

higher than that of controls (Plate 2). This mgaiy be due to several reasdns. Two important
factors deserve mention, Thp pharmacokineti‘c anid metabotic stﬁdies have indicated that the in
vivo bioavailébility of I'VdU is very low with a biological haif -life of appr(;iimately 3 min in
dogs. Any increase in bioavailability of 1VdU due to intracarotid administration of the drug is
limited to the 'first pass’ of the drug through brain. The in vitro uptake studies of ['*'1]-1VdU
(section D) have shown that HSV-1-infected cells need to be expésed to radiolabeled nuclepside
for a period of 30 min to 1 h before a signif.i'camly higher uptake could be detected in. infected
cells relative to uninfected cells. A second factor is_the resolution of the imaging system and its
relationship to the size of the animal brain. Although the resolution of SPECT is much higher
than that of planar imaging, it is still limited to the order of 1 cm. This presents a probiem in
brain imaging studies with animals having-small brains. It would be .more desirable to use :‘;
non-human primaie such as monkey as the animal model for HSE; since they have brains of
larger size. ‘ P

The tissue distributioﬁ, pharmacokinetic and metat;olié and brain 1maging studies
indicate radioiodinated IVAU is not the nuéleoside of choice as a radiobharmaceutical for
non-invasive diagnosis of HSE. The major lirﬁiting factor of this nucleoside appears to be its
rapid in vivo metabolism. In view of this, the next phase of the investigation was directed

towards evaluation of a series of nucleoside analogs with structural features likely to be more

resistant to in viveo metabolism.
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Plate 1. SPECT Images of an Uninfected Rabbit 30 min After an Intracarotid Injection of

[l))l],lVdU
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Plate 2. SPECT Images of a HSV-1-Infected Rabbit 30 min after an Infracarotid Injection of

[en-Ivdu.
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H. Querrtitative Uptake S,tudiesvofv Radiolabeled Nucleosides in Herpes Simplex Virus-Inf‘ected-
Cells In Vitro |

The biochemical aspects ‘of selective antiviral activity for rrucleoside analogs has élready :

been discussed in Chapter I. A nucleoside req\rires tlre following biochemical characteristics for

“ selective anti-HSV activlty' | . | ‘

1. Selectxve phosphorylanon by HSV- encoded TKs to its 5 monophosphate

2. Conversion of the nucleosrde 5' monophosphate thus produced to the §' drphosphate and

then to the §' r;rrphosphate by cellular and/or viral kmases

/
¢

3. Selective inhibition of HSV -encoded DNA polymerases by the nucleosrde s trlphosphate
.'From these three requrrements only the first characteristic (selective phosphorylatron to
5 -monophosphate) is essential ‘for. selective metabolic trappi'ng of the nucleoside in -
HSV -inf ected cells. Therefore it is plausible that certainb nucleosides whicll are not potent
antiviral agents, may still undergo selective metabolic trapping in HSV- mf ected cells. This fact
is illustrated clearly by the brochemrcal transf ormatlon of BVdU in HSV -2-infected cells in vivo' :
(151). BVdU exhibits a 100 lOOO times lower activity agamst HSV-2, relative to HSV-1.
However, BVdU 1s metabolically transformed to BVdU MP in HSV-1--and HSV- 2 infected
cells with equal or nearly equal effrcrency The low potency of BVdU against HSV-2 is due to |
the failure of HSV 2- encoded TK to further phosphorylate BVdU MP to' BVdU-DP as .
.‘drscussed in Chapter 1. Thus, antiviral activity is not essenual for metabolic trapping of
nucleosides in HSV -infected cells. Therefore evaluation of nucleosrde analogs as potentral‘
radior)hz;rrmaceuticals for HSE diagnosis need not be l_imited'to compounds havlrrg a potent
inhlbitory effect on HSV -replication.

The in vivo stability of nucleosides is an important factor to be considered in the choice
of a radiopharmaceutical for HSE dlagnOSis. Nucleoside analogs possessing structural features
which ‘pro\vide resistahce to glycosidic bond cleavage by phosphorylase entynres offer a distinct
advantage in this regard. Deoxythymidine phosohorylase has a high substrate specificity with

respect to the 2'-deoxy position (185). Therefore any structural modification at the 2'-position
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of a 2'-deoxypyrimidine ﬁucleoside renders it a poof substrate for dedxythymidine
phosphorylase. 1-(2-Deoxy-2-fluoro-B8-D-arabinofuranosyl)cytosine,
' 1-(2-deoxy-2-fluoro- 8-D -arabinbf uranosyl) ;5 -ﬂuorburaqil and
1-(2-deoxy-2-fluoro- B-D-arabinoﬁuranosyl)-5'-methyluréci1,have been shoWn to h/ave little or
no affif ﬁity for the enzymes thiymidine phosphorylase and uridine phosphorylase (185).
Introduction of a 2 -fluoro substituent ( with I'lbO or arabino conf 1guranon) mto
2' deoxyundme denvatwes appears to be a good approach to make them resistant to glycosxdlc
bond cleavage. On this basis, a series of 5-halogenated derivatives of
1-(2-deoxy-2 ~ﬂudro-B-D-ribofurlzsmosyl)qracils‘ anid
1-(2-deoxy-2-fluoro- B-D-arabinofuranosyl)uracils were selected for preliminary evaluation as
potential nori-in'vasive probes for HSE. | | o
The chemlcal structurds forl (2-deoxy-2-fluoro-g8-D- nbofuranosyl) -5-iodouracil
(FIRU 13), 1-(2-deoxy-2-fluoro- B -D-ribofuranosyl)- 5-bromouracil (FBRU 14)
1-(2- deoxy 2-fluoro- 8-D-ribofuranosyl) - 5-chlorouracil {(FCRU, 15)
1-(2-deoxy-2 -fluoro- B-D-ribof uranosyl) -5-fluorouracil (FFRU, 16),
1-(2vdeoxy-2-fluoro-B8-D- arabmofuranosyl) 5-iodouracil (FIAU 17),
1-(2-deoxy-2-fluoro- B-D-arabinofuranosyl)-5- bromourac1l (FBAU, 18),
1- (2 deoxy -2- fluoro-B8-D- arabmofuranosyl) 5 chlorouracil (FCAU 19) and
1- (2 deoxy- 2-fluoro- B-D- arabmofuranosyl) -5-fluorouracil (FFAU 20) are shown in Fig.
21. Compounds 13 to 16 were recently synthesised by Dr. J. R Mercer at the Faculty of
Pﬁarmacy, University of Alberta (239). [5-1*'1]-FIRU, [5-**Br]-FBRU, [2-“C]-FCRU and
[2-“C]-F}’?RU were evaluated as potential diagnostic agents in oncology (239). [2-!4C]-FCRU
and [2-“C]-FFRU showed selective accumulation in tumor tissue with a tumor to blood ratio
of 4.2 and 10.3 at 4 h after injection respectively. Renal excretion studies for [5-“‘1]-'1;IRU,
[5-“Bf]-FBRU [2-"*C]-FCRU and [2-**C]-FFRU in mice indicated that the unmétébolised |
- nucleoside was the ma ]OI radloactlve cownent present in urine up to 8 h af te'r injection for

all four compounds. These results indicated that ribofuranosyl nucleomdes 13 to 16 possess hlgh

s
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X Compound -
1. FIRU 13

Br FBRU 14
Cl FCRU 15
F FFRU 16
0 - X Compound
X ' | ‘FIA:”U | 17
I Br FBAU 18
Cl " FCAU 19
_\ F Ff;AU 20

Fig. 21 Chemical Structures for 1-(2-deoxy-2-f1uoro-B-D-ribofuranosyl)-5-ha10uracils and =

1-(2-deoxy-2-fluoro- 8-D-arabinofuranosyl) - 5-halouracils
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in vivo stability-(239). The antiviral activity of compounds 13 to 16 has not been reported
whereas compounds 17 to 20 have been reborted_-to exhibit prgnounced inhibtory activity
'vagainst HSV-1 (Table 14) (135,240). The biochemical aspects of their (compounds 17 to 20)
antiviral activity have already been discussed in Chapter I. Metabolic studies of the related -
" compounds 1-(2-de0xy-2-f1uoro-B;D-arabinof uranosyl) -5-iodocytosine (FIAC) and
1-(2-deoxy-2-'ﬂ1ioro- B-D-argbinofuranosyl)—S-methyluracil (FMA:U) have demonstrated
resistan’ce to in vivo phosphorolytic cleavage ‘(241). ’

The 'presence of a halogen‘atom at the 5-position of the nucleosides 13 to 20 offers the
possibility for radiohalogenation. Thus, FFRU and FFAU,.if found useful as in vivo
biochemical probes for HSE, could be labeled with U'F to develop aZPET scan for HSE. A
radiochemical syrithesis of [5-'*F]-FFRU has been developed by Dr. J. R. Mercer (239). It is
quite likely that this method’ wo,gld aleo be suitable for the syhthegis of [5-*F]-FFAU. FBIiU

| and FBAU, if labeled with 7*Br may also hold promise as PE”f‘ radiopharmaceuticals.
Radioiodination reactions spitable for incorporation of !*I into FIRU and FIAU Hhave been
developed b& Ijrs.'J. R. Mercer (239) a}nd‘ H. K. Misra (242) at the Faculty of Pharmaey,
University of Alberta, which offer the possibility for deveIOping SPECT imaging for HSE. At
the present time, chlorine isotopes are not used in clinical nuclear medicine. However
compounds 15 and 19 may be useful in developing structure activity relationships for the
selective uptake of nucleosxde analogs by HSV -infected cells

The selective uptake of compounds 13 15, 16 and 17 has been evaluated in ,

" HSV-1-infected cells in vitro. Conﬂuent PRK cells in 60 mm-Petri dishes were infected with 6
X ld‘ PFU of HSV-1 (TK*), HSV-1 (TK‘) or were mock infected. Aftera 7h incubation, a
known quamlty of radiolabeled nucleoside ([5-'*1]-FIRU, specific act1v1ty 20.4 GBq mmol-!,
total actmty 1.33KBq ; [2-*C]-FCRU, specific activity 1.86 GBq mel ! total activity 1. 17
KBq [ “C] -FFRU, specmc activity 1.86 GBq mmol-! , total activity 1 17 KBq ; v.
[5-1'1]-FIAU, spec:f ic activity 111 GBq mmol!, total activity 1.33 KBq) was added to each

Petri dish. The final volume of the media contained in each dish was 2 mL. The Petri dishes



Table 14. In V)z;tro Anti-HSV Activity of Some 5-Halogenated
1-(2-deoxy -2-fluoro- B8-D-arabinofuranosyl)uracils (135, 240)

L'

9

Compound : Anti-HSV-1 Cytotoxicity
- Activity TDs, (uM) ?

IDvu (#M) ! —

‘FIAU 17 - 0.04 0.7

FBAU 18 0.08 0.7

FCAU 19 - 02 1.0

FFAU 20 Y 0.07

' Concentration required to inhibit HSV-1 replication by 90%

? Concentration required for 50% inhibition of growth in Vero cells.
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b
i
were incubated at 37 C until the cells were removed for radioactive counting. Intracellular and

extracellular radnoactlvrtles were quantitiated at 30 min, 1, 2, 4, 6, 10, and 24 h respectively
after addition of the radnolabled nucleoside, Five HSV 1 (TK")-infected, four HSV-1
(TK-)-infected, and four mock-infected dishes were quantitated for the intracellular
radioactivity, .

The cellular uptake responses for [5-1*'1)-FIRU, [2- “C] -FCRU, [2-'*C]-FFRU and
[5-111]-FI AU are shown in Frﬁ/ 22, 23 24 and 25 respectively. The uptake is presented as a %
of the total activity added (mean and range for each time point is shown). The uptake of
radiolgbeled nucleoside in HSV-l (TK-)-infected cells for all four nucleosides increased with
increasing tinre of exposure of cells to the drug for a period of 24 h. Uptake in HSV-1
(TK- ; infected- arld mock -infected cells remained low (usually less than 2%) at all times for all
four radiolabeled h\ucleosrdes evaluated. These results suggest that uptake by HSV-1 <
(TK‘)-'infected cellsNWErs selective and mediated by HSV-l-encoded TK. The percent uptake of
[5-*¥1]-FIRU, [2-"C]-FCRU, [2-"C]-FFRU and [5+{**I]]-FIAU in HSV-1 (TK*)-infected
cells for a 4 and 24 h incubation of cells with the nucleoside is shown in Table 15. The
nucleosi(?e which clemonstrated the highest uptake at the 4h(27.1%) and 24 h
(58.5%)incubation periods was ['*'I]-FIAU. The rapid and selective uptake of [”‘I]’-FIAU in
HSV-1 (TK*)-inf ected cels is consistent with the poten}/ anti-HSV activity (ID;, 0.1 uM for
HSV-1, Table 4) end high affinity of HSV-l-encorled TK (Ki0.68 M) reported for FIAU
(59).[2-'*C]-FFRU showed the lowest percent uptake both at 4 h (7.8%)and 24 h (17.7%).

The uptake studies of radiolabeled nucleosides in HSV -infected cells in vitro is intended
to be first of several screening tests desigrled to identify a nucleoside analog having optimal
biological characteristics suitable as a radioi)harmaceutical for HSE diagnosis. Subsequent
screening tests proposed include in vitro metabolism by blood platelets in vivo pharmacokmetrc
and metabolrsm studres tissue dlS[I‘lbuthH and quantitative autoradrographlc studies in

HSV-1-infected animal models and tomographic brain imaging in a non-human primate model

C
such as the monkey. The final stage of these investigations is expected to be the clinical
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Table 15. Percent Uptake of Radiolabeled T‘\I'ucleoside Analogs in HSV-1

(TK*)-Infected cells at 4 h and 24 h (Mean and Range, n=5)

102

Compound Percent Uptake

4 h 24 h

[5-111)-FIRU 13 12.5 28.5
N (9.8-14.8) (25.6-32.5)

[2-'*C]-FCRU 15 15.3 41.0
(11.4-17.9) (25.3-46.3)

[2-1*C])-FFRU 16 1.8 17.7
(6.2-10.2) (16.7-18.1)

[5-11]-FIAU 17 27.1 58.5
(22.1-31.0) (52.1-66.1)
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“evaluation of the nucleoside(s), showing most favourable characteristics in these screening-
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tests, in HSE pa];éerx.ts using tomographic brain imaging. .
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~\ IV. SUMMARY AND CONCLUSIONS
;\.‘ . ’

The ain{\‘of this study was to develop radiohalogenated nucleoside analogs as non-invasive
\\

dlagnostlc agents for HSE. Investfgaflons in. this dlrectlon included chem1cal and radiochemical

xX o

syntheses of nucTeomdes in vitro uptake studles of radlolabeled nucleosides in HSV-infected
\ .

cells, and in vivo evaIu\atlon of a radnolabeled nucleoside involving tissue dxstnbutlon
9,
\ S i

‘ pharmacokinetic, metabol;c and dxagnosnc 1mag1ng studles in ammal models

"The obJectxves of tﬂe\chemlcal syntheses were to prepare nucleoside analogs as
reference compounds f or radlochemlcal and r;eta.bohsm studles and to explore synthetic routes
sultable for radlochcmlcal syntheses. IVdU and BVdU were synthesxsed from
(E)-5-{2-carboxyvinyl)-2' -deoxyundvm using the N-halosuccinimide method in 30.4 and 42%
yield respectively. Alternat‘ively.; 1VdU and ﬁVdU were also prepared by the chloramine-T
methoo (26.3 and 18% respectively ), a procedure suitable for radiochemical. syntheses. The
produ'_cts obtained using the chloramine-T method were shown to be identical to the
correéi)onding compound obtained employing the N-’halosuccinimioe method.
I"VdU-3",5'-‘(f1iacetate was prepared from _ W %
(E) 5-(2 -carboxyvinyi) -2'-deoxyuridine-3",5' -diacetat'e osing‘ the N -iodosuccinimide um/elth‘od
in 41.0%"yield. (FE )-5-(2-iodoviny1)ufaci} (I'VU) was prepared from |
(E )-5-(2-carboxyvinyl)uracil employing the c_hloramine-T method in 10.0% chemicaI yield.
The 1dent1ty of all compounds descnbed above was established by SpeCtI'OSCOplC analysxs (*H
NMR, UV and MS)

The two reactions ipvestigated for the synthesis of radioiodi'nated IVdU were the

chloramine-T and Halogen isotope exchange method. [**11, !2%], and 171}-1VdU were

'synthesised_ by the chloramine-T method ( 30 min to 1 h ieaction time, 40.7 to 67.2%

-

radiochemical yield, 57 to 69.0% chemical yield). The synthesis of [***1]-1VdU using the

- halogen isotope exchange method required a longer reaction time (20 h) and gave lower yields
(45.1% radlochemlcal yield and 54. 3/a chemical yield). The halogen isotope exchange method is

" limited to the preparatlon of low and medium specific activity compounds and is not su1table

&
104
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- for 1#3] synthesis. [#1]-IvdU- ,5'-dlacetate was. synthesised by the chloramine T method in
50% radiochemical yield. [**Br BVdU was synthesxsed by the chloramine-T method (10 min

reaction time, 69.8% radiochemical yield, 72% chemical yleld) The chioramine- T method
employed for radlobrommatlon is sultable f:r the synthesi%f "*Br] BVdU [*?Br]-BVdU was
also prepared by direct neutron actlvatron of B‘v’dU contalnmg natural abundance bromme
(’9Br an.d ®1Br) (30.0% rad10chem1cal y:eld and 97.0% chemxcal recovery, specific activity 31.82
MBq mmol !). The direct neutron activation of BVdU is limited to the low specrf ic actxvrty
synthes1s of [**Br]-BVdU. |
Quantitative uptake studies o:f [**'I]-1VAU in HSV-infected cells inwvitro demonstrated o
selective trapping of [”‘I] -IVAU in HSV-1 (TK*)-infected cells The uptake was dependent on
the duratior of §xposure of cells to [**1]-1VdU, the infecting dose of the vrrus and the
concentrauon of [*'1]-1VdU in the medium. The observation that the exposure of cells to
t“‘l] I'V4U for 30 min to 1 h was suffi 1c1ent to dlfferentlate the HSV 1 (TK~)-infected cells |
f rom HSV-1 (TK-)- and mock-infected cells suggested thata nucleostde analog having a
relatlvely f ast excretion or metabohsm may be used as.a radxopharmaceutxcal for the dragnosrs
of HSE The effect of the virus infecting dose ot the uptake of [‘“I} IVdU suggested that at
least 1 in 50 cells need to be infected with HSV 1 before an mf ected ‘brain could be ' . \
dif ferentiated frorn a'normal brain by usrng a radrolabeled nucleosrde The effect of 1ncreasmg | \w
j concentratrons of [*311]-IVdU on its uptal?e s:égested that a medium specrf ic actmty sample of
' 'radlolabeled nucleoside may be satlsf actonly used asa radlopharmaceutlcal for HSE chagnosm
Tlssue distribution ‘Studies for [“SI] IVdU in a rabblt mddel showed 5 4 to 6. 4 times
hlgher uptake in HSV - 1 mfected bram relatlve to unmfected brain 1 h zfter i.v. injection of. -
* -the drug. However radroacttvny in blood was 2 to 10, ttrnes \hléher than that in bram at 1 h.’
: 'Thxs presents a problem in dlagnostrc 1magmg since the hlgh blood act1v1ty may obscure any o
selectlve uptake in the mfected bram ‘.
Pharmacokmetrc and metabollc studies for [”‘I] IVdU in dogs have shown‘ta very raprd
&

metabolic degradatron of [”‘I] IVdU The maJor catabolic pathway of [**'I]- IVdU in blood in

e a.



106

b .

vitro was phosphorolysis of the nug:leoside to the corresponding base [“‘i]-IVU (73% of the
total rad10act1v1ty in blood at 2 h). The major radioactive components resulting from in vivo
metabohsm of [**1]- IVdU were [1]-IVU and [**11]-iodide. Both [**1]- IVdU—a{ [*¥1]-IVU
appeared to undgrgo deiodination in vivo. The biological half -life of [***I]-IVdU was less than 3
min " "T}-IVdU;‘3',5'-diacetaté, in preliminary in vivo evaluation, did not demonstréte any
ady < over [**]- IVdU with r;spect to pharmacokinetic characteristics. The renﬂexcretlon
ofi the radioactivity was extremely slow (8% of the total radioactivity was recoverd in urine over
a perigd of 8 h). The rapid in vivo fnetaboli:m of [**11]-1VdU into radioactive components
having,slow excretion characteristics suggested that radioiodinated I1'VdU is unlikely to be useful |
as a brain irhaging agent for-the diagnosis of HSE. _

A series of radiolabeled 1-( 2-deox‘y-2-f1uoro-B-D-ribofuranosyl)-5-halouracils and

1-(2-deoxy-2-fluoro-B-D-arabinofurgosyl)-5-halouracils (halogen = 1, Br, Cl, F) have

been proposed as potential candidates for preliminary evaluation as radiopharmaceuticals for

~ HSE. Quantltatxve in vitro uptake studxes for

[{/
[5- 131I] 1- (2 deoxy 2-fluoro-8-D- nbofuranosyl) :5- 1odourac11 (FIRU),

[2-*C]-1-(2-deoxy-2-fluoro-B-D -I‘l‘b(.)f uranosyl) -5-chiorouracil (FCRU),

[2’- “C]-'l -(2 -(i'eo;(y -2-fluoro-B-D-ribofuranosyl)- S-fluorouracil (FFRU), and

. .. b
- [5-1*1]-1-(2-deoxy-2-fluoro- B-D-arabinof uranosyl)- 5 -iodouracil (FIAU) ha\‘{: demonstrated

- selective uptake of all four‘com_pounds' in HSV-1 (TK*) -inf e'cted cells. The highest uptake was

3
shown by [5-”‘1]-FIAU (27.1% at 4 h and 58 5% at 24 h).

o Based on these investigations a general outlme may be drawn for the evaluation of
-y

radiolabeled nucleoside analogs as non- 1nvasw&1agnosuc agents for HSE.

1. Invitro uptake studies in HSV-infected cells.

. 2. Invitro evaluation of phosphorolysis using whole blood or blood platelets.

3. " Invivo pharmacokinctié and metabolic studies,

4. Tissue distributiOn'quantitative autoradiographic studies in a HSE animal model such-as

1

rabbits or rats
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5. Diagnostic imaging in the tomographic mode in an HSE animal model having a large brain
(eg: monkeéy)

These screening procedures would be expected to identify the nuleoside(s) having favourable.

biological characteristics suitable for a radiopharmaceutical for the diagnosis of HSE.
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APPENDIX
'
A. Yield Calculation for the *'Br(n,y)**Br Nuclear Reaction
The formula for the yield calcualtion for a nuclear reaction is given by the equation
‘ A =N, @3[l- exp(\)]T
where A = thwe radioactivity‘in Eq, N, = the number of nuclei in the target @ = the flux of
bombarding pérticle (n per cm? per s) 8 = cross section in cm? and [1-exp(it)] is correction
term for the decay of the produced -r_adionuclide during the production reaction.
The value of N, is determined by tﬁe formula
| N, = WO N(A) /'MW
where W = the weight of the target in g, © = the isotopic abunadance of the target nuclei in
the targetﬂgteﬁal, an'a N(A) = Avagadro's constant (6.02 X 10?* per mol) and MW =
molecular weight. |

For 1 mg'of NH,Br (97.8% *'Br enriched)

N, = 0.001 X 0.978 X 6.02 X-10** / 99 = 5.947 X 10**

"All bromine irradiations were carried out at a neutron flux of 1 X 10'? ncm* s for 4 h. The

;roés section for conversion of "'Br to **Br (including **Br generétéd from *’Br ) is estimated
to be 5.8 X 10-** cm? 1 Therefore theoretical yield oi; **Br obtained from 1 mg of NH,Br by
"1Br(n,y)**Br reaction is “ o |

A =5947X10"X107X58X 10-*¢ [1-exp(0.784]) = 2.6 X 10° Bq
Direct neutron activation of BVdU was carried out using a natural abundance bromine (-© for
"Br=0.4931) ‘containing sample at a neutron flux of 1 X 102 n cm-? s~ for 4 h. Theoretical
yield for 1 mmol may be calculated using the formulae given above.

A =6.02X10% X 0.4931 X 5.8 X 10-** [1-exp(0.784)] = 1.3 X 10* Bq

T Data taken from C. M. Lederer and V. S. Shirley (ed.), Table of 1sotopes 7th edition.
/, B
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