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FOREWOKD

Because of their early discovery before the turn of the century
and their long use by clinicians in a varisty of conditions, the avail-
able litsrature on the methylated xanthine drugs is pondesrous. Added to
tris, the controversial nature of their mode of sction and of their therz-
peutic value has made 2n analysis of the pharmaecologie action of these
drugs & lengthy and difficult task. Furthermore, the tendency of some
textbooks of pharmecology to continue to accept sarly estabplished ex-
vlanations for their action without frequent revaluation on the basis of
newsr concepts has added to the difficulty. The first section of this
thesis is en effort to cnll attenbiin to some of the contradicticns ex-
isting and to point out soveral possible explanations of the disagreement.

Owing to the uncertainty of the mechanism of the therapeutic
action of theophylline, and ths lack of guantitative data on its effects
which are appiicable to man, the administration of this drug has developed
on a more or lazss empirical basis. The second purpose of this thesis is
to describe the development of & method for measuring blood concentrations
of theophylline and i%ts zpplication to therapy with thes drug. Part of
this investigation undertakes to compars the efficacy of varicus roubtss
of absorption of the drug in terms of blood levels., Other parts show s
correlation of blood concentrati uns of theophylline with its pharmascologic
action, Several investigations bearing on the controversizl action of
theoshylline on the eirculation are included,

Fortunately, & large portion of the work was possible in human
subjects, which obvistes the transposition of wvnluss obtained in experi-

mental sanimals, This has been m-de possible through colleboration with



Drs, Jemes Q. Davig and Victor A, MeKusick of the United States Marine

Hospital, Baltimore, Maryland.



CHAFTHR I

THE THosAPEUTIC USLS OF THEOPHYILINE

I. The kole of Theophylline in Dissase of the Coronary Arteries

The value of the methyl xanthines, particularly theophylline,
in the treatment of disease of the coronary arteries has beun a subjsct
of much eontroversgy during the pest twenty years. On the basis of experi-
ment:l results in animale, which will be roviewed in the following chapter,
theophylline and other methyl xanthines have been recommended in condi-
tione wherc a veasodilatation of tha coronary arteries would be of value.
The %wo most important conditions for which their use hes becn advocated
by some and rejected as useless by othere is in angina pectoris and cor-
onary thrombosis. Their use in other types of coronary artery disease,
such as scube coronery failure, congestive heart failure following myo-
cardinl infarction and paroxysmel ocardiac dyspnea (ecardisc asthme) will

be discussed in later sectiocns,.

1., Angina Pectoris

Angina pectoris is - clinical entity which is characterized

most dramatically by ettacks of paroxysmel pein or discomfort in the sub-
sternal region whieh are induced by exertion as well as other more obscure
causes,., A more exact name for the syndrome would be arteriocsclerotic or
syphilitic coronary stenosis with angine pesctoris, dependiung on the etiol-
ogy. In true angina the pain develops gradually and characteristically
radiates to the inner aspect of the laft arm and even at times to the wrist
or fingers, There are many variations in the pattern or intensity of the

pain in different patients. It usuelly forces the patient to stop all
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activity. The pain disappecrs upon rest or administration of a prompt-
scting vasocdilator such as nitroglycerin or amyl nitrite,

The incidence of this disabling dissase is apparently increas-
ing. because of the frequency with which it strikes active energetic
males in their later forties end fifties, usually at the peak of their
careers, it is of great economic importence. Ohviously the need for a
drug aveilable by the oral route wnich would markedly reduce the severity
and intensity of the ettacks is great. Such a vasodilabor which produced
naither distreesing side effects nor develeoped tolerance to its action
would pernmit 2 large porilon of these patients bo resure their normal
setivities in wnole or in part,

while there is no single specific organic cause of augina pec-
toris and the various hypotheses to explain its mechanism are very di-
vergsnt, the inveriable wmechanism is thougnht to bs eardiac enoxis regasrd-
les: of origin. This explains the frequency of angina pectoris in arterio-
sclerosis of the coronary arteries, and also its cccurrence in sowe cases
of anemia. Some ocases are due to other conditions, such as sypnilitie
aortitis producing narrowing of the coronary orifices, rneumatic or
gypnilitic disease of the sortic valve with free mortic regurgitation and
other rarer causes, The disease is considered by some to be a spasm of
constriction in the coronary vasculsr bed, Others explain the pain only
on the basis of accumulated metabolites,

The triggsr mechanism which precipitetes the attack can be a
variety of causes. Levine (1) believes thet these can sll be explained
through the endecrine system, mainly the adrenals or thyroid glands, As
evidence he cites the preclipitation of angina symptoms by subcutaneous

injection of adrenalin.
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The treatment of angine pectoris may be divided into two separ-
ate problems. The first is the trestment of the individual atimcks with
fast-uscting vasodilators such as nitroglycerin, amyl nitrite, or ectyl
nitrite, The second problem is the general care of the patient directed
toward & reduction in the severity and the freguency of the atiacks., It
is for this lattor role trat the uss of thecphylline and theobromine com-
pounds hag been advocated,

The first use of xanthine compounds as a corenary vasodilator
is attributed to Askanszy (2), 1895, who used theobromine sodium sali=-
cylate (Diuretin). He obtained favorsble results in cases of angina and
cardisc asthma, These results were confirmed by Breusr (3), 1802.
Guggenheiver (4), 1925, obtzinsd favorable results from the usc of
sguphyllin (theophylline~sthylene-diamine) in artsriosclsrotic disease
without edeua which he thought stiributevle to coronary vasodilation.
¥arvin (5), 1928, and Smith, wWiller and Graber (&), 1826, élaimed the
ection of the xanshine diuretlcs to be of value in the cardiac failure
gs-oclsted with arteriosclerosis., Following this, a large number of
clinieal reports have appeared claiming a benefiecisl effect in anginel
patisuts by Musser (7), 1928; Smith, F. M. (8), 1928; Gilbert and Kerr (9,
1929; Coogan (10), 1534; Smith, kathe and Paul (11), 1935: Brown and
kisemen (12), 1937; Massel (13), 1939; Lekoy (14), 1941; and Pezul and
¥ontgowery (16), 1848, However, in direct antithesis to these results
are the studies of ivans and Hoyle (18), 1933: Gold, Kwit and Otto (18),
1935; and Msster, Jaffe and Dack (18), 1939, who found patients with an-
ginal pain were unable to dif ferentiate betwesn dosss of theophyliine-
ethylenediamine and &« placebo. The majority of these studies, both pro

and con, ware made with out-patients and the druwg was given by the oral



route. In most cuses th: dosupge employed was 0.2 Gm. (3 grs.) of
theophylline-ethylenediamine four times daily., vidence of s more ob-
Jective natwe was providec by the studies of Levy, Bruenn and Willlams

s 1540, and liiseman anrd Brown (20), 1937. Levy and co-workers ob-

St

{is
tuined & 83% prolongation of the appearsuce of pain in petients breathing
104 O end 90k No as well as a 58% diminution in the deviatiun of the a8=-T
sagrent fellowing the iatravencus adminisiraticon of the usual intravenous
dose {7-8 mg./&g. or 0.5 Gni.) of theophylline-ethylensdiamine, They =zlso
ebtuined s 264 dslay in the tims of appearance of pain and & 324 diminu-
tion of the effect on the elscirocardiogram following oral therapy.
iiseman and Brown presented data supperting a claim that theophylline
preparations are valuable in increaszing the amocunt of standard ex.reise

@ petient csn perfomm. whereas their data indiczte on incrsased ability
to perform exsrcise, the ilaprovement is apparsuntly not 100% as they

claimed in & later paper {(Boyer (21), 1843).

drugs in anginal patisats. LeGraff (22), 1942, concluded that while
theophylline presparations may nobt be harmful, it is doubtful wrether they
ar: of any marked venefit. Boyer (21), 1943, in reviewing ths allowable
claims, was unable o ses clear-cut evidence supporting the clinical use
of theophyliine preparatiuvas in angine., In general, those favering the
use of Xantnine drugs i aaginal paiﬂ‘attributa the feilure of those in-
vestigators who reported no significant action to: (1) the use of patients
with advenced arteriosclerotic disease who are beyond help of any kind,
(2) insufficient dossge, (5) tre use of subjective symptoms reported by
the petisnts, and (4) the varispility of the disease itself., On the

other hand, individuals wiho do not believe in the vasodilating propsrties



of the drug by ths orsl routs attribute the sueccess of these favorable
reports to o plucebe~like zmciisn. lore recently Steinberyg and Jensen (23],
1848, friled to chew 3ny'signi?iqgnt ciiricel value in orally-sduinistered
thecpnylliine., They used theorhylline emincisobutanol, w ich they clsimed

noa

¢ distruss cauged by many other theephylline prepura-

f-e

sverconcs the gestr
tions. Treir desage was only 0.18 Om. threoe tires a day of a prepuretion

containicg 674 theophylline.

It i noticeable, upcr reoview of these controversial paners,
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ion and in lorge numbers of pokients, The medicetiocn is nobt given under
medicel suporvisism, and the subjective nature of the symptoms reportaed
L d

by the patient could be subjset to quantitative diffsreoncss. It seems

critorie snd s mwors thoreugh application of statisticzl methods Yo the re-
sults. Alss 2 correlation of blood levals with vasodilator mncotion would

Zive unifeorxity te the pleturs.

2. Corenary Qcclusion and Myocardial Infarction

A discussion of coronary ocelusicn and resultent myocsrdial in-
farction should properly follow sngina pectoris becsuse approximately one
half of all patients having acute sttacks have had earlicr attacks of
angine. Owing to the descriptions of Herrick, coronary occlusion is now
diagnosed more clearly than it was before 19i2.

The majority of cases of coronary occlusion are the direct re-
sult of arteriosclerotic changes in the coronary arteries. In some, the
formation of atheromatous plmecques, fibrosis, snd calcification may lead

to a complste occlusion, but the ms jority of cases are caused by sub-intimal



hemorrhage of the thin-walled giant crplllarics which develop in the walls
of the srtsriosclerotic vessels. These sub-intimal hemorrhajes may block
the vesesl by bulging into the lumen of the vessel. In other cezos they
may damage the endothelium =2nd cause thrombosis. hrehrogreade throwmbosis
mey occur in the occluded vessel end may aven block other aricries, Cor-
onary occlusion may be ceused by a variety of less common causes, such asg

embolism in ceses of subacute bacterial endoesrditis or fst embali from

ey

fracturaes. Syphilitic aortitis ean block the cormnary ostiz, tut this is

uswe 11y & gradval process,
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Corornary occlusion has the associations similer to siteri

of age, diabetss, and hypertension. Its onset is usunlly without avvarent

o
::','
o

cause, but severe eXertion, irtense armotiorn, £md many other crunes

a e2usa of sud

baen reported. Coronary occlusicn is notad for btein

9

death, vet the irvediste mortality varies from 16% te %37, +ith sa-o es=-
timating as low as 1Q%. Tre prognosis wvarias =ith the size of ths wyo-

cerdium onccluded, the particu]ar area involvad, the blo d osressurs, and

other factors,

The rmost characteristic gymptom of the onset of ceorcrary scclu=-
sion ie the pein, which 1s describaed as thy most excrueiating ageny. It
is Loward the immediste rolief of this »ain throuch coronary vasisdilata-
tion thet the adninistraticn of theophylliine in%ravenoasly is primarily
directed. Theovhylline compounds are also adwiniskered with ths -ur--ose
of (1) improving the surrcounding myccardium by inereasing the collzataral
circulation and antrgonizing the reflax coronary gonem in vesssals curround-
ing the oseluded aren and (2) reducing the oceurrencs of asrhybhaiss and
raducing  the dyspuea sideh may bz cresant. A largs dose (0.5 Go.) should

we ziven intravenously, slowly ond with cara. The drug shoald be avoided
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i the blood pressure tands to f2]1] precipitously. Beceause of the accom-
osnying nauses, continuotion of therapy must often bse by the rectnl or
purenteral route,

The basis for +the imuediate adminictration of theophyiline is
neiniy empirical. However, receant work hes tonded to sstablicsh its use
on 8 more scientifie basis, Le Koy, Fenm =2né¢ Gilhert (24), 1942, found
that the injection of theophylline-sthylenediamine {4iminophyllirs) reduced
the inrediate mortulity rete from 70% to 56% following ligation of the cir-
cunmflex branch of the left coromary artery. A conbination with atropine
sulfate furthsr roeduced the mortulity to 33%, However, thesbrowrine-sodium
saleylate alone caused 2 reduction to 23%,

Fowler, Hurwitz and Smith (25), 1935, stwrdiad the effect of repe-
titious dosss of methyl xanthines on exnsrimentallyv-indue~d Tyceardisl in-
ferction vroduced by ligatincrn of the ceronmary arteriez, They clai-ad
thet theophylline -ethylensediarine caunses a reduckinn in the eizs of the
infercts as compared with control animels, Thiz ctudy wrs opsn to eriti-
cism beczuse of the uncertainty of their method of estimstion of th: size
of the inferets. Also the number of animals uwsed (19 in =al1) wng net as
many as could be desired. Wiggers end Green (26), 103€, wero une™ls to
demcnstrate any imrrovement on cellateral circulaticn %o the ischonic area
in en isclated heart preparsticn following ligehion of the descending
branchi of ths laft corcmsacry artery. Gold, Travell and Medeld) (27), 2837,

repeated thisg work, using cets instead of doge. They measwed the in-

[

fereted erea more carefully with a planimeter and care %o th2 oprosit
cenelusgicrn, i.,8., that ne significant difference could he found tetween
the size of the area ir the contrel and treated animals wrich had been

given 25 mg. e, of smiropkylline oneo a day. Contrary to Isioy ot al. (24),
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they noted a larger numbsr of fetul ventricular arrhythmias in the tr-ated
animals thar in the cotrols.

More recently Mokotoff and Ketz (28), 1945, repeated Fowler's
work in dogs with a very careful method of measuring the size of the in-
farcts. They were carsful to tie off at the seme point in each dog.
Theophylline~ethylensediamine 15 mg./ﬁg. was injected intravenously imme-
distsly =fter the operation, twice daily subcutaneously for sevesn days,
and then once dally for the remainder of an eight-week period. The hearts
woers carefully injected undsr uniform pressure with a radio-opague mi:ture
end the area of the infarction measured fran the A-ray picture with =
planimeter. They found z small tut significant decrease in the size of
the myocsardial infaretion in the aminophylline-trested animals.

This lstter work is very heartening to those who beslieve the
methyl xanthines to be of value. The question is whethesr the action in
men is the same as in the dog in view of the different method of demethyla-
tion of the methyl xenthines in canines (see section on metabolic fate of
theophylline). The problem alsc needs extensive clinical evaluation.

The dif ficulties involved in the clinical assay of the effectivensss of
theophylline in coronary occlusicn are great and will probably be met only

by experience in a very large number of cases,



I1I. The Use of Theophylline as a Diuretiec

The xanthines wore developed principally as diuretic drugs.
Caffeine was first studied scientifically by von Schroeder (29, 30), 1888,
1887, along with the then newly-prepared theobroamine., Because of its cen-
tral stimuwlation, caffeine wes soon discarded in favor of theobromine and
theophylline-ethylenediamine, later introduced by Dessauer (31) in 1908.
Theophylline has the greatest diuretic power of the three, but theobromine
is preferred in most eases because highor doses can be given with less
gastro-intestinal disturbznces and le ss cerebral stimulation,

The investigations leading to the understanding of the mechanism
of xanthine diuresis will be diseussed more fully in a later section. The
theory that these drugs produce a brief increase in renal blood flow and a
sustained ineresse in glemerular filtration rate with the prineipal effect
being & dsereased reabsorption of sodium chloride and water seems to be
the best explanation of their asections. The exerstion of sodium chloride
geens to be the principal beneficial setion, sirmce the amount of water
eliminated will vary with the degree of hydration (Newman (32), 1947).

In spite of the fact that the mercurial diuretics are far more
effective, the xanthine diureties nave still maintained a value in thera-
peutics bseauss of their low toxicity. Their advantage is evident when one
¢ siders that with the mercurials one is mildly peoisoning the renal tubules,
whereas the xenthines will bs limited by the side effscte produced bafore
renzl demage c¢an occur. The xanthines csn be used in cases of limited
rensl funection, whereas mercurials are catraindicated, They can ulso be
token orally and rectnlly by the patient, whereas the more toxie mercuri-

els, even in the recent orsl tablets, require close supervision,
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In general, the xanthine diuretics exert their best action in
decompensated eardiae patients vhen edeme is prasent. According to
Heyman (33), they are effeetive in about two thirds of the cmses, The
rapid effect of the intraveunous injsction of thsophylline in pulmonery
crisis sssociated with left ventrieular failurs will be discusssd in the
following section.

The xanthines are not very efficacious in cases of scute glomeru-
lonephritis. They can bs used in subacute and ehronie cases, They are
relatively ineffi#ienﬁ in edemas zssociated with nephroses of verious
types. Tolerance develops rapldly to thelr action in this type of dissase,
They exert a diuretic effect in the chronic ascites associated with
cirrhosis of the liver, chronic adherent pericerditis, setec. (Goodman and
Gilman (34), 1941).

One of the mein difficulties in the use of the xanthire drugs
as diuretics 1s the development of tolerance to their action, This can
be avoided somewhat by slteration of the dosage form. Seherf and Boyd (35),
1947, recommended ths giving of relatively large doses (0.3 Gm.) three
times 8 day every fourth day. They found this " jolt" treatment more ef-
factive than continuvous administration, which ceased o heve effect in a
few days.,

The comron limiting factor in xanthine medication is the appsar-
ence of nauses, voumiting, severe headache, and restlcssness with excita-
bility. The first two difficulties ecan be overcome to some extsnt by ad-
ministration with a meal. The usse of the newer combinations of theophylline
with sodium aminoacetate, sodium aminoisobutanocl and other combinaiions
exhibiting better gastric tolerance decroases nausea upon taking but not

thet owing to high conceniratiocns of the xanthine. The sddition of
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sedatives such as phonobarbital can overcome the central stimulating ef-
fect,

Theophylline is also valuable in promoting the absorption of
the mercurial from the site of injection, meking intramuscular injections
possible. It also relieves pain and reactions at the site of injection
{ DeGraff, Battermsn and Lehmen (36), 1938).

recent studies (Davis and Shock (37), 1949, and Sinclair-Smith
et al. (38), 1948) on the renal function changes zssocinted with heart
failure indicate that theophylline has a specifiec effect on the kidney
in producing the desired responses in decanpensated left ventricular fail-
ure and other edemas. It would be of value in ths successful administra-
tion of this drug if better control were available of absorption and bet-

ter correlaticn with blood concentrations of the drug.
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I1I1. The Therapsutic Use of Theophylline in Asthma and Other Dyspneas

It hes been stated thmt very few therapeutic apvlications of
drugs provide ss immediste and dramastic relief to s patient as the intra-
venous aduinistration of 0.5 Gm. cof theophylline-ethylenediawmine in the re-
licef of Cheyre-Stokes respirstion. Theophylline finds its most secure
place in therapy in the relief of the dyspnee of cerdiao asthma (paroxysmal
non-exerticnal dyspnea )} and eother dyspneas, Cheyne-Stokes respiration,
and¢ more recently in the trestment of bronchial esthma.

Theorhylline was first used in treatment of the dyspneas of car-
disac ecrigin. It was used in these coses primarily ss a diuretic, and its

offect o Cheyme-Shokes

¢+

breathing was only menticned oceasi-nslly (Guggen-
heimer (4), 1922) until stressed by Vogl (39, 40), 1927, 1952. The mechan-
ism of =mction of theovhylline in ths relief of periodie breathing of the
Cheyne-Stokes type is not completely understood, although it is thought

to bo a cemtral effect., Guggenheimer (41, 42), 1932, 1933, believed the
gffect to be due to the vasodilatating action of theophylline. However,
nitroglycerin is insffective. Greene, Paul and Feller (43), 1937, believe
that the relief is directly related to the falis they observed in venous
and intrathecal pressure. Marais and McMichael (44), 1937, favored the
theory that the sction was by a direct effect on the center, due mainly to
the ethylenediamine porticn of the drug and in the absence of any signifi-
cant changes in circulation. However, they mesasured the circulatory func-
tions of only two persons and were looking for evidemce of increased func=-
tion rather then a decrease in oerebral blood flow which would cause the
fal11l in intrathecal pressure. Scherf and Boyd (35), 1947, point out that

theophyiline and sodium acetate is a2lse effective in Cheyne-Stokes breathing.
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The recent study of Wechsler et al. (45), 1950, lends support to this
theory, showing that a fall in intrathecel pressure could be due to
cerebral vasoconstriction,

As stated before, dramstie relief is ocbteined in certain condi-
tions following intravenous uase of the drug. The injection of 0.5 Gm.
theorhylline~ethylenediamine in the acute pulmonery dyspnea accompanying
left ventricular faeilure is rapidly effective 2nd is often helpful in
reising the morale of the patient. Reliefl of paroxysmael noc turnal dyspnea
fran cerdisc fa=ilure con sometimes be obtuined in mild cases by the use of
suppositories of the drug. An undesirable side effect is the cenkral
stimulation which may cause sleseplessness in spite of respiratery relief.
Marsis and MoMicheel (4:), 1937, provide a review and discussion of the
use of theophylline-ethylenediamine in Cheyne-Stokes breatniig. Freud (46),
1833, used theophylline-ethylenediamine in infants by suppository in peri-
odic breathing associated with capillary bronchitis, pneumonia of child-
hood, end encephalitis,

Theovhylline may give relief in cases of cardiac esthma both by
its diuretie metion and by its 2ction on respiration. Unfortunately it
is ragardad as only symptomatic treatment in the foregoing cases to provide
temporacy and emergoncey rellef. It is not preferred in place of more active
drugs, such as digitalis and the mercurgel diuresics for the relief of
these eamditions,.

The first use of theophylline in bronchiel asthme is generally
eredited to Herrmann and Aynesworth (47), 1937, although vrior publica=
tion ie claimed by ifren (48), 1936. Herrmann and Aynesworth reported
thet as early as 1931 they found the inftravenous use of Q.24 to (.48 Gm,

of theophyllire-ethylenediamine to be very ussful in cases of acute
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asthretic attacks »hich were refractory to epinephrine. In a series of
41 injecticns in 16 cases of esthmatic bronchitis or cironic bronchial
asthma presenting attacks of "status ssthmaticus,” 51 gave corplets and
persistent relief, In some falling to get relief it rastored sensitivity
to epinephrine. They strossed the importanes of slow and carsful injec-
tion in reducing the inecidence and severity of side effects, =“fron and
uverett (49), 1939, roported the relief of two thirds of their svpinephrine-
fast easez with the intravenous use of ths drug., Tablet medicaition seems
to be ineffective in acute attacks, Sincs the first peper by Herrmann and
Aynesworth a large number of papers nave aprsared confirming the value of
theoprhylline in the treatment of both scute and chronic cases of asthma:
Hojos (50), 19363 Baldwin (51), 1938; ¥itchsll (52), 1958; Halperin (53),
1938; Rrown (54), 1938; Hyman (55), 1939; end Carr (56), 1940. iscent
discussion on the subjest bas cmeerned the best fom of adrinistration
and the principles underlying its spectmeuler action, berach (57), 1944,
founé rectal instilletion of 0.6 Gm. in water almort as irmediatsly ef-
fective as the intravenous route and having lesc side efifectes. Decs (58),
16943, fownd rectal supcositories to be effective ever in cases of severe
sethra., They provide a satisfuctory mesns of dosege in pediatries. Prigal
et nl. (59), 1246, found that the additicn of pentobarbital overcams
suxisty ard other cerebral eoffects of theophylline. The more rsccntly
introduced methods of meroscl and rectel sdmiristretion are discussed
thoroughly by Hartman (60), 1549,

Bubert (61), 1948, undsrlined the basic principles irn the treat-
ment of acute "status ssthraticus" as being first, "the widening of the
brenchial lumens so that gelsiinous infected exudate can be discharged

and sscond, the intreducticn into the finsr bronehl end into the slveoll



15,

of anti-infective agents through the widened lumen." Theophylline is &
valuzble adjunct to the sccomplishment and maintenance of both of these
Bubert and Cook (62), 1948, recommend the aerosol method of

objectives,

aedministering theophylline along with antibiotics with the oral use as

maintenance therapy.



IV, Other Therapecutic Uses of Theophylline

Theophylline appears to be very effective in biliary colic.

The intravenous injection of 0.2H to 0.5 Gn. of theophylline-ethylenediamine
often brings rapid relief. Bubsch et al, (63), 1938, showed that amino-
phylline and atropine lowered intra-biliary pressure, Walters st al. (64)
showed this action in human subjects who had "T"-tubes in the biliary

tracts for drainage. Theophylline lowered intra-biliary pressure after

it was raised by morphine. 7The mction seems to be a specific antispasmodic
action on the sphineter at the end of the biliary tract, Mears and Delor (65),
1938, recommendsd it mas the drug of choice in biliary colic and suggested
its use directly into the cystic duct to aidin the pussage of small siones.
Gladstone and Goodman (56) reported good results in eight petients,

Cole (67) found the intravenous injection vsry useful in emergency cases

and caveble of affording complete relief in soumc cases.

One report ot the use of aminophylline in ths treatment of mi-
graine has appeared. Marin (68), 1946, reported relief in all of 10 sub-
jects by intravenous administration followed by oral dosage. If migraine
is caused by a spastic vasodilatation of the cerebral vessels, the action
of theophylline csn be explained by its reduction of cersebral blood flow
(wechsler et al, (45), 1950).

Epstein (69), 1946, found the intravenous injection of theophylline-
ethylenediamine to be valuatvle in relieving pruritus in various dermatoses.
This action esn be related to the results of Stewart and Jack (70), 1946,
who observed sn inecrease in perivherel blood flow and incresmse in skin
temperature. However, the drug doss not seem to be of value in peri:

vheral vaecular diseases (Boyer (21), 1843).
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For use in cerebra) stimulation, the sction of caffeine is more

effective, Theobromine has the greater sctivity on skeletal muscle.



CHAPTaR IX

HISTOWY AND FHAIWACOLOGIC ACTICNS OF THUOPHEYLLING

I. The Action of Theophylline on the Circuleation

The early work on the elucidation of the action of theophyliine
is overshadowed by the intersst of the early investigators in cafieine.
Because of the =imilarity of action of the three best-known members of
the methylated xanthine group, most of the early work involved the use of
caffeine., A compariem with the other two, theophylline and theobromine,
wes sometimes, but not slways, mads., Two elassificetions might be used
to discuss the action of the methyl xanthines wn ths eirculati-a. A very
complete comparison of the effects of stimulant (small and moderate doses
up to 20 mg./&g. of caffeine), depressant, and fatal deses can be found
in Sollmen (71), 1948. Perhaps a better clessification might be a2 dis-
cussion of the action of this claess of drugs, with particular refsrence
to theophylline, on the components of ths circulatary system vihich they
affect. Following this arrangement, the pharmacologic actions of the
methyl xanthines are divided into the following categories: (1) the
myocardial stimulating action, (2) the action on coronary blood vessels,
(3) the sction on peripheral blood circulation, and (4) the action on the
blood itself, However, before reviewing in detail the experimental evi-
denice on each clessification, it would be best to discuss the general
effect of therapeutic and moderate physiologic doses on the eireulation,
The date of Starr et al, (72), 1837, are the most complete available.
Starrt's dzta show & slight bradyeardie, slight, but equel, increasses in

systolic and diasstolic blood presswe, an increase in cardiac ocutput
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accompanied by an increased stroke volume and inereased left ventricular
work per beat and per minute., Heart volume decreases only slightly, end
the metabolic rate is increased. There is a decrease in the arteriovenous
oxysen difference. Finally, there is a decrease in peripheral resistance,
Although Shese data represented averages for only seven patients, they

are in general agreement with other experimental findings.

1. Ths Action of Theophylline on the Heart

The resultant actisn of the methyl xanthines on the heart is
due to their sct s n via the vagus nerve and directly on the myocardium,
Thus the response of an isolated preparation varies from that of the in-
tact animal in that it is unhampered by vagal influences. The esetion of
the vagus is thoaught to be due to vagal stimulation by the action of the
drug on the vagal center i» the medulla. There is an increased vagus ex-
citability (Frederieq (73), 1913). This effect occurs in the turtle, and
its mechanism may be a potentistion of the effects of acetyleholine
(Lamalle (74), 1941), (possibly an anticholinesterase action -- see Sec-
tion IV)

The stimulant effect of the methyl xanthines was noted by early
investigators using excised preparations with both amphibian and mammalian
hearts. Hedbom (75), 1839; Boek (76), 1900; Loeb (77), 1903; and Plant (78)
noted increases in rete and amplitude of contraction, as well as the force

of contraction. The majority reported theophylline to exceed the other

methyl Xanthines in its stimulant action on contraction., Flaum and koss-
ler (79), 1933, obscrved an inerease in the cardiac output of the dog
heart-lung preparation experimentslly damaged oy chloroform, CO;, and bar-
biturates. Bock and Buchholtz (80), 1920, found no clangs in cardiaec

output in dogs fra. caffeine. Other investigators have also noted
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increased minute volume, Mahaim and nothberger (81), 1936; Chandlier (82),
1939 ; and otners; Smith and Jensen (83), 1936, ascribed the bensefieial
action of theophyliine-aminoisobutaneol in a heart-lung preparation with
expsriment al ly-indueed heart failure to myocardial stimulation. slectro-
cardiograms of excised nsart muscle showed an increass in rate of contrac-
tion for all thr e xanthines, but conduction was depressed by theobromine
and increased by caffeine snd theephylline (Sakai (84), 121s). Krop (85),
1844, found that theophylline was the most effective of the thres methyl
xanthines in increasing the force of contraction in the isolated cat
papillary musele preparation. It was effective in concentiations as low
as 1:20,000, snd the duration of effect was lonmgaer than with caffeine and
theobromins. However, he concludes that this coneentration (1:20,000 or
5 mg.=%) is above tlat usually obtainable in man. Although this is con-
ceded in viow of the blood conecentrations found later by this author, it
seems very improbable tlet sn exeised and progressively failing prepara-
tion 2s is showmm in his data would react as sensitivsely as the intact or-
gen, Krop noted sn imuediate oessation of stimulation upon replacement
of the drug soluticn with fresh Lockets solution as compared to the con-
tinued effect of digitalis glycosides after wasning (Cattell snd Gold (86),
1938). He also noted spontaneaus contractions with high concentrations,
Cattell end Gold (87) nave emphasized that the foree of contraction in-
creases with an increace in rate. Thus the action of caffeine on the pace-
maksr of the heart reported by Clark (83) may be a factor.

The myocardial stimulation occurs in the intact animel, but is
menifested mors by en inerease in cezrdiac output than by a2 change in rate.
This inecrease in minute volume occurs in spite of a decreased rate owing

to vagel action, and a lowered blood pressure which sosegtimes may occur



oviing Ye poripheral vaso@ilstation.

The effects of the myocardial stimuletion have also been studied
in men. Crollman (82), 1932, cocluded that small doses of caffeine have
noe offzct on the cardiovascular system. Larger doses (0.5-1.0 Gm.) cause
a2 rise ir oxygesn ccunsumption, an inereass in erteric-venocus oxygem differ-
ence, and 2 slight rise in cardiac output., The deta of Starr et al. (72),
18937, wrich have already been mentioned showed en inecreased cardiac ocubput
caused by theophylline. Increases in cardiac output and dscreased peri-
pheral resistance following theophylline were also noted by Neuthard and
Hoen (90), 1937. This increase has been observed by many others:
Chandlier (82), 1939; Howarth and associates (91), 1947; Escher et al. (92),
1948; 2nd Green et al. (93), 1949. The increase in cardiac ocutput is
uswal ly brief, lasting only 10-20 minutes after the intravenous injsction
of 0.5 Gr. In patients with congestive heart failurse Howarth and asso-
cimtes reported smalil but sustrined increases inm cardiac output. An in-
crease in cardiac output will talke place following a lowered vencus
pressure, bub theophylline causes a greater increase than thet produced
by cuffs on the thighs. Berséus (94), 1944, claimed that theophylline
in doses of only 0.2 Gm. l®d no effect on cardiac oubtput and stroke volume
in congestive heart failure patients or in normal patients.

An imt cresting speculation 2s to the underlying mechanism of
action of theophylline is that of Zak (95), 1943. On the basis of experi-
ments with various dyes he concluded that the mechanism of xanthine ac-
tion on the myocardium was that of causing an increased permeability.

In co:formity with this theory Goutier (96) found an inereased sensitivity
of ths heart to the inhibiting effects of pobtassium after the xanthines,

Thus it appears that theovhylline and the related methyl xanthines
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hazve an 2{fect daseribed by Beysr (21) as an "adrenzlin-like" actisn on
the reart, It 1s probable thet U acts directly on the contiractile
mechanism Yo incresse the force and the rales of contraction. It couid
also 27fect the rate ond thus the force of contraction by =n a2ction on
the pscermalrer in Fhe auricle, :sn effect on the auricle could be easily
explained by its vasodiloting sction, causing an increass in temperaturs
in this regilon. The possibility that ivs whole action on the heart is
through dilatation of the covcrary arteriocles is also possible. The di-
reet effect on the hsart in the intact enimel is modified by its action
via the vagus nerve. It would be desirable if more investigators study-

ing the effects in the intect animal would compare the effects of the drug

with and without this modifying acticn of the vagus nerve.

2. The Effect of Theophylline on Coronary Blood Flow

As yet, the action of thecvhylline on the coronary blood flow
of the mermalian heart has uwot been completely and conelusively slucidated,
The reascn for this is the complexity of ths factors regulating coronary
blood flow. ¥When one lsarns that the coronary blood flow is controlled
by the cardiac rate, the cardiac output, the mean art:rial blood pressure,
thie caliber of the coronary vesssls, the vigor of contraction of the myo-
cardium (extravascular support), and right auricular pressure (venous
pressure), as well as by the cheracter of the blood itself, it is not sur-
prising that the action of a drug on all of these factors has not besn
fully appraised.

The avidence supporting claims to an action of theophylline on
the cormary flow in mammalian hearts can be best examined by classilying

tiie numerous investigations according to the type of preparation. The

earliest evidence thet the methyl xanthines had a dirsct action on the
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artory lenghhizned in 2 sclusion of caffeire. Ireparations using isolated

Qther early inwastigators in this fisld uwsed the isolated perfused
waamnzlien heardt after the method of langendorff (98), 1895. They all agreed
thst the wmethyl xanthinses increnmssd the rate =nd amplitude of contraction.

he majority =lso cleimsd en increase in ceoronary flow occurred, csused by
vasodilataticn (Hedbom (75}, 1399; Loeb (77), 1903; Meyer (99), 1912; saxei
and Saneyosghi (100), 1915). This preparation, slthough it measurss the
coronary vascular bed chenges, is & denerveted and progrossively failing
preveration.. Purthermore it is altered from the normal in that the chambers
of the heart are not verforming normel work and the venous pressure st one
end of the vascular bed is not the same as in the intect preparation.
However, this proevarstion should give indiestions of gross changses in the
caliber cf the corcnery arteries,

HReethcote (101) reviewed the esrly literature of the action of
the methyl xanthines on the reart and compered caffeine, theobramine, and
theopvhylline on the isolated frog and rabbit hesrt., It is of interest that
he noted the increase in cormary flow usually occurred after the increase
in frequency and the augmentation of the beat, It is alsc earlisr in dis-
appearing. He sscribed the acticn of theobrorine and theophylline salts %o
vascdilatation. A concentration of caffeine {1:10,000) which caused the
same increase in rate and armplitude of contraction &s a lesser concentra-
tion of theobromine (1:20,000)did not cause an increase in p-rfusion rate,

This same concentration of theobromine caused a 36% increase in rate of
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flow through the coromary artsries. Theophylline he found to be even more
active on the coronary vesssls. A 1:30,000 dilution caused 2 30% increase
in flow. Smith, ¥iller, and Greber (102), 1925, revorted a 204 to 45% in-
crease in flow with coznecentrations of theophylline of 1:25,000 and 1:50,000
and that the combination with ethylene-diamine caused an increase of 40%

to 907 in the coronary flow for the same concentrations. Other investi-
gatvore have routinely used this typs of preparation even up to the present
time for svaluating and cowuparing ccronary vasodilation: Iwal and

Sassa (103), 1923; Gugzenheimer and Sassa (104), 1923; vedd (108), 1931;
“indsr end Eaiser (106), 1848; Prul and Montgomery (15), 1948, =nd Beccari
(107), 1948. 1In ordsr ‘o obvialte the effects of ineressed amplitude of
contrection and changes in heart rate on coronary flow, Katz and Lindnsr
(108), 1939, used an isolated fibrillating dogts heart perfused at counstant
pressure with blood rendered incoagulable, They obtained increases in

flox with aminophylline.

A more complicated ovreparation that was early used for the de~
terminatim of the effects of thecophviline on coronary {law is the Starling
isolated hearte-lung provaration (Starling and sssocintes (109, 110, 111},
1910 5o 1214). This proeparation may be sdapted to measure corcnary flow
by use of the Moravitz-iahn cennule in the ceronary sinus, rebturning the
outflow to the perfusion system. This preparastion, like the isolated rab-
bit heart, is o denervated and vrogressively failing prevaratisn. However,
it enablos tle sxverimenter to reprodues batter the vpressures which exist
in vivo. Rlord rendearod incosgulable is oreferrad for verfusion of this
oreparetion. Poripheral resistance can 2lso be maintained comstant or
gltered at willy Thus the variatims of coronary flow are partially de-

pendant upon the strength of the contraction, the cardiac output, and blood
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pressure. However, the measurement of coronary bloocd flow by means of
coronary sinus outflow is subject to errors which will be discussed later.

Many workers have used this type of prepsrati-n and reported
increases in outflow after injections of theophylline compounds (Szkai
end Saneyoshi (100), 1915; Bode (112), 1928; and Fisher, Guggenheimer
and Muller (113), 1922). Stoland, Ginsburg, Loy and Hiebert (114), 1934,
found the duration of the increased flow in both this type preparation
and in the intect dog to vary fram about 9 minutes for 2 mg./kg. to 32
minutes with 8 mg./kg. of the theophylline-ethylenediamine. Kountz and
Smith (115), 1937, obtained increases in coronary flow in the heart-lung
preparation using pafhological human hearts., They were 2ble to obbtain a
vasodilatztion even in hypertrophised hearts,

A most commonly used experimental preparaticon for the detsrmina-
tion of coromary flow is the insertion into the coronsry sinus of an an-
esthetized animal the cannula first described by Moravitz and Zahm (1186),
1914. The validity of this method as an interpretation of coronary blood
flow has bsen seriously questicned by Johnson and Wiggers (117), 1937, and
Kotz, Jochim and Weinstein (118), 1938, The effect of right auricular
pressure on coronary flow is altered by cannulation. The coronary sinus
outflow doss not coistitute the entire drainage of the coronary vascular
bed nor a constant percentage thereof. Therefore changes in intra-
ventricular pressure by myecardial stimulating drugs will cause an in-
creassed outflow by this avenue of least resistance bscause the outflow by
the anterior cardisc veins, the thebesisn vessels, and other coronary-
ventricular avenues is impeded., The effect of the xanthiries has been
tested many times in this type of preparation (Smith and ¥Miller (119),

1928; Gilbert and Femn (120); Leroy and Speer {(121), 1940; snd Krantz



et al. {122), 1347).

In ordsr to demonsirate changes in the animalts circulation with-
out altering its intactness, the uss of the Rein thermostromuar (123},
1928, and (124), 1928 to 19335, or the labter dirsct-scwread types of 3aldes
and Herrick (125), 1937, was at firss advocated., Theorhylline-
gihylenadiamine has bsen shown 1o cause an incrsase in coronacy artery
flow in the anesthetized (hegria ot al. (128), 1540) and in the trained
uranestretized dog {Lssex ot al, {127), 1540) with tne latssr instrumnent.
The valicdity of therwostromuhr reacdings as indicative of drug changss in

coronary flow has been guestionsd by Shipley st al. {12
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Gregg et al. {(129), 1542,

Experimental measurement of coronary inflow is possible by the
use of several similar instruments. Among them are the differential
manometer, the bubble flow meter, the rotameter, and others similar in
principle to the differential manometer. Soms of those instrumenis;:
namely, ths rotsmeter and the diffarential manometer, are capable of record-
ing the phasic variations in coronary flow with each contraction of the
heart, However, ths use of these instruments has the disadvantages of a
traumatizing oven-chest operation, artificial respiration, anesthesia,
plus traume to the coronary vessels themselves, and a short occlusion of
cororary flow during cannulation. Often the position of the heart is
changed by suspension in =z pericardial cradle. Bayly st al. (130}, 1943,
showed that the trauma involved in exposing the coronary artery just for
ligation was enough to flatten or invert the T-wave of electrocardiograms
from the myocardiwm supplied by this branch, Boyer and Green (131), 1941,
used the differential mcnometer technicue to msasure the action of the

xenthines on coronary blood flow. They noted an incressed coronary flow
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in diastole, but they also cbserved a stimulation of the myoceardiwm which
caused a decreaged flow during systole. Boyer (21), 1943, in a later re-
view of the allowable cluims for xanthine drugs, stutes, "Unless it can be
shown that the increase in coyonary flow is greszter than the increase in
cardiae me taboliam, these drugs cannot be co.sidered effective in increas-
ing the relative blood supply to the heart.,” ZIckenhoff and Halfkenshiel
(132), 1947, obtuined increases in coromry blocd flow bot: upon intra-
arterial and intravenous injection, The intra-arterial injeciicn of 1.0 nmz.
caused a ’?6‘}5 inerease in Tlow, accamparied by & slight irerease in mean
arterial blood pressure and a slight inecrease in hsart rate, Horsver, the
intravenow injection of 6 to 7 mg./kg. caused a fall in meun artarial
blood pressure of 15% but an inerease in heart rate of 24% with an increased
coronary flow of only 11%. Thus it appears thut, while the intru-coronary
injection of the drug in copcentrcticn may be effoctive in caus ing vaso-
dilitution, the usual dose administered intravenocusly caused only a small
inerease in coronayy flow, which could be the result of the myocardial
stimulation. It is unfortunate thati these authors did not study theophylline-
ethylenediamine as they ¢id nikethamide to show whether the increase in
coronary flow results in an increased cardiac efficichey., This is evi-
denced by an increase in the ratico of the oxygen supplied to the demand,
while resulting in no decrease in the ratio of the wnouwnt ¢f ork produced
to the amount of oxygen cousumewu., Foliz, Rubin and Steiger (1lod}, 1949,
measured the changes in oxygen saturation of coronary sinus blood in dogs
by coronary sinus catheberization. They nmoted a fill in coronary venous
oxygen saturation with an imerease in the arierlo-vencus oxypgen difference,
#hile there was no change in blood pressure, there was an increase in

heart rate. They believe thut the increase in oxygen utilizution b the
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heart indicates a failure of the caronaries to deliver more thvn enough
oxygen to the myocardium to supply the stimmlated contructicn, Thus they
cluimed that thoophyliiie~ethylenediamine inbtensifics the myocurdial anoxia.
It seems thut in corder to assay the volue of the wetion of thesphyliine on

the heart and circulation, it smst be roved hether the incrzase in cor-

-

cnary Tlow causes the increased ruite and amplitude of combraciion, or

(

whether the initial action is on the wyocardial fibers, causing a stimula-
ticn of contracture and producing & vascdilataition by the inecreased accunli-
lation of metabolites.

Other evidence of an inuirect muiture has been reported, Hanzlik
and oy (134) reported that theophyllire-ethylenedianine antu, anized whe
circulatory depression of postorior pituitary. Theophyllire-cthylenediusiine
reduced the pressor action of posterior pitultary in animals with normal or
high blood pressure and reversed lov blood pressure due to weakened heart
action,.

Bayly et al. (129) found that the intravenous adm_ nistration of
Q.12 Gm., 01 theovhylline-ethylenediwiine caused an improvenent in the T-
wave pattern of the locul slectirocardicgranm followlng a tasporsry occlusion
of the coronaryy artery supplying the area. They state that the Jdrug is
capable of reducing the intensity and/or the cxbtent of the local ischenia
following occlusions up to 90 seconds. Leslie and lulinos (185) were un-
able to show a significant improvesment oo the sum of the devistions of the
ES-T segment in the three standurd leads of the electrocardicgram, both
before and after induced znoxemia,., Iilowever, they adait the dosage night
be insufficient (15 mg./kg. maxioum), among other reascns for tho lack of
effect.

An interesting theoxy of the wcticn of theorhylline is that



it may act by reducing venocus piessure an: increasing curdiac oubputb.
Stednberg snd Jensen {136) noted o full in venocus pressure not weconpunisd
by a chunge in plasm& voluie and lasting 60 to 90 minutes, This was in
cases of cogestive heart failuwre., Howarth, kcliicha and sharpey-schaler
(91), 1947, observed a lowering of right auricular pressure (venous pressure)
and a rise in cardiac cuiput. They showed thst the rise in cerdiac outmud

ig due o the arug an. not Lo the loweres venous pressure. ‘The increase

in cardiaec output disappears 1T the lovered vencus procssule persisis.

Smith ang Jensen (83), 1946, studied the effects of theophyliine-

aminoiscbutancl in an isolated heert-~lung wepuaration with experimental

A A

heart failure procuced by chlorzl hydrate, They cecided th:t in this
preparsztion, where the coronary vascular system is alveudy wiluived, the
only beneficial aetion coula be attributed to direct myocardil stimula~
tion.

In summary, it seais tlmi irrefutable evidence is lacking to
show that theophylline ang other methyl xsanthines exert a direct action
on the coronayy arteries to produce vasocilation énd thereby improve the
eirculation in the heurt muscle. Instead it seems to exert sn adrenulin-

nereased heart

$ir

like action to produce increased vigor of contraction, an
rate in densrvated preparations, and % secondary increase in corondry
blood flow which may be in part due to a direct action on the smocth
megeulature and in part to the accumulated metabolites from increased

cardiac activitye.

$5e The sZffect on the Peripheral Blood Cireulation

Hany of the early investigators of the action of caffeine on

the circulation were led o the erroneous conclusion that the drug caused
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a vesoconstriction (Wegner (137), 1885; von Schroeder (29, 30), 1886,
1887). This was probably beeause of the bradyecardia which occurs through
vagal action and the inerease in blood pressure which is the result of
myocardisl stimulation. Sollman and Pilcher (138), 1911, reinvesti-
geted the many actions of caffeins. This extensive study did much +o
clarify the confusion surrounding the sarly literature on the effects

of caffeins on the ecirewnlation. However, analogy eannot always be drawn
as to the action of theovhyll ne and sspecially theobromine., Many of
these early-establised conclusions were made in morphinized, curarized,
and chloralized animals, which drugs are definitely depresgsive to the
heart and circulation. Therefore, where possible, recent available
references will be used in preference to older literature, which is often
vnobtairnable directly.

The immediate effect of rapidly-injected intravenous doses is
to cause a sherp drep in blood pressurs, which rises again quickly. This
iz thought to be due to the depressant action of conecentraticns of +the
druvz on the heart.

Starr et al. (72), 1937, reported the usual effect of the drug
to be a slight rise in blood pressure (56-10% after intravenous injection
of 0.48 Gm. of theophylline. Lequime and Heerswynghels (139), 1939, ob-
served s hypotensive phase following the rise in blood presssure and that
kypertensive subjects were longer than the usuel three minutes in return-
ing to normal blood pressure. A fall in blood pressure may also occur,
but not usuelly. The effect on blood pressure is tc sane extent dependent
upon the dose, the repidity of administratior, and the initial blood

pressure, Doses up to 20 mg. of caffeine cause a fairly constant rise,
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whereas higher doses cause a progressive fell, dependent upon the amount

given. 1In animal experiments wiil low initic? Blood pressuresz, caffzine

morz of ten causss sowe recovery (5o

enallsr dosss and by obhsi routes than by w9eln wore ie frasuetly no

change in dlood wessurs. A £2l1 i bloud presswe 2ind cordine accolera-

¥uch interest has recenily beon dirseted Tward the effsct of

(.J

theophnylline on vensous pressure or; mors axachly, right auriculsr prsssure.

An early study by Caprs and Y¥athews (140), 1213, & owed no efiuvct by caf-

Teine on fenmorel vein pressure, CGunther eh al. (141}, 1542, also fuvund no

change in vencus pressure, This is conceded a2y Tur az posrichersl vein

vressure is concerngd, for the drug weuld beve 4n lowsr iubrsaruscular

“~

gressure tu have this effect. TWevever, it secems et Lhe loorozse in

cardiac ocutput hins scro aetion In leoworiasg right eariculer wressure

o

{(Howerth et al. (91), 1947) erd venous pregsure {(Devie and Chuck (37),

Beeause of the use of thserh

o

ine in cerbsin rsspirvaiory con-
di*iors, its effoch cn pulmonery hemodynawies is elso of inbevoest,

Pacht (142), 1814, showed thst C.1% of caffeine cculd relex isolatsd pul-
vouary ~iags. EBerezin (143), 1514, cloimed Limh the lung vesssls were at

firzt con stricted and then dilated, £ mors racent study of Shoe offPecths

pulrorery cirenlation hag ovsreome the shjsctions

of tn open-chested study and e wza of snesthesia (Freidbarg et 21, {144),

They used doses o] theonbylline-eshylencciamine v ich had little

elfecl on raapivation and causs? nosmall fall din gyrieanilce arterial tressure

&

{in vheir eresthetized en¢.u}q) and cardiec accelaratisn. Pulwonery
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systolic pressure and pulse pressure rose in all cases. In one case
pulmonary disstolie pressure rose. They interpreted the increase in

pulse pressure in both the pulmonary and arterial circuit as indicating

en increased cardiac output and stroke volume despite the cardiac acceler-
ation. The elevatimn of pulmonary precsure does not indicate that
theophylline's beneficiel action clinically is due to relief of pulmonary
congestion., The quick return of pulmonary diastolic pressure to normal
they explained either by pulmonary dilatation or, more likely, by an
adjustment of the oubput of the right and left ventricle.

The peripheral effect of theophylline in the blood vessels is
one of vasodilatation. This overcomes a stimulant effeet on the vaso-
motor center whiech causes a vasoconstrietion., The effeet on the vasomotor
center hss bzen demonstrated by perfusion (Sollman and Pilcher (138),
1911) and in decerebrate cats (ven Eswald (145), 1930). It is generally
agreed thet the drug causes a peripheral wvasodilatation, as shown by
oncometric studies of organ volume (see Sollmen for early work (71). 4
study by Henzlik and Moy (134), 1945, showed that theophylline antagonized
the pressor action of posterior pituitary. In dogs with low initial
levels theophylline-ethylenediamine caused some elevation in pressure and
an improvement in cardiac function. Stewart and Jack (70), 1946, observed
a peripheral blood flow increase by skin temperature increases which
lasted only 20 to 30 minutes. They ascribe the action to the increased
cardiac output which is of about the same duration. Hakasima and
Hosiguti (146), 1938, reported that theophylline antagonized adrenalin
constriction in the isolated perfused rabbitts esr. Yano (147), 1937,

cbserved an increase in capillary pressure in the subecutaneous tissues

of the frog after theophylline.
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Although this vasodilatation is generally conceded, no definite
proof exists as to whether it is due to the increased cardiac output or
to an sctive dilatation of the blood vesssls sxcept that it appears to
outlast incrsases in blood pressure (Sollman and Pilcher (138), 1911).

The early studies of Phillips and Bradford (148), 18:7, and
others to follow indicated a definite vasodilatation in the kidney aftsr
caffeine. This interpretation of the oncometric msasurement has been
questicned by Chasis et al. (149), 1937, as the over-all effeci on the
kidney. However, they and others have reported short increacses in renal
blood flow followed by decreased flow.

Roy and Sherrington (150), 1887, reported an inerease in the
cerebrum from oncometric observatiocns., Haphael and Stanton (151) noted
ne change in brein volume by plethysmograph messurements. MNoell (162),
1642, cl=imed theophylline and caffeine to cause a vasodilatation of the
cerebrel vessels, Contrary to & vasodilatation, theophylline seems to
caugse a vasoccnsitriction in the hsad and is effective in cases of migraine
(¥arin (88), 1946). Caffeine has long been used as a headache remedy.
Recently Dumke and Schmidt (153), 1943, observed an increase in cerebral
blood flow in monkeys after intra-arterial injection of theophylline-
ethylenediamine., However, their rssults following intravenous injection
were partly negative. Wechsler et al. (45) investigated the effects of
0.5 Gm. intravenous doses of theophylline-ethylenediamine in human sub-
jects as to cerebral blood flow and cerebral oxygen consumption. They
found a definite deerease in cerebral blood flow and oxygen uptake, These
deta correlate with tho observation of Greene et al. (154), 1937, that
aminophylline causes a fall in ecerebrospinal pressure since cerebral

vasoconstrietion causcs such 2 decrease and cerebral vasodilatetion an
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increase, This cerebral vasoconstriction also can explain the action of
theophylline on the respiratory center and the vasomotor center by causing
an accumulation of COz.

In summary, the evidence available seems to indicate that most
of the peripheral effects of theophyliine on the e¢irculation are releted
very closely to its action on the heart. The increase in cardiac output
appears to explain paruly, il not wholly, (1) the increase in pulmcnary
pressure, (2) the increase in rensl blood flow, (5) the rise in skin tem-
perature, and (=) dilatation in the splaanchunic and other organs, This in-
crease in cardiac output causes the slight elsvation in blood pressure
that occurs with moderate doses, It also appears to be responsible for
the slight fall in venous pressure. Theophylline appears to cause a de-
crease in cerebrel blood flow. A peripheral vasodilatation by direct ac-
tion of the drug on the blood vossels may take place, although direct
evidence is lacking. The proof of this action ssems to be in the fact
thet vasodilatation usually, but not always, predominates over the vaso-
constriction caused by stimulation of ths vasomotor center. It seems that
the possibility that this vasodilatation is passive and directly related
to the changes in cardiac output and blood pressure should be investigated

for a better understanding of this phase of xanthine actior.

4, The Lffect of Theophylline and Other Methylated Xanthines on Blood

Coagulation

Because of the widespread and repetitious use of theophylline
and other methylated xanthine drugs, any evidence pointing to an accelera-
tion of the blood-clotting mechanism by these drugs should be thoroughly
investigated., The earliest recorded observation of this effect was by

Klemperer (155) in 1896, who thought that the action of caffeine evoked



the development of e coaguiative ferment. Other reports by Nonnenbruech
and Szyszks (156) in 1920; Meissner (157), 1921; and Addicks (158), 1922,
caused the prepsration of theophylline with ethylenediamine to be classi-
tied as a hemostatic agent by korawitz (59), 1926, and Pickeriug (160),
1928 . Tobitani (165) in 1941 cliaimed thet substances contuining the
guanidine nucleus decreased blood clotting times by increasing the forma-
tion of thraabin, Sirasako (162) reported in the same journal that caf-
feine eau sad a decreased bleeding time in rabbits,

Critieal attention was attracted to this action of xunthines in
1544 when Field, larsen, Spero, and Link (166) claimed a decreased pro-
thrombin time in deogs, rabbits, and rats Tollowing administration of
various methyl xanthines. ¥ost of their studies involved dogs trking
sirgle oral doses of 10 to 400 mg./kg. or repeated oral doses of 4, 8,
aund 12 mg./kg. three times daily. They measured prothrombin times using
s one-stage rethod with 12,.5% plesma. The. concluded tlet this effect
was not due to hemoconcentiration, & vitamin K-like action, or to the re-
lease of methyl gro:ps in the liver, Furthermore, they stated that these
drugs counteracted the effects of 3,3' methylene bis (4 hydroxycoumarin)
(dicumarol) in produecing hypoprothroubinenia,

Quick (164), 1945, however, was unable to corroborate these
findings in dogs and rabbits., He suggested that tholr use of a less
active thromboplastin which gave longer normal prothrombin times plus
their wide range of normal velues obtained for a 12.5% plasma urges =
caution in drawing positive conclusions fron their data. He noted that
the prothranbin level ean fluctuate within a wide range and still not
affect the clotting time of blood. Field et al, (163) did not present

evidence that the blood was hypercoagulable, but assumed that it was
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rom an inereased prothra:bin level, as evidenced by a shortened proturcmbin
time. Quick believed that the most inportsent factor was the rats of
thranboplestin relesse thet governed the cosgulsbtion time. He was also
unshle te find any svidence ihet the methylated xsnthines counberacted
the action of dicwmrol in producing hypoprothrombinemia,

Seherf and Schlechman {155) in 1946 claimed the cbservstion of
similar changes to that of FPizld et al., in humans. They gave siagle
intravenous doses (0.5 Gn.) or repeated oral doses (0.5-1.0 Gm.) of
saninophylliine, theocin, or othsr xanthines., YThe ehenges they observed
reached = maximum in four %o five howr s and soretimes persisted for Z4
hours.,

Following the se pﬁn@rs the r= have been a large number of investi-

gutions whieh, like Quick's, did nect substantiate any contraiundieation to

o

the use of theophyliline~type preparations, iisben (166), 1948, was un-
able to confirm the work of Field and co-workers. However, Field,
Sveinbjornsson and Link (187), 1945, found an increes<d plssme fibrinogen
induced by the methylxanthinss. Holland and Gross (168), 1948, in a care-
ful study in dogs and humans, werc unable to reproduce nny of the chenges,
uging several different preparations of theophylline and two methods of
moasuring prothrombin time. Other clinical studies in humans by Poindexter
and Meyers (169), 1946; Preytspraak and Greenspan (170), 1946; Gilbert,
Dey and irump (171), 1947} Blood and Patferson (172), 1948; and Overmen
aad Wright (173), 1950, have all found no significant wvapiation in the
prothrombin tines of patients receiving theophylline preparations in

a

single or multiple intravoncus or orzl dosss,

-

)

A racent invesbtigation by MeCormick and Young (174), 1949, based

on newer findings in the mschenism of prothronbin liberation by plasma
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Ac-globulin has opened the guestion anew. iare et al. (175), 1947, de-
scribed plasma Ac-globulin as a proenzyme type of plasma protein. ¥When
acted upon by some of the first thrombin formed from prothrombin by
thromboplastin, calcium, and a platelet factor, it is converted %o serum
Ae=globulin. This form actively catalyzes the interaction of thrombo-
plastin and prothrombin and accelerates the rate of formation of thrombin.
MeCormick and Young observed in dogs following large doses of Aminophylline
(100 mg./kg.) a transient elevetion of prothrombin followed by a hypo-
prothrombinemia with a return to normal in two to three weeks. However,
they found simultaneously a more marked and persistent rise in Ae-globulin
activity.

Honorate (176), 1949, also observed a shortening of the pro-
thrombin time of rabbits which he believed to be due to an inerease in
the thromboplastin co-factor (Ac-globulin of Seegers). It can be seen
that an inerease in Ac-globulin sctivity accompanying a hypoprcthrombinemia
would have 1little or an uncertain effect on whole blood=-clotting tine.
Also it woaxld be poscible to have a hypsrcoagulability without a hyper-
prothranbinemia if the inersase in Ac-globulin activity were accompanied
by no sizable change in prothrombin level, It has been found also that
far more dicownarol is necessary to change the prothrombin time in patients
receiving aminophylline (O0lwin (177), 1950).

The whole picture of the true effect of the methyleted xanthines
is confused and contradictory. Possibly newer method s of measuring the
clotting time of whole blood, 2s in silicone-coated containers where the
clotting time is prolonged to 20-30 minutes, may demonstrate significant

changes not observable with presently-used methods, Margulies and

Barker (178), 1949, noted changes in whole blood coagulation time of
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patients receiving dicummsrol in silicone-coated tubes (Dri-Film 9987 -
Gemeral Electrie Co.) tlat were nct observable in ordinary glass tubes,
Certainly, when one considers the widespread use of the xanthine prepara-
tions, a hypercoagulability of clinical importance would have been ob-

served long ago.



Il1. The Effects of Theophylline on the Sscretiocn eof Urine

In contrast with the coniroversial gquestion of whether or not
tneophylline has a bensficlz]l effect on the heart, it is gsnerally con-
cedsd to have e diuretic effect on the kidneys. However, even more ex-
tensive than the literstws discussing the action of the xanthines on the
heart is that concerning the exact mechanism of their action on the kidney
in producing this diuresis. The theoriss concerning the mode of action
of xenthine diuresis can be divided into two periods: (1) the older
literature up to 1930, which was highly controversial and based upon many
unphysiologic experiments, mostly in lower animals such as amphibians,
whose renal excregtory machanism has besn shown to be not as highly de-
veloped as that of mammals, and (2) the more recent conecept of renal func-
tion based upon the clearance conceept of Rehburg (179), 1926. Nany reviews
of this older literature are available: Schmitz (180), 1932; Bartram (181),
1932; and others. Whereas it would be impractical ‘o give space to all
the sarly experimsntal wark on the acticn of the methyl xanthines on urine
production, it might be useful to mention sevsral of the early theories
and how modern renal clearance techniques have questioned some and sub-
stantiated others. The earliest theory was one of direct cellular stimu-
lation independent of circulatery changes first advocated by von Schroeder
(29, 30), 1887, 1888. Other theoriss of direct cellular acticn includs
that of Sobieranski (182), 1903, who attributed caffeine diuresis to
diminished reabsorpticn of the glomerular filtrate. Cushny and Lambie
(183), 1821, held a thsory thrt the site of action was on the glomerular
membranse, since they observed the diuresis to ocutlast the renal vaso-

dilstation. A large number of investigabors believe that the diuretic
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effects can be wholly explained on the basis of vascular changes in the
kidney. This wvisw wes first sdveoested by Lowei, Fletcher and Henderson
{184), 1905, besed on an earlisr observation of Phillips and Bradford (148},
1887, Othsr theorise have claimed the sction of the xanthines to be extra-
rensl, but heave not rsceived much support since the diuresis occurs in
isolated orgems. Veil and Spiro (185), 1218, and Ellinger and co-workers
(186, 187), 1921-22, proposed that the xanthines reduced the affinity of
croteins for watsr., Curtis (188), 1829, based an extra-renal theory of
action upon a siight but definite rise in the totsl chloridses in the blood.
He 2l1so was sble to inhibit xanthine diuresis by intraperitoneal injection
of distilled water, He believed the drug to cause a shift of chlorides

to the plasma which caused a hyperemia.

More recent investiga - ions, especially those by interpretation
of clearances on non-metabolites jn the untrewmatized kidney in un-
enesthetized humans, heve done much to disprove meny of these theoriss,
but much confusiom still remeins. The vitalistic or active secretion
theory of von Schroeder (29, 30) has not been confirmed by the studies of
Temure end Miwa (189), 1919; Hayman and Schmidt (150), 1927; =and Van Slyke
et al. (191), 1934,

Sobieranskit's (182) theory was based on decreased staining of
tubular epithelium by indigotate dye and could be caused by the increased
glomerular filtration which is generally conceded., Also Cushny's theory
(192), 1926, of alteration of the glomerular membranse hes received little
suprort.

¥ost of the controversy surrcunding the renal action of xanthines
has centered arocund the effect on renal hemodynamics, The conclusion that

they cause a renal hyperemia has been questioned by meny but not wholly
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disproved. The study of Chasis et al, (149), 1938, peints out many of

=

the uncertainties upon wirich this thecory rests. The only cvidsuce from

untravmatized unanesthetized animals is that of Janssen and Reim (183),

et

828, in dogs and by Walkesr et al. (194), 1937, but the duration or con~-

]

i

5]

tency cf the increase was not such thet it could wholly explain the.

n

diurcsis, This confirms the conclusions of Cushny end Iambie (185) that

&

the diuresis outlasts the increase in remal blood flow. The point that

has not been disprovad is that the drug might increase effectivs glomsrular
filtration pressure by local vascular adjustments such &s constriction of
the effsrent srteriole in the kidney or vasodilatation of the afferent
arteriole, This was suggested by the observation of Kichards and 3chmidt
(195), 1924, that the numbar of functiouning glomeruli in the frog kidney

was observed to increase upon the injsction of eaffeine. However, caution

»a

153]

mist be observed in transposing obssrvations from amphibia %o man, Also

£,

sueh 2z highly spscific action on ons of two similar arteriolss is doubtful.
With the advewt of the clearance technique a method of measuring
renal function without trewma or anssthesia was provided. Complets dis-
cussion of ths experirmental basis of this method may b2 found by refercnce
to Smith (198).
The sarliest remnal clesarance studiss on theophylline wsrc done
by the uss of ecrsatinine and ursa, both of which have besn abendoned in
favor of inulin (Shanmon {157), 1935). Davenpert ot al. (198), 1934, and
Chrometzka and Unger (193), 1931, reported diuresis in dogs with no changes
in creatinine clesrance., However, Schmitz (180), 1932, using large doses
of Euphyllin in dogs, reported cmsistent increasss in glomerular filtra-
tion, but no constent change in tubular reeabsorption. Fulton et al. (200),

1934, and Page (201), 1933, reported no consistent offect on ures clearance



by the methyl xanthines. Other studies have =1lso found no siinificunt
alter:sion of renal hemcdynamics in rabbits ond dogs (Foster {202), 1947;
Valker et al, {194), 1937; ani Newmen (32), 1947, idcksr and Heller (203),
1945, have sho'm renal funection in the rat to be similar %o dozs =nd nan.
Dicker (204), 1946, found inecre@ses in glomerul:r filtration, renzl plasma
flow, =and tubular watsr reabsorption following orsl and subeudznzous doscs
of theophylline.

In man the effects of theophyllire on renal hemcdynamics have
been much more uniform, Rlumgart et sl. (2058), 1834, reportes no increase
in ecreatinine cleararnces in man. However, other astusies using inulin ang
diodrast or p~amino hippurate have shown repeatedly alteruticons in renal
hemodynamics. ‘Thers is still sore varistion in ithe mmpgpitude end duration
of the responses. Chasis et al., (149), 1938, reported incrcases in
glomerular filtrastion and in fildration fraciion, but a Jeersase in renal
plasme Tlow following a brief ineresse. This wag confirmed by Hscher et al,
{92), 1948. They observed that in ehronie congestive heart fzilure the
increase in renal plasma flow is smzll ul sometimes sustwine- ., This ther
thought acrees with the observaticn of Howsrth, Mcelichael and Zharpeye-
Sehafer {91), 1947, that, in pstients with congestive heart fallure, in-
creases in curdiae output are more sustained than in pormal subjects,.

Green et al, {93), 1949, found similar increases in renal function plus
ipereases in sodium output. They fownd aminophylline t0¢ have more effect
then bromo- andé chloro- deriv:tives both on cardiac cutput snd diuresis.
The most thorouzh stu.y of the effect on reml functiion found was that of
Navig =nd Shoek (206), 1949. In 25 control subjects they report these re-

sults following the intravencus cdministration of 0.486 Gm. theophbylline-

ethylenediamine:
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4. Effective ronal rlasse flow vas inereased only durirg the half hour
folleing injociicn., It then declincd to control levsls or below.
©x by T S

2, Glomerulor filtrotlien woe increased for 2% hours. Continucus ine

fusion of 0.9¢ Gm. of the drug produced a lon-er rise for a sustoined

I

period {565 or 60 mirui=s or longer).
co Piltration froce ion remained the same for one howr, but then increased
significantly for the remaining three half-hour periods.

4, Trine flow was trebled and returned to normal after about ome hour,

&
2

. Jodium exersticn also trebled and remained elevate ., The concentrae
tion & zodium rose as the urine volume fell.
6. Vepous pressure ‘eclined slightly,
In view of the vretonticn of salt and water in curdiac decompensation, this
action of theophylline in increasing sodiunm excretion is intoresting., This
ef7ect cn slectrolyte exceretion was noted sane time ago. Grunwald (207),
${8, wnd Kerpsel-Fronius und Rutler (208), 1956, found marked losses of so-

Giwy chloride ond potessium from rabbits with theobromine., They noted a serum
congantreticr, welzkt loss, 2 concentration of serum nom~protein nitrogen,
su¢ death 1tk ap ascaznding paralysis of the limbs., The latisr aftribute this
puralysis to hypokalemia. Sinclair-Smith et al. (38), 1949, .ound a similar
inerease, 'They atirituted the acticn of theophyllime-ethylenedianine in de=-
compensuted ¢.rdioc potients te v.0 mechanisms: {l) a direct c¢ffect on the
eirculation, yresuwably duc 10 the increase in cardiac cutput < hich inercases
glomevular filiraticn rate and renal plaswa flow, and {2) a specific jubular
effeet eausing diminished reabsorption of sodium chloride. Yhey noted varia-
vions in reuponse, dzpendins on the degree of decompensation. These data are
f‘th he sarlier eonclusion of Smith (196), 1987, thut the

in zxanthine diuresis is < iminished tubulur reabsorption of
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watver. This moy be due Lo eithar o local action ¢n the tubule cells or to
the dncveacsd zodiue and pob-ssziur load prozentsd by tha =ntion on the

lgnerulas filtracisn,. Alse She dubulore setisp mev b2 2 loeal effact, a
of s

neusogonic Ifseh comsicd »isg the coantral stimulating aetion of the xanthines,
or o.ing *¢ = horwcnal sffect medizted ecither direct v or indirectly by

vagoular ehangss in eithur ths adrenmals or the pitultrry. Green and Farah
(208), 194, mecde & study in adrenalectomized and hypophysectomized dogs
which pointe %o a tubular coatrol of sodium excrediosn. Furthor develorments

sodiuwa and probatly pehcssium exeration should bring interest-

The posesibility of an extre renal scti'm was menticned previously.
Thig theory was preobatly besed upon two changes in the blood which have

been shown tc be secondsry 4o the diuresis (Dechard et al. (210), 1946).

3

These are: (1) sr incremse in the watir content of the blood, e hydremia,
followed ty rhemcconcenirelion, and (2) decraasss in the chloride content
of the sorum fcllowsd by 2 vaturn to normal cor on increase. This could be
siuplained on the b=sis of =¥Xees: sodium zhloride loss by the kidney and a
return tc nocrmal by senlenishment froan the tissues, Kirstein (211), 1947,
thoroughly reviewned the contradictary evidence on these changes, He found
ne stotisticnlly defiaite waris i:ons in the chloride or water content of

& nurbir of hunans wheo showed definits diuresis after
injeetion with theorkhylline=-sthylencdiamine =2nd theophylline-diethanclamine.
He fuwung o correlation bstween dose of theophylline and urine output.
Lipcehitz ot 21, (212), 1943, found 2 linear relationship between log.
dogs of theophyllins and log. action in the rat only between certain lim-

its and theds ahove this dose there wss s decreass in diuresis, However,

i% is grobable that *this linear relationship may occur in laboratory
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animals vith uniform salt intske and the same pre-hydration, results in
cardiac postienmts are vsry variable.

In gen=ral, these drugs produce a marked rssponse in hvdrated
animals and in normal snimals an effect probably limited by the amount of
salt that can be removed without disturbing normal limits of osmotic bal-
ances,

In experimental glomerulo-nevhritis the zanthines are ineffect-
ive, but they do act in tubular rephritis until the anuric stege is reached
{Hellin snd Spiro (213), 1897, and confirmed by others).

Caffeine and theophvlline in very large doses (40 mg./kg.) over
long periods will cause definite nephritic changes, but they usually dis-
apnear a few days sfter discoitinuance of the drug,

Haas (214, 215), 1543-44, made a study of the methyl xanthines
ns to the chemieal structure to diuretic znd other setivity. He rated
theovhylline > mara-xanthine > theobramine > caffeine >methyl xanthine >
1 wethyl xarthine > 3 methyl xanthine. (> z greater activity than).

Blood pressure responses parzlleled diuresis. [Pormation of 1,3 dinmethyl
dimethyl xanthosin (theophylline-riboside) decreased activity, whereas
esterificati-m with phosphoric ascid increased the diurebie and other effects.
Lipsehitz et 2l, (212), 1943, rated the diuretics in comparison with ures

eg unity: sslyrgan = 400, bismuth and potassium tartrate - 219, theophyl-
line -~ 119, caffeine - 32, theobromine - 7.2, and potassium nitrate - 3.9,
Bddy snd Downs (216), 1928, gave the equivslent doses for equal diuretic
effect of caffeine, theabromine, and theophylline as 1:1.2:0.4 resvectively.

In summary it may be said that, elthough tﬁe diuretic action of
tra theophylline is definitelv esteblished, the exact mechanism of its

zetion on the kidney is not fully knmown. Most of the more recent evidence
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points to the interaction of several factors: (1) an increase in cardisc
output whidch causes a rise im rensl blood flow, (2) au inereass in glomer-
ular filtration whiech out lasts the inerease in remal blood flow, probably
owing to vaseular changes in the glemerwlus, and (3) a diminished reabserp-
tion of sodiwm chloride and water, OFf thsse throe faetors, the effect on
tubular reabsorption of elecirolytes iz most probably the mair basis of

theophylline z2etion as a diuretic.
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Hffects of Theopayliine on hsspiration

5imiler we the sction of theopbyllive ovn the cireuiati-n and the
gecrat ~m o0f urine, the enriy work 1o deburimaniug the wovion ol the drug
was done by expariments on califeine. Like the uss of Lheophy:iiine as &
diuretic, 1its use in the 2UL i vien of respiraiion wes zad stliii is, to
gone extent, enapirical. Tris review will attempt to truce briefly the
developrment of knowledge cemcernirg (2o mschanise of action of the methyl
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wrich caused & constant medullary enemia and stimulated en increass in
cersurospinal prcersswe, ceifeine caused iittle or no sgtimulatiom to
resgiraticn. Thls showed it was not a reflex respiratory stimulant
{Losvennart et al. (<24), 1lv2l2), Henzlik (225), 1923, showed that caffeine
Giu nob act as a veflex stimulant to respiration con subcutansous injee-
ticn,.

af'ter elimination of the smo-aortic mechanism by section of
e vagl snd extirpation of the carotid sinuses, caffeine still caused an
increase in the respiraftory minute volume., On the basis of this,
Lepessurier (<2£6), 1936, concluded that its action is mainly, if not en-
tirely, centcal. Theophylline has also been shown to have an analeptic
actiosn in enimals dewressed by morphine or barbiturates (Hazard and
Jeguier (227), 1938; and Heerswyughels (228), 1938),

ikichmond (£489), 1948, reinvestigated the early works on the
sensitaivit, of the respiratory center to CO2 and found that, after equili-
Lragivn of the subjeet to bresthi:g 3,5 and 5% COz in oxygen, a subeutane-
ous dose of 025 Gm. of caffeine and sodium benzoate caused a further
incrvase in respirsatory minute volume in both cases. A siight increase
was noted when breatring only fir. This he concluded, indicated that
caifeine rendsered the respiratory center more sensitive to C02. Howsver,
witn sminophyiline in only five subjects, the same dose (but not on the
basis of' xenchine content) caused an increase in minute volume with 3% COp
buv not with dj COs.

Seversl other explanatiuns of 4he mode of action of the methyl
xantiines on the respiratory center have been proposed other than in-
creased sensitivity te CO2. Paul and Greeme (230), 1936, and later Greense,

Paul and Feller (43), 1937, believed that the favorable action of the drug



in dyspneas of various origins was due to its effect in reducing intra-
theesl and venous pressure. darais and MelWichasl (44), 1237, in an in-
vestigation of the mechanism of zction of the drug in Cheyne-3Stoke respira-
tion, decided that no vascular changes were involved bubt that the action
was directly on the respiratory center and due mainly to the ethylene-
diamine portion of the molescule. In support of Greemg Paul and Feller's
theary is the obssrvation of Vechsler et al, (45), 1950, thet a cersbral
constriction take s place in the majority of eases with sminophylline., A
decline in cerebrospinal fluld pressure follows cerebral vasoconsztriction.
Thus the acticn of theophyiline might very well be dus to an increase in
the reletive hypoxia of the respiratory center over and above that caused
by C02. Viechsler and associates also noted 2 decreased cerebral 0Oz con-
sumpticn except in acprehensive subjects, This may well explain the lack
of increased effect of aminophylline with 5% €0y in one of hichmond's sub-
jeets who, incidental ly, was female.

iihile these investigators looked to a ecentral explanat on of the
action of the respiratory effect, others loocked for an sction directly on
the lung itself. Maeht and Ting (231), 1921, reviewsd the early work on
the effect of purme derivatives on isolated bronchial muscles. He noted
little effect of caffeine on the normal preparation but observed thet the
drug exerted a profound effect in relaxing pig bronchial strips which had
been cmtracted with muscarine. He found a greater effect with purines
containing fewer substitusnts and that the s.ries exerted = greatsr effect
in the following order: adenine and guanine > xanthine end hypoxanthine >
theorhylline and theobramine > caffeine. Young and Gilbert (232), 1940,
showed that aminophylline (1:1000) counteracted histamine contracted bronchial

rings, whereas the drug hac little apparent effect on normelly relaxed
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secticus. They aliso found it vo inhibit hilstamine and anaphylaoctie-

Erd 4 Y. RN
of 20 "gef%ie Cilhert
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induced bronechiiel spasms la gualnsa pigs in dose
and Geoldman (205, 154y, fouad a si ilors autihisbariae action on con-
stricted puppy wvroachiclar sscticus. Coufirmntion of this antispasmodic
action against histamine unc becu found repeatedly (rmslin et al. (234,
1941; Loew et al. (£08), 1946; and Lehmann ond Young (226), 1945) end has
been extendec to piloearpine, variwm, and eraphylactic-inducsd spasrs in bath
the isolatea and iutact lung (Ludueﬁa (2873, 19423} an¢ in the isolated
guinea pig ileum (Grandjean (2vsj), 1948). Curry sad Losrd (239), 1948,
found thav aminophylliine antagonized the respiratory but not the systemic
effects of pilocarpine. The methyl xunthines do not anbagonize the effect
of nistemine on gustric secretion ubut rather potoentiate it (licbortson and
Ivy (240), 1949). Hemburgsr and delpren (241), 1948, belicve that
theophylline scts directly oa the oronchial musculature, sincc thsy ob=
served decreased resistance to artificial respirasion undsr an asrosol of
theovhyiline.

An altogativer dif forent theory of the zction of theorhylline in
dyspneas is supported by Osgocd and Lhret (242), who believe the primary
effect is due to pulisonery vasodilation dncreasiag the blocd flow and

of secoundary importancs.

LG

any oronchodilator effect 3

The most widely accepted theory of aclion of the wethyl xanthines

as respiratory stimulants is ther bthe cction is mainly, if not sntirely,
central by an sctioun on the rospiruiory center to inerasase the sensitivity

of the center to LO0z. Obucrs .eliivve this sffect may be & cerebral vaso-
coustricting actim of the drug incresasing C02 in the zeonter. Ths evi-
dence for a dirsct action in reloning ths boonehiel musculoture doss not appear

convineing, elthough the drug seems to have a decided acticn in sntagonizing
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certain brounchoconstrictors; nsmely, nistamine, pilocarpine, barium
chloride, muscarine, and snaphyliscitic reacii.ns, In fact, thzophylliine
could vetter be classified vs a bromchial-antispasmodic thun © broucho-
dilastor. The theory that the effect in the relief of dyspnsas by thsophyl-

line is mediated by a pulmonary vasodilstvion wa.rents consideration, out

data oa changes in pulmonary hemodynamica do not peint to such an affect.
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IV. Thes &Effects of Theophylline on the

Central Hervous System and Skeletal Muscle

Central Nervous System

The ceutral stimulating aetion of the methylxanthines, particu-
feine, is wsll known, as they ars useful drugs in relieving drowsi-
ness and "mental" futigue. In wmoderate dosss these drugs stimulete cers-
bral functium, produclug & ¢uicker and clsarer flow of thought, somewnat
guicker resacti-n speed, and sore decrease in the esccuracy of delicate
movenents, Lerger doses give rise to nervousness, inscmmia, restlsssness,
trermor, and pelpitsticn. Toxic doses ars capable of producing convul-
sirs of the strychpine tyve (Sollman (71), 1948). The effect of caffeine
on brain sctivity is reflected in ottacks of rapid potentisl variations in
brain sction currents {Fischer (243), 1932). Repid injection of large
doras of theophylline +ill cause grand mal-like cortical seizurss, but
S-chloro-thecphylline reguires alrost ten times this dosage to produce the
sare effect (Jokns and Hirwich (244), 1950).

In recent years incresased knowledge concerning the mechanisms of
drug action at the synapss nsae thrown wore light on ths mode of action of
zanthines ir producing their stimulatory action. It now appears that their
effoct is wediatzd through 2n e¢ffect on acetyleholine concentration a2t the
synanes, Bernheim and Bernheim (245), 1936, rsported that caifeine caused
inhibiticn of the hydrolysis of injected acetylcholins. Torda and wolff
(246), 1945, have shown an increzsed acetylcheline production by brain in
vitro by 211 three methylxenthires, The activitics of the three were
quantitetively similar. Caffeine and theobromine (Zeller and Bissegger {247T),

1943, and Nachmanson and Schneeman (248), 1945) and more reecently



theophylline (Bounameaux and Goffart (249), 1945) have been shown to

have an anticholinestersse sehivity on the trus or smecific cholinsster-
2s53. Thus tre cffact observed by Torda and Wolff could be dus to ds-
creased acotylehnline hydrolysis., Although the anticholinesterase action
of Lthese drugs mey not be the findamentsl explenation of their shimulation
in the cuntval nervous sysbem, it is suggestive of a relatisn Ho the break-

doin or synthesis of scetylcholine,

Skeletal ¥uscle

The actioms of the xanthines on muscle nhave bewn observed since
the first use of the drug. However, only recently has the sction beecn
correlated with the more intimate knowledge of the mechanism of muscular
contracticn. The early observations all lead up to two coanclusions:

(1) that small coneentrations exerted a stimulant or defatiguing action
on muscular contraction, and (2) higher concentrati-ns produced a de-
pression, a rigor, a fatigue of the muscle which appsars first by leugthen-
ing of relaxation time and then by decreased amplitude of contrection,
Until recently there has beezn no clear evidence to s.ow whether the ef-
fects of the drug were peripheral or central. hecent studies by Huidobro
and Amenabar (250), 1945, and Huidobro (251), 1945, have clarified much
of the confusirn. They explain the action of the methylxenthines on a
neuromuscular preperstion by & double mechsnism. First they found an ac-
tion on the newromuscular junet:on whieh lowers the exeitatory threshold
to acetylcholins, Secondly, the xanthines have o direct actiou on de-
nervated musecles which is also stimulstory. The first effect is most
likely due to the anti-cholinesterase action of the drug. It is vroba-
bly not caused by vasodilatetion, since other vasodilators do not give

such an action. The action on the neuro-muscular junction is related
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to the frequency of stimulation, since low frequencies produce gr:ater
incresses in emtraction than high fregueneiss. He also observed that the
xanthines ex-rted a decurarizing action and that they add:d to the de-
pressant action of prostigmine at the neuromuscular junction. Torda and
Wolff (252), 1945, found that the xanthine drugs increased the semsitivity
of muscle to potassium as well as acetylcholine. Lower concentrations of
the drug were required to inerease the sensitivity to potassium. Gemmill
(253), 1947, found inereases in oxygen consumption and glycolysis of rat
diaephragm with concentrations of 50 mg.~-% of the various methylxanthines.
Torda and Wolff (254), 1948, have reported thmt caffeine inhibits
the adenosine triphosphatass of skeletsl muscle., They obtained this effect
with higher than therapeutie concentrations., The exact mechanism of mus-
cular contraction is not as yet understood well encugh to spesculate as to
whether thig might be the fundamental mechanism of these drugs on striated

and even smooth muscle.



V. The Absorption, wxeretion, and Fate of Theophylline in the Body

1. tbsorption

RPN

Theophylline is readily absorbed fraw the gastro-intestinal
tract. Thus, i% is available by oral end rectal administration. The
lungs ar« also capable of absorbing theophylline when administered in the
form of aerosols and dusts. In addition, theorhylline is given by par-
enteral administration, usually intravenously. Caffeine is completely
absorbed upon oral sdministration, as none occurs in the feces and it is
presumable that the ssme occurs with theophylline, No comparison inm
terms of blood lavels of the effieacy of trese routes es been reported.

The primery problsm in the ocdministration of theophyiline is
its solubility. Theophylline its~1f is soluble only 1 pert in 120 parts
of water., Dessauer (31), 1908, first introduced the combination of
theophylline with ethylenediamine (Aminophylline) covered in & German
patent in 1907 (255). Theophylline is alse solublized by other agusous
amines, as wsll as with many othor compounds, such as salts of crganic
acids (sodium acetate, ecalcium salicylete, etec.). Theophylline forms
soluble couplexss or double salts with these compounds., This combining
power is due to its very slight acid properties (dissociation constant
1.62 x 10711 at 25°), Leuallen and Osol (256), 1949, give a partial re-
view of the combination of theophylline with aqueous amines and similar
orgenie complexes,

It is believed that the gestric distress and nausea are caused
by decompositicn of these eomplexes by the hydrochlorie acid of the stomach
into the originsl components. Krantz et al. (122) introduced a2 combina-

tion of theophyiline with sodium aminozcetate (Theoglycinate). Ths amino
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grour of the glycine gives the compound en inecreased acid-buffering

cepacity. Paul and Montgomery (16), 1948, showed the resistance of Theogly-
cirnte to mrscipitestion by hydroehloric acid to be more than thet of
Aminophylline. The drug wzs tolersted in doses up o 4 Gm. (i.e., 2 Gm.

o«f theorhy! lire) in 24 hours without naussa and vomiting. Othur similaer
combinations ¢of theorhylline w:th the sodium and potassium salts of p-
anincbenzoic, glutamic and ernthrenilic acids provide in the case of +the
potessiwn szlts even more soluble forms of theophylline (257). Theophylline-

nisobutanol (258) has also been claimed to less irritating to the gas-

b
[}

an
tric mucose and to be available in larger doses (23). Theophylline with
isopropsnolamine has =1so received therapeutic trial (259).

¥ost combinations of theophylliine, especially Aminophylline, are
unstable in licguid premr=itions except sealed ampoules. The majority of
trte oral therapy is parformed with tablet msdication. The piain tableils
are more roacily soluble than those with enteric coatings, but have the
disadvantage of causing gastric irritation. They are best given with or
imm ediately following e meal, TImbtsrie costings vary in Lrzeir rates of
Gisintegretion, and the pseitient is uwneble to krow rhen relief will bhe
fertheoming.

“Wherses the most satisfuctory resulis ars obtrined with the ad-
ministracion of theoprhyliline preperutions intrivenously, use of this route

requirecs asdministration by 2 physician or & spocislly trained nurss, Al-

though several desths have been reported following the intravenous ad-
ministration of Aminophylline (260, 261), an analysis shows that either =
severe cardiac or a renal disense alreacdy existed which usualliy contra-
indicates the use of such 2 dose. Injection must be made slowly and in

10 to 20 cec. dilution., The reason given for this precaution varies,
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Goodman and Gilman (354) stete that it is to avoid untoward reactions due
eithe r to 2 sudden concentration of the drug in the heart, or to precipi-
tation of the slightly acidic xanthine in the alkaline medium of the blood.
Considering the prsciplitaticn of theophyiiine by the acid of the stonsch,
it is doubtful that the latier explanetion is correct. Geodall and Unger
(262) have described a comtinuous intravenous drip method, but it requires
special attention, along with hospitalization. Thrombophlebitis also oc-
curs, Pasrt of the benefit probably comes fran the glucose, salt, and
fluids given.

Intramuscular administration is gensraliy dissatisfactory to
the patient, and the effect is not rspid. The alkalinity of aminophyllins
causas the choice between pain from high alkalinity in 8 small awount of
water, or pain from a large amount of water and wmoderate alkalinity.

There 1s danger from fat necrosis anu sterile abscesses,

Inhalation of theophylline is freguently valuable in asthmatics,
kichards, Barach and Cromwell (263), 1940, described a method of producing
en szorosol of Aminophylline with 2 nebulizer supplied by compressed air or
oxygen. Frigal (264), 1947, utilized steam 4o volatilize Aminovhyliine.
The problems attending this route of absorption are: interference from
mucus plugs, inefficient absorption (50% or less), and definite pulmonary
irritaticn. Kore recently Taplin and associates (265), 1949, have re-
ported the use of micropowdered Aminophylline and theophylline by inhalg-
tion. It is probable that bronchoirritetion would occur in this form as
well.

The rectal route of absorption has sevsral advantages. Absorp-
tion is rapid, snd the drug is well tolerated. Gastric irritstion is

avoided, as 1 ¢ll as the disadvantages of injection. A difficulty encountsred
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in this routs 1s the insbility of sume patients Lo retuln suppositories
vr ensm&s. oseautives and loeal anosthetics can be easily added, Hschal
use of theophylline has jargely been through the use of reetal supposi-
Ttorivs, Suprositoriss are scuelimes uncertain and slow in melting. Ab-
sorptiun fra. a retentiun enema described by Barach (57) gives results mid-
way between orsl and intrevenous sdministration in effsctiveness., Hartman
(80) has provosed continuous rectal instilistion in saline or dexirose
with inclusion of & locel anssihetic if desired for the uese of unhospital-
ized severe astmmatics. He also recommended the administration of rectel
jelliies and hydrophilic ointmerntes containing the drug.

0f the sevoral routes svailsbls, the intravencus riite is best
for promptness of action, but is of course not svailable for self-modication.
Oral absorpltion is uncertain and not sufficiently rapid in most cases,
The rectal route has mauny obvious advantugss over the oral route, but pa-
tients usually prefer oral to rectal medication. Imhalation absorphtion
is sufficiently rapid to provide relisf even in savere respiratory condi-
tions.

2. Excretion and Fate in the Body

Because of the ingestion of substantizl amounts of the methyl-
ated xanthines in coffee, tz3a, and other beversges, sarly German investi-
gators were interested in their fate in the body. These investigations
were reviewed by HMyers and Wardell (266) in 1928. After the ingesticn of
theophylline, a small amount is excreted in the urine unchenged, similar
to caffeine (267). Plwamer (288) found &n exerstion of only 1.8% of the
administered theorhyliine recoverable in the urine ir the first ninety
minutes, duri~g which time it had completely disappeared fror the blood

stream. Schack and Wexler (269) foumd theophylline to be distributed
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throughout the body fluids after intravenous sdministration. No concentra-
tior in any varticuler organ could us demonstratsd. In the blood,
theophylline is restriected to the plasma and is ouly sligh%ly vound by the
vlasma proteins. Tissus coneentrations of theovhylline weroe obssrved to
fall paralisl to blocd lsvels.

A portim of the drug undsrgoes demethylatiom do form mono-
methylxantnines (270). Kruger and Schmidt (267) established the order of
decreasing stability of the methyl groups in man to be 7 > 1 > 3. In rab-
bits the 7 and 1 groups are about equally stable (271). Thus in men and
rabbits 1 methylxanthine appears in the urine following ingestion of
theophylline, whereas in ths dog the principal monomethyl excrotion prod-
uct is & methylxanthine. No evidence of further degradation of the mone-
methylxenthines Yo xsnthine is reported.

A larger portion of theophylline is oxidized at position 8 to
form 1,3 dimethyluric acid wnich may also undergo demethylation to form
1 or 3 monomethyluric acids. ¥any investigations have been conductsed bo
determine whether the methylxanthines were capable of increasing the urie
acid excretion. Both positive and negative result s were rsported. Devel-
opment of a specifiec enzymatic method of measuring trus uriec acid has
shown beyond doubt that, wheress the true uric scid excreotion is unchanged,
there is a large increase in the total phosphotungstic acid redueing sub-
stances excreted whnich directly result from the ingestion of the
theophylline (272, 273). Myers and Henzal (274) found, on the basis of
the expected oxidation of theophylline at position 8, that the increase
in phosphotungstic acid reducing substances in the urine indicated that
theophylline was excreted largely as 1,3 dimethyluric acid with 2 small

amount of 1 methylxanthine. They also found crystals in the urine apparently
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identiee I with 1,3 dimethyluric scid, Fresumebly in the dog and other
lorer animals these methyl uric acids sre capable of further degradation
to ellsntoin.

Goodnen and Gilman (34) and Sollmen (71) give & statement con-
com ing caffeine that the remainder of the drug -- up to 80k -- is oxidized
%o urea. Goodman and Gilmen further state that theopnylline snd theo-
bromine share tie same fate except that a larger portion of the drugs may
appear unchangsd in the urine. This idea was drawn from the werk of Salant
and Rieger (275), 1912, who werc unable to find any incresse in uric acid
output and cculd account for only 8% excreted unchanged. It was known also
that 10 to 40% was excreted as mono- and dimethylxanthines.

The canclusion that a part of these drugs is oxidized to urea
has not received further substantimtion. Bernheim et al. (276), 1946, found
the injeetion of theophylline, 2s well as the other methylxanthines, into
rabbits eaused a decrease in the total and the urea nitrogen of the urine,
#ith no emstant veristion of the other nitrogen compounds. Thsy also
notsd a dscrease in ths non-protein nitrogen and urea nitrogen of the blood.
This confirms 2 previous in vitro study which showed a decreased formation
of urea from ammoniuwm salts by liver and kidney sliees agitated in Krebs
niecarbonate solutim ., Cohen and Hayano (277), 1947, also reported am in=-
hibition of the conversion of citrulline to urea., HMartin (273), found an
inereasad excretion of allsntoin follow:ng a maximesl dose of theophylline,
but not cuaffeine or theobromine, Uric acid exeretion was also increased,
This shows the influence of the lack of a methyl group in positicn 7 on
the oxidation of theophylline to & methyl uric acid, which in animals (rats
in this case) is capable of further metebolism to allantoin.

In summary, it seems mcst probable, from the mejority of evidence,
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shat the metabolism of theophylline itakes place in the following manner

in mzn. After absorption and distribution throughout the body fluids, =2
suall portion is exereted unchanged in the urine. If the blood level is
elevated enocugh to czuse renal vasodilitetion and an increase in ronal
blood flow, an imcreased smount will be filtered into the urine. A small
portion undsrgoes demethylation at the number 3 position and is excreted
partly =as 1 methylxanthine or mey underge oxidatios at position 8 te form
1 methyl uric zeid, 4 larger portion is oxidized without demethylation and
excreted as 1,3 dimethyl uric acid, Theoretically some theophylline is
demeth ylated at both the 1 and 3 positions to form xanthine, which is capa-
ble of forming true uric acid, but this amount is so smell as to be as yet

undetected. Evidence for further degradation has not been substantiated.



EXPEXRIMENTAL DATA

1. Yethods for the .mentitetive pstimation of Theophylline

Although +iheophylline has Seen used a

6]

e drug for over fifty

riicaile te wiologiceal fiuids for the quantitetive estimalion of its coun-

centratien bus baer mwade until recently. Pruitt st al.,A1947, published

the first of the two methods deseribed srein. Plum-er (248), 1943,

S - - 1 )

hod spp-icabls to Llocd 2nd urire whiich were based on the

€)

published s met
iodomstrie {titratlicr of & theopny. line-coppsr conplex precipitated by

copper geetais. wore recontly Lohumek eand Waxlar (269), 1949, devealoved

v swecltropheteretric wethod apelicable ko blood, urive, and tissuss for

beth shecohyll A similar wethod ras also been rre-
sented for eaffsine by Fisher et al, (279), 1549,

The nsed for & simple and rapid analytical method of wmeasuring
theoohylline bloed cucentrations is well demonstratsd in the empirical
admi-istretion of *he drug, both in expsrimentel investigstions and in
therapy. Dosss are sseldom given on & weight basis and without respect
tc blocd levels ané rate of disappearsnce frow the blood. Very little is
krown 2tout the effect of ronditicns such as nephresis and other kidney
conditi-rs, 28 well as déeficionci ¢ of the liver whieh ney cause prolongea-
tice of the ime reculvr-d to dispese of thecphylline.

Proliminery atternpts to meezure theophyllire cusntitetively
ware made, using the ultreviolet spectrophotormeter. Difficulty was had

with interfering substances having absorption peaks near to thet of
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theorhylline (277 mulin ¥/10 NaOH).

¥any oxidative roactiins for xanthine basges ars inoen, but the
majority are unspecifie snc of low sensitivity. A mourod ubtilizing Gibbs
recgent (2,6 dichloro-guinonew-chloroilmide) was ulso found to be leciking
in cpecificity.

Theophyiline will couple with diezotized suifarilic acid (230)
but mot with sdequate sensitivity. Sanchez (281) showed thet oridestion
coi' the methyleted xenthines with 33% NaOH enabled them to couvle assily
#ith diszo-p-nitro anilins. Theorhyll ne in eoncentretisng exnscted alter
therapoutic doses end extract:m from & cc. bilood samplss did ~of give suf-
ficisnt color for a colorimetric procedure. Asaug a2 ausber of stuols
4nClo complexes of diazonium salts supplied by r. . ¥innis »f the National
Aniline Division of the Allied Chemical snd Dye Corporation, KFast Blue
23 Sal1%, wnich is the zine chloride complex of the diazotized & avino-2
benzoylamino~l,4~ disthoxy-benzens, was found to couple with a product of
the alialine oxidation of theophylline in very high dilutiana,

Maly and Andreasch (282) give the following degradat.-n of caf~

feine wibth fixed alkall to form caffeidine:

H

f
CHg—N—C = O CHy— N —G = © et
cHs-N— C b

Ca{fefn& Caffe.dane
Further heating will decomposs caffeidine into methylamine, arwonie,
sareosine, formie acid, snc COz. Theophylline, which lzcks the methyl

group of caffeine at the 7 position, is sssumed to resct in & sinilsr
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manner to form ths analogous "Theophyllidine.” This oxidatisn product
of theophylline readily couplics with ths diszotized salt in sleocholic so-~
lutions, probsbly by coupling at the active hydrogen at posit..n &. The
soluble a&zo derivative formed is moderately stable and has an absorption
peak of 5356 mfAin the visible rangs when measured in the spectrophotometer .
The react:on is sensitive to S5Mg. of theophylline. The rate of forma-
tion of color is dependent upon tempsraturse and reaches a maxioum in
b to 7 minutes under the conditions of the method.

Caffeine, but not theobruamine, gives some color by this reaction,
but not the intensity obtained with theophylline, as ssen in Teble 1.

Table 1. Comparative Resctivity of Methyl Xanthines

Optical Density

Drug Concentration Per Cent of
Theophylline
Theovhylline lmg. % 100
Ceffeine lmge % 8
Theobromine lmg, % 0

g e e

Uric acid, creatinine, creatine, urea, and glycine do not interfere.

Blood of Nembutalized animasls, as well as blood containing heparin, was
found not %o interfere with the method. Sulfonamide drugs, however,

will produee color by this reaction and must e avoided. Ths various
methyl uric acids which result in the metabolism of theophylline were

not available for experimental trial, but are known to be unstable in

hot alkeli. A further study of the specificity of the reaction by means of
phase distribution ratios has been made after the method of Brodie et al,
(284), 1947 (see Appendix, Section I).

Procedure, as applied to theophylline soluticns:
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1. Soluticen of known concentration is placed in a 25 x 100 mme thin
glass pyrex tect tube., A glass bead is swded and the sclution
evaporzted to dryness.

2. pdd exmctly 2.0 cc. of 50% V.V potassium hydroxide <sclution and
boil for 15 to 20 seconds over a Bunsen flame.

3. Inmerse tube in a beaker of ice watsr for 1 minute (time and heat
of boiling should not be sufficient to causs solidificati.m of XCH
at this point). Add exactly the quantity of 50% V/V acetic acid
to neutralize to pH S.0 - 6.0 25 previously determined, using

methyl red as an indiecator,

L

. Cool in an ie2 bath for 1 minute.
5. Transfer to a 10 cc, stoppered graduate and mseke up %o 5 cc, with

water. Add & ce. of the diazo reagent.l Wix.

[4)]
.

Head color intensibty after 5 to 7 minutes in a Fisher Llectro-
photometer, using a 525 m/Afilter and a semimicro absorption cell.

Color versus Conesntration

Several coneentrati.ng of anhydrous theophyiline were subjected
to the above determination and & straight line relatiwmship between opticeal
density ws measurcd on the logaritmmic scale of the Fisher Electrophotometer
and the concentration of theophyliine in mililigrams-psr cent, using the

specified 5 cc. sample, was obtuined, ac seen in Fig. 1.

~Dissolve 100 mg. of kest Blue 28 Salt in 100 coc. of isopropanol
(Merekts Reagent Grade) and filtcor through o dry filter. FPros ove at
09 C. and remake after £ nrs.
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CONCENTRATIONS OF THEOPHYLLINE
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(Beker's Speecial according to Dr. Folin) solution aund wmix thoroughly.
3. Centrifuge for 5 minutes at 2500 R.P..
4. Decant the supsrnatant liguid end filter throwsh =2 11.0 em. No. 2
#hatman filter paper.
5. kvaporate 10 cc. of the clear filtrate to drymess on a stesm bath
aided by a current of air.
6. Extract the residue with 3 successive & cec. portions of CHCljy,
7. filter the combined CHCly extracts through a »ledget of cotton
into & 25 x 100 mm, thin glass pyrex test tube and cortinue as

above,

Stordard Curve of Theoghylline 11 Blood

A standerd cucve shown in Fige. € was premred by aadition of
Fnot epicunts of ashydrous theophyiline to oxalated pooled human blood

gervleoa,. Eoch puint oo ths curve 15 the result of 10 or more detsrminations.

revised ¥ethod for Theo -ylline Blood levels

. LR L e et e e o e

Beeause of the length of the procedure and the difficulty in
step 6 of extracting the dry residus of some blood filtrates, as wsll as
the ineccuracies involved in several of the transfers, it was decided to
simplify and, if possible, improve the accuracy of the method. In their
studies on theophylline and thecbromine, Schack and waxler (269) demon-
strated that theovhylline is restricted to the plasme of blood. Based on
experience by Reimers (283) and Plumrer (268), it was decided to employ =
mizture of isopropyl alcohol and chloroform as the orgasnic extracting
solvent. Schack and Waxler found a mixture of 20 parts of chloroform to
1 part of isopropyl alcohol to be satisfactory. Usiag this extraction

solvent, the following procedure was adopted and found to correlate very
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BLOOD LEVELS OF THEOPHYLLINE

clossly with vaiuwes obtained by the first method:
neagents:
1. Caloroform-Isopropyl Alecohol (20:1) C. P.
2. Acetic kcid BUG w/V
3. Fotassium Hydroxide 50k W/V

4, Hydrochloric Acid 1.0 N
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5. Solution of Fast Bilue 2-3 Salt in Isobutyl Alcchol containing 0.25
mg./ﬁc. Filter and keep in an ice batwh at 0% ¢. Itemake fresh
svery two hcurs.

Procedurs:

1. Into a 50 ec, glass stoppered flask place 30 cc. of the Chloroform-
Isopropyl Aleohol (20:1) mixture, 0.1 cc. of 1.0 N HC1, and 2.0 cc.
cf plasma.

2, Shake for 30 minutes on & shaking machine.

3. Trunsfer to a 50 ecc. centrifuge tube and centrifuge at 2000 KR.P.u.
for 3 minutes.

4. nemove exact.y 25 ec, of the extractio: mixture and place in a
€5 x 100 na. pyrex tost tube. Add a gle ss bead,

O. Zvaporate to dryness on & steam bath,

6. Add 2,0 ce. of 50% K0 aud boil for 15 seconds over a Bunsen flame.
{Flame should not be so hot as to cause solidificadtion upon cool-
ing.) Cool in an iece bath.

7. Neutralize to pH 5.8-6.0 with 50 Acetic Acid. Ccol in =n ice bath
to remove heat of nsutraliization.

8. Add 7.0 cc. of the Fast Blue 25 Salt Solutisun and mix well until
color develops.

9. Fipette off 6 cc, of the alcohol phase and place in the micro
cuy atte of the Pishor blectrophotometer.

10, kead ufter 156 minutes, using & 5<06 npfalter.
Using vhe above procedure, = standard curve was dovasicped similar
to rig. <. Blood samples contaluing ne thecephylline wirc analyzsd og
blanks und the avsrage reading of 10 or more determinations was suosracted

from each of the average readiags of the ymown conceairations of tunzophylline
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in blocd.
Comments:

In step 4, removael of the lowsr phass is accomplished by push-
ing aside the plasme layer, which 1is guite thick, with a stirring rod
and inscriing the pipette. dwaporstion of the extraction solvent in
step 5 is speeded by bubbling air through the liguid. This also avoids
boiling over, The amount of acetie acid to neutralizs 2.0 ecc, of KOH
solution is previovsly caleulnted, usirg Msthyl Ked as an indicator.

The rats of development of the red color is depsndent upon the tempera-
ture at vnich it develops. Thorough mixing of the two phases is important.
Removal of the alcohol phase in step 9 is simplified by conplete removal
of the lower clear agueous phase with a plpette., Maximal absorption by
the reaction product takes place at b3H g}g as measured in the Beckmar

Ultraviolet Specirophotometer,
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IT1. Absorption of Theophylline by the Tissues

In the past the comparative evaluations of the efficacy of the
various routes of administration of theophylline was based mostly upon
the observations of clinicians and the reactions of patients. The re-
actions of humens to theophylline are so uncertzin and variable that no
quantitative data are avallable to prove the reliability of these ob-
servat ions. Dosage of theophylline has beon mostly empirical, and little
has been known of the amount necessary per kilogram of body weight to pro-
duce certain responses of the drug. Neither has the maintenance dose of
the drug been known with certainty.

The following studies were carried out first of all to provide
o standard of reference for expressing the activity of theophylline.
iith accurately asasured blood levels for cumparison, the administration
of the drug by various routes could be evaluated as to completeness,
rapidity, and constancy of absorption. Also from these data the rate of
disappsarance of the drug frowm the blood stream could be computed. The
development of tolerance to the diuretic action of theophylline is well
known, but a statement could not be found as to whether this night not
have been due to failure of the patient to absorb the drug well after
several days.

The purpose of the following experimemt s is thus two-fold:
first to establish quantitatively the blood lesvels obtainable in man and
dogs by the administret:on of therapeutic doses by various routes, sec-
ondly to correlate 2s well as possible these levels with some activity

of the drug.
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Analytical Method

The first half of these theophylline blood levels was done by
the first msthod described in Section I of this chapter. Ths latter half
was analyzed by the modified method which permitted a larger number of
blood samples per study. Blank samples were drawn from each subject.

A11 samples were analyzed in duplicate.

Selection of Subjects

The humen subjects for this study (with 2 exceptions) wsre
young male patients, with normal renal and cardiac fuanction, from the
United States Harine Hospital in saltivore. Xantihius-contalning beverages
and medicabion wsre ramoved 12 hours prior to adninistering theophylline.
Theophyliine-ethylene-diamine (/iminophylline) studies were made using
the Searle brand throughout. Theoglycinate (Braytsn Co.) was used for

the study involving theophylline-scdium aminoacstate,

The Intravenous rRoute of Administration

a. Results QObtained in Dogs
Intravenous doses of 7 mg./kg. of theovhylline-ethylene-diamine
were mde in 6 dogs and doses of 10 and 12 mg./kg. in one dog each. Bloocd
samples were drawn at half-hour intervaele up to 3. hours, rig. 3 shows
the plot of ths blood levels found against time. The average rate of
fe1l in blood level in dogs was calculated from the average of 6 dogs to
be 0.13 mg.-%/hr. The intravenous administration of 7 mg./kg. is roughly
equivalent toc a dose of 0.5 Gn. to & 70 kg. man,
b. Hesults (Obtzined in Man
A study was made of the blood levels followipg the slow intra-

venous administraticn of 0.5 Gn. of theophylline-ethylenediamine in 11



Fig. 3

Blood Levels of Theophylline Following Intravenous

Injection of 7mg/kg Theophylline-Ethylenediamine In Dogs
L20r

zavg. of 6 dogs 7Tmg/kg

Theophylline Blood Levels mg9%

30min. { 2 3 4

Time After Injection-Hours

subjects. Blood samples were drawn at various intervals up to 4 hours
in all but one subject and up to 8 hours in five subjects. Because of
the necessity of slow injection to avoid side effects with so large a
dose of the drug, the first samples drawn at 10 or 15 minutes =howed wide

variation in blood concentration, depending on the completeness of dis-

tribution of the drug from the blood stream into the extracellular body
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water. The 30-minute samples more closely reflect the effective concen-
tration, and a fter this time disappearance follows a nmore regular pattern.
Table I (see Appendix) shows the blood levels obtuined exprossesd on a mg.
per 100 ec. of blood or mg.-% basis. For bettsr comparison of blood con-
centraticns following the same 0.5 Gm. dose, these results were converted
to & mg.-%/ﬁc kKge. basis by inverse proportion to the body weight. This is
shown in Table No. II (see Appendix). Fig. No. 4 shows the relation of
the average blood concentratians of thess 11 subjects, calculstsd to a

70 kg . body weight basis, to time after injection. The upver and lower

lighter lines show the maximum veriation for the points plotted,
Fig. 4

Blood Levels of Theophylline Following Intravenous

Injection of 0.5Gm Theophylline-Ethylenediamine
150

n=1l subjects to 4 hours

.25 Ssubjects to 8 hours

(Kele,

o751

oks]8 o

Theophylline Blood Level mg-%/70kg

025~

] 2 3 4 5 6 7 8

Time After Injection-Hours
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From the average blood concentrations at these intervals the rate of
fall in blood level was caloulated to be 0.13 mg.-% hr,
¢. Comparison of Blood Levels in M=n and Dogs

In view of the number of experimental studies on the =zction of
theophylline in dogs it was considered advisablse to cowpare the blood
concentration following canparahle doses by intravenous injection., FHig. &
shows the graphic compsrison of ithe averasge human blood levels for 11
subjects adjusted to a 70 kg. weight basis following 0.5 Gm. doses (ap-
proximately 7 mg./kg.) with the average results of 6 dogs for a 7 mg./kg.
dose, The finer lines show the upper and lower limits of individual

varistion for easch group.

Blood Levels of Theophyliine in
Man and Dogs After ?mg/kg. Injection of

.50 Theophylline- Ethylenediamine
3° — avg. of |l men
;|25 i lower range of values in man
£ —— —- Avg of 5dogs
= — — —ranges of values in dogs
>
© ] 00}
4
©
o
° 075}
®
LY
=
— 050
>
=
(=9
o
® 0.25f
£~
—

: ] . 1 " 1 . I

30 min. fhr. 2 hrs. 3hrs. 4 hrs.
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Although the blood coneentrations in man are significsantly higher, this
discrepancy does nobt seem o be dus to more rapid metabolism in dogs.
The metabolic petiern of theochylline is similar, vut slightly aifferent
in the dog (see Chapter 11, section V). The varisiion mey be dus to a

higher percentage of adipese tissue in man,

The Rectal Roubte of Admin%stration

s e ————

decent attention has besn directed to the rectal route of ad-
ministration of theophylline, particularly in the treatment of asthma
{bses (08), 194%; burach (57), 1944; and Hartman (60), 1949). hectal ab-
sorption was studied by two routes in human subjects. Kectal enemas con-
taining 0O.b Gm. of theophylline-ethylenediamine were dissolved in 40 cc,.
of saline and instilled inte the rectum. 1In order to duplicate the varia-
tions to be expected with patients using this route of self-medicotion, no
effort was made to evacuate the rectum prior to zdrinistration. MNo rectal
irritation or problems in retention occurred with this method. The in-
dividual results with this route of administration are summarized in
Table No. 1II (ses Appendix). The graphic rela ion of these blood levels
to tise is shown in Fig. No. 6. It is apparent from the graph that ¢Bsorp-
ticn is rapid and meximum blood levels are rcached within 30 minutes to
1 hour. 1% is believed that these data indicate the efficacy of retention
eneuas as a method of administration of theophylline., On the other hand,
absorption from roctal suppositories was not so good. Blood levels of
theophylline wore weasured at intervals for 8 hours following the rectal
insertion of a suppository containiug 0.d Gm. ol tneopnyiline-ethylenediamine.
As can be see; in rig. 7, the absorption is slow, and blood levels nsver
reach muech more than 20% of the corrssponding level produced by intravenous

asdministration of the same dose. It is to be noted tret the crdinate sesls
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Blood Levels of Theophylline Following Retention

Enema of O.5Gm Theophylline-Ethylenediamine in 40cc Saline
1501

—— =avg. of 6 subjects
.25

.00

Theophyliine Blood Levels mg-%/70kg
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is magnified 2.5 timesz that for intravsnous and rectal enema dats., Cone

plete dats for th:so patisnts ar iven in Teble IV (see Aprendix)e.

The QOral xHoute of Absorption

studies of theophylline blood concentrar:.uns wers ade follow-
ing two oral doses of theophyllins-sethylenediacine., Sinece the usual dose

for repeated orml administration is 0.3 Cm., this dosg wes Pirst chosen,
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Fig. 7

Biood Levels of Theophylline Following O0.5Gm

Rectal Suppository of Theophylline-Ethylenediamine
060r
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An 2dditional series of pstients was studied with a dosc of 0.8 Gnm

i i : G Yo g ic distre urred in a patients
comparison with oth:r routes. ¥o gastric dictress occurred in any pa

with either dose. These doses wsre administersd avproximetely one-half

i Sypi <i's h his may, %o some ex-
hour following & typical hospital breakfast. +shile this may, o

v 3 s arn @, Hye Ty 4
tont, aifect the rate of absorptiin, it is to be remembered that most

iV : ug wi or 2 g o avoid gastrie
clinicians advise baxing the drug with or after = me=l to avoid g
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Figs. 8 and 9 show the gravhic represantaition of the individu-

distress,
e

4]

al absorption, as well as the avsrage curve., Complets summariszse of the
dats arc given in the Appendix in Tablze No, V and VI, Feximal

o)

Fige 8

Theophylline Blood tLevels After Oral Administration
of O3 Gm Theophylline-Ethylenediamine in Plain Tablets
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absorption with the lower dose was reasched betweeu 1 and 2 hours. ith

- : . . 3 .
0.5 Gm., Gosss this peak of absorption varied from 1z to as long as 6 hours,
show the wide

the aversge pe=aks being at about 4 hours. Thsse curvss
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Fig. 9

Blood Levels of Theophylline Following Oral

Administration of O5Gm Theophylline-Ethylenediamine
1.501-

=avg. of 7 subjects

1.2 5

Theophyliine Blood Levels mg%/kg

Time After Administration-Hours

variation posgible in oral absorption, particularly with large doses.

A furthsr study was made of the blood levels following repeated
oral dosage of theophylline. Theophylline and sodium saminoscetate
(Theoglycinate) is reported to have a better than averags gastrie
tolerance beocause of the buffering action of the amino group in the

glyeine portion of the molecule (Krantz et al. (122), 1947; and Paul and
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Montgom=ry (15), 1948). Theophylline-sodium amino-acetate contains 504

of theophylline. A study was made in 4 patients of the blood levels ob-
tainable after dosage with this form of theophylline 4 times a day. Blood
samples were drawn 2 hours following each dose, as well as before the first
morning dose. In Fig. 10 the lowsr solid line repressnts the average bloed
levels of the four subjects after 5 gr. doses of Theoglycinate at the

times indicated, After 3 days the dose was raised to 10 grs. The broken
line shows the average results of the four, plus a repeat analysis for
three of them two days later at the same dose far a total of 7 analyses,

In these three patients the dose was not further raised beeause of mild
gastric distress. They were all elderly cardiac patients. The upper two
lines sk ow the extrewely high blood levels obtrinabls by repeated dosage

of 15 and 20 grs. per dose in the one remaining subjeet. However, with
both of these doses he incurred nervousness =nd with the higher dose,
severe headache, A summary of ths individual blocd levels is presented

in Table VII in the Appendix,

Comparison of Various foutes of Absorption

In Fig. 11 a comparison of the average results of routes and
doses is presented with all blood concentrations adjusted to a 70 kg.
basis.

Here the efficacy of the bloocd levels following retention enemes
is shown to be comparable to the intravenous blood levels, providing the
need for action is not more urgent than a half hour. The poor comparison
of rectal absorption fron suppositories is elso evident. The slow rate
of absorption for the higher dose of Aminophylline gives levels compara-
ble to the intravenous route only after 4 hours. However, individual

variation was great,
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It appon-g from the foregoing dats bt t, slthough inSravunous
sdmindstintion givee immedintely elevated blowd levels, the lovel rapidly
fells duriqg the first hour. .ehack and saxlaer {(£69), 1948, hev. shown
thet theoshyiline 4s cuwn Pived o the oxtraceliular body fluids, WifTusion

of the drug Trem the blood stremm into the bhody tissues may account for
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Blood Levels of Theophylline Following Administration of
Theophylline-Ethylenediamine by Various Routes

.50

— Intravenous 0.5Gm

——.—— Retention Enema 035Gm
s — ... 0Oral Tablets-Pl. 0.5Gm

— — —_Orail Tablets-Pl. 0.3Gm
ook N e Rectal Suppository 0O5Gm

0735

050

Theophylline Blood Levels mg-%/70kg

0.25

Ti me After Administrotion-Hours

thie initisl repid ©:11 in blood lwvel., The ineresses in remel Tunciion
“hich havs heon sown to ocour (see p. 42) could also ceuse incromsed ex-
argtisn of the unmetabolized drug. Flummer (288), 1948, zhowed incroased
areretion of theovhylliine during the first 30 monuter in donz. Thus, une
lags the action of theorhyiline 48 urgentlsy reguired, retsa il n enomagz of

Gebs Gme Or mors will provide adegunte Blood levsls within ono hour,
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The delayed peak of absorption snd the wvariability between pa-
tients with the oral route does not indicate this mcthod to be a relia-~
ble route of administration. This delay could be due to the preceding
breakfast. However, the drug is very difficult to take on an empty stom-
ach, Beecause of the slow rate of absorption from suppositories, this

method is not efficacious in producing adequate blood levels.



CHAPTER IV

BLOOD 1LVELS CF THEOFHYLLINE AS RELATED TO FHARMACCLOGIC ACTION

In ordsr to correlate theophylline blocd lavels with the
pharmacologic action of the drug, the diurstic effect was selected as
being easily measured and therapeutically substantiated. Since the mejor
portion of ths analyses in Chapter II wa s mede in man, this response to
theophylline is also desirable because the effect on the kindey can be
convenlently measured in man. The diuretic action of theophylline accom-
plishes two therapeutic effects. Although it increases the urine volume,
this action verles cmsiderably with the degree of hydratiun of the sub-
Jects A more consiant response is the increased electrolyte excretion
which can be conveniently measured by chloride, sodium, and potassium ion
analyses of the urine,

Devis and Shoek (37, 206), 1949, studied the effects of an intra=-
venous dose of 0.& Gm. of theophylline-ethylenediamine on renal function
ir an extensive series of eontrol subjects, The most oubt stending effect
of the drug was thse approximately threefold increase in sodium elearance,
which lasted for 55 to 60 minutes after the intravenous injection, The
concentration of sodium did not rise until the urine volume decreased,
The effect on urine volume was 2 similar threefold increase, but tie values
returned to norma«l more guickly.

In orcder to assay the diuretic acticn of theophylline, it was
decided to mersure the chaages in urine volume and electrolyte excretion.
However, the effect of the drug on the latter was taken as the better

critsrion,
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The subjects used were young male pstients from the United
States Marine Hespitel. All subjeets had no history or evidenee of car-
dise or renal disfunct.on. They were well hydrated before and during
the test Lo assurs a measurable flow or urine. Urine samples were removed
by catheterization at the end of 30-minute periods. Control samples were
removed at the «ud of two 30-minute periods. Theophylline-ethylenediamine,
C.0 Gmn., was injscted intravencusliy at the start of period 3. Urine col-
lections were taken at 30-minute intervals for 2 to 25 hours. Samples
wire analyzed for enloride eontent by the Van Slyke and Hiller modifica-
tion of the Sendroy method (Van Slyke and Hiller (285), 1947). Sodium
and potazssium determinations were made, using ithe flame photometer.
Theophylline blood levels wure determined by the modifisd msthod in
Chapter III, Section 1.

Five subjects were studied with the intravenous dose, In addi-
tion, one subject sach was done with 0.3 Gm. and 0.5 Gm, oral doses, and a

0.0 Gum, rectal suppository.

Kesults

The results obizined are tabulated in Table XNo. 2.

Discussion

Because of the variability of the action of theophylline with
the degree of hydration of the subject, no comparison of these doses and
routas of adninistration can be mads from the minute volume of urine flow,
When the patient is dehydrated, even large dosss of theophylline are in-
effoctive in producing increases in urine, However, repeated toxic doses

of the xanthines eoventually cause death because of continued decreased



The 4ffect of Theophylline-ythylenediamine (TED)

Table No. 2

on Water and Electrolyte Excretion with
Intravenous, Oral, and Hectal Administration

87.

Averages of 5 Subjects Period HNo,
30-Min. Period 1 2 g 3 4 5 6 7

Urine Flow-cg/min. 1.93 5.87 3+ - 12,90 7.98 12,50 10,20
Chioride Content--mbq. 3.41 5,94 11,14 11.62 12.35 8.48
Sodium Content--mkq, 8.26 4,71 Awm 17,568 19,84 16,34 12.11
Potessium Content--miq, 3,42 2,92 ®m 4,47 5,31 5,56 5,58
Fheophylline Level—-Wg.-% =-=-- ———— 1,17 0.98  0.87 0.81

1 - Subject &
Urine Flow--cc. /min. 1.08 1.66 & 6.68 18.,1& 9.0 1.6
Chloride Content--mig. & o2k 1.74 977 4,03 12.9 9.18 1l.44
Sodium Content--mEq. 5,95 9498 o Sl 14 .¢ 9,45  4.54
Potagsium Content--mEqg. 0.90 0,95 .7 3,45 8.2 5.24 0.9
Theophylline Level—-kg .-% £ 0.49  0.66 0.82 0.75 ___

1 - Subject f '
Urine Flow-=-cC./min, 2,0 5.7 6.77 15.8 15.4 13.86 15,5
Chloride Content--mEq, 4.95 8.10 w 12,7 =--- e85 6429 6490
Sodium Content--mbq . 5.2 9.4 A3 16,5 —--= 12,0 T.75 7T.88
Potassium Content--mEq. 0.32 8.10 = KT — 572 1,29 1.45
Theophylline Level--lig =% & 0.49  0.48 0.6l 0.02 0455

)

1 - Subject 8 5
Urine FIOW"‘GC ./min. 1186 -7?.86 L(D.j:' 8.06 14-0 1105 10.9 13 .Z
Chloride Content--mpg. 1659 11,05 © 2 11.6  18.8  14.4 18.5 17.5
Fodium Content--miq. 2,80 9,91 S & 9,44 16.8 11.7 13.1 16,6
Potassium Content--miq. 1,14 4.06 2 3,82 6,06 3,83 3,53 35,94
Theophylline Level--ig «-% o 0 0.06 0.10 0.28 0.30

e A
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roavsorplion of elecirelytes, povassium in prriiculer (Grunwsld (207),
1908, and Kerpel-Fronius and Butler {208), 1935).

The most significant change following the intravenous dose of
0.5 Gm. theophylline-ethylenediamine wa $ an approximetely twofeld increase
in chloride eud potassium e¢xeretion. This effect tock place with tlocd
levels varying from 1,17 mg.~% down to 0.81 mg.-%. BEven at the end of two
hours substential increuses in sodium and chlorice excretion wore svident.
A vompsrizon with Llis Dlowd level-effect relationships following oral and
rectel scudnistration gives an estinration of the thecophyiline blood levels
necessary to produce moderate end slight diuretic effects. Following oral
dosage of 0.5 Gm, very litbtle effect was noted in the first periocd after
the drug with & Llooud level of 0.49 mg.-%. A moderate effect was caused by
thwophyliine bloud 1evels of 0.66 and 0.82 mg.~» in the next two periods.
However, no explenaztion can be made for the lack of affect with blood levels
of 0.75 mg.~% in the last period. With an oral dose of 0.3 Gm. scattered,
but inconsistent, increases in excretion were neted in the electrolyte con-
tonut, although urine volume was incrsased throughout 25 hours following the
drug. The blood levels produced were approximately three-fifths of those
produced by the higher dose., With the rectel route samne increasss were
noted in varicus pericds fellowing the drug. However, considering the con-
trol fluctuations of this subject, it is doubtful that these are very sig-
nificant changes,

Becauss ol the great variability between subjects during the con-
treol periods, even in the same individusl, no attempt has been made to
treat eaclhh sst of results statisticelly. From the variations observed in
eight subjects in the two control periods, the followinrg coefficients of

variation wore ealeulatad from the stondard deviaetions and the means:
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chlorids content, 88%; sodium contont, 84%; and potassium content, 8l%.

Admittedly, more rigid control of water intake, environmental
temperature, salt intake, food intake, &8s well as calculation of the re-
sults on the bhnsis of body area and comtrol of other variables would pro-
duce more consicstent recults. However, these data ars more of an explora-
tory nature te point cut crne method of correlating theophyliine activity
with blood concentraticns. An exact determination of the minimus effective
blood level for diuretic activity vill have %o wait for more extsusive
quantitative studies,

In searching the literature for other quantitative data on the
effects of theophylline in humen subjects, a study of the protescitive =ze-
ticn ageinsh experimontzlly indueed bronchospasm (Segal et =l. (286), 1949)
was fouwnd, Thoee authors measured the effectiveness of theophylline-ethylene-
diamine in protecting =2gainst reductions in vital eapeeity induced by
histemine and mecholyl. The similarity in shape of their curves with
intravencus, resctal, and oral doses to those for blood levels of theophylliine
in Chapter 111 was striking. ESegel and co-workers measured the effect of
intravenous dosss of 0.5 Gmn., retention enemas of 0.5 Gm., and oral doses
of 0.4 Gm. 1In evaluating their data they only considered proteetion of
more than 40% against control reductions in vital eapacity as significant.
The sctivity of theophylline against mecholyl was, in wmost cases, less than
that against histamine. If it can be assumed that the blood levels produced
in their pastieonts arc roug.ly similaer 4o those found in Chapter 11, the
following table gives a gensral idea of the bleood levels essociated with

P g

ths broncho-smasnolytic action of thsophyliline sgainst histamine:

P}



e, - L4
Teble &

Estimeted Blood levels Correspouding te Significant Protsction
(40% or more) Against Histemine-indueced Urouchospasm in Man

letent Period of Duration of .
Dose and Hovse Development of Significant Estimeted
40% Protection#* Protection* Blood Levels
0,0 Gne ~= 1. Ve 0 130 min, 1020 to 0.70 Eigo‘%
0.5 Gm. -- Keten- 45 min, 150 min, 0.70 to 0.65 mg.=%
tion Tmena (0080 mgo-f’?ﬂ max.)

* From data of Segal et al., (286), 1949,

Although this is an estimated correlation bstween blood levels
and antispasmodic actividy, it sesus that blood levels of the order of

raquired for effective setion. This stady by Segnl
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ard asgocishes 2130 poirts to the effiescy of rectal absorption from re-
tention enemas. Inhalatio absorptiom from serssol produeced very poor
protection. Intremuscular absorpticn was also poor.

“o other dete wcere found in the litoraturs which showed the dura-
tion and effectiveress of theochylline compounds in man that permitted
correlaticn with the blood lsvels obtained, A review of the guantitative
date from experimertal prevarations revealed very few actions of theophyl-
line thet employed any cmcontretion clese to the therapeutiec levels re-
ported herein, Most studiss in exeised and perfused orguns fouand effective
concentrati s o be o the order of 1: 50,000 (2 mg.~%)or more. One ex-

ception wac the nction of theophylline in potentisting the action of
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potassium on the contraction of striated muscle. Torda &ad Wolff (252,
1945, reported cancentrations of 0,02 mg. per 100 ec., t inerease con-
tractions of the rectus abdominis muscle of the frog. - Thus it seems that
until increeses are made in the sensitivity of experimental methods to es-
timate the effectiveness of xénthine aetion, no estimeticn can be made of

the therapeutie coneentrations recuired in wan from these preparatioms,



CHAPTER V

INVESTIGATIONS (B THE CIKCULATORY ACTIO: OF THHEOPHYLLING

Direct Measurement of Coromary Inflow

& number of trials were made %o find a quantitative method to
establi sh the relationship between s coronary vasodilating acticn of
theophylline and its blood level, It was first attempted to measure
this action by recording the changes in coronary inflow to a cannulated
branch of the left coronary. The changes in flow were recorded by means
of the bubble flow meter method of Hekenhoff et al. (287, 288), 1047.
Blood was supplied from the carotid artery and the animal washeparinized
to prevent coagulatinn,.

The diffieulties involved in this method dic not recommend it
as a sultable procedure for correlating the coronary actiom of theorhyl-
line with blood levels, The reaéons for this comclusion are first, ths
naturs of the method itself and second, the technical dif ficuities in=-
volved., Furthermore it was difficult at the time o obteain largo, healthy
dogs (13 to 16 kg.)s The method is beset with many difficulties, such as:
meintenance of e constant level in oxygenation by artificial respiration
to maintein a caastant oxygen supply to the heart, tendency of the blood
pressure to gradually fall meking it difficult %o get comparable readings
in the same animal, and the gradual blood platelet deposition in the
instrument,

Althoagh these difficulties ecould have besn overcome in itime,
it became apparent through trial that the method had other shortecomings,

Some of these are: (1) the trauma involved in the exposwre and ligation
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of the coronary arteries which Bayley (130), 1943, has shown to be suffi-
cient to depress or invert the T-wave in the portion of the myocardium
supplied by the vessel; (&) the inaccuracies involved in deturmining the
amount af myocardium supplied Ly the vessel; (3) the long delay to the
blood and the pressure loss involved in the instrument; and (4) tne in-
ability of ths method to determine whether the inerease in flow is pri-
merily an action on the coronary vessels or secondsry w myocardial

stimulation . For these reasons this study was not extended fwr ther,

Indirect Moasurement of Coronary Action

If Sheophylline does unave a benefiecial zction or the corvnary
vessels, it may only be manifested in cases in whidh the coronaries are
spasmodically eonstrieted., Thus, it may have only an antispasmodic action
on sctively eonstricted coronary smooth museulature similar to its action
sg2inst bronchospasm in asthma and biliary colic. Of the severel known
coronery vasccoustrictors, posterier pituitary was selected, since Hanzlik
end Moy (134), 1945, have reported that Aminophylline antagonized the ad-
verse effects of postorior pituitary on the blood pressure and heart rate,
These sodverse af'fects are believed to be due directly to the coronary
congtriction produced.

To aveid, if possible, the traume involved in coronary opverations
in order to mesmsure the flow changes, it was deecided to intervpret the ad-
varse or faverable effects of the drugs by changes in the electrocardio=-
grams taken frow a lesd in a precordial positim . The effects of cardiac
hypoxia in depressing or inverting the pattern of the T-wave =s well as
displacements of the RS-T segment are well known, The method used was
similar to that used by Melville (289), 1938, for ephedrine and post-

pituitary exeept far the use of the precordial lead. It was found that
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upon repeated administrat.on the circulatory response to posterior pitu-
itary diminishsd rapidly. ©On the other hand, if the anim=ml was allowed
to rest for several days, the response to the same dose was sometimes in-
creased. In addition to this, the day-to-day variations in the electro-
cardiogream of dogmade it impossible to obtain a quantitative basis for
comparison of various doses of theorhyllime. PFurthermore, in some an-
esthetized, atropinized animals intrzvenous doses of 10 mg./kg. of
Theoglycinate seemed to have an adverse effect on ths meart, ac inter-

reted by the electrocardiographic record. This method was also abandoned,

ry

as was thmt using +the bubble flow metsr, for lack o specificity and

guantitative reproducibility.

Isolated Mammalisn Heart Expsrimoents

Althoygh the limisatious of the use of sune isclusad saiins ver-
fused mammalian heart discassed ia Chagier 11 ars many, tie method, if
carefully countroiled, gives a couparison of the relative action o the
drug on the myocardiwm and the cormsrsy vesssls al vhne same time. Further-
more, it was decided to make a clossr study of tae tiwe relationships be-
tween the increases in coronary flow and the sction on the myocerdium,
caused by theophylline, %o sse LI wne feomuer preceded, coincided with,

or occurred lutar than the increased vigor of consraeition.

Hashod

s LM

"

The isoliated rabbit heart was used for perfusicn according to
a very modified langendorff prevaration (Langendorff (28), 1895). The
apparatus used was that prepared by anderson and Craver (2:¢0), 1948, fol-
lowing the rvegquisites ol the method as reamphasized by Chernowelth and

Foelle (251}, 1948. The apparatus wes siightly modilfied with a {lowmeter
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described by Anderson and Cemeron (292), 1950. In addition to this,
electrograms of the isolated weperation were taken by means of fine
platinum hocks pleced et the apex and in the connective tissue arosund the

uricle, Tihece were connected to fine pletinum wirses to avoid ingerfer-

©

ence with movemerts uwfi the heart. nscordings wers made, usicgz the Sanborn

mlegtrocardistie.

It was early noted with the above zpparatus,before the addition
of the sleetrocardiogram, that the increases in coromry flow occurred
aftzr the incersases in amplitude of contraction, as recordesd on the drum
simultanaocusly by ths flowmeter and the lever arm sttacned to the ventri-
cle. %With higher doses of theophylline compounds, there appeared an in-
terval immediately after the ouset of the vigorous contractiocns during
which the coronary flow decreased or ceased entirely if the contraection
was 7igorous =snough. Then followed the usualliy-ooserved increase in flow.

The inereased flow was also observed tofrequently outlzst the effect on

Several atbemobs were made to prevent the coronary-constricting
action of posterior pituitary injections by the sirmulvansous injeesion of
theophylline compounds. As in the case of the whole animsl, repeated in-
Jections of postsrior pituitery hed less effect and no quantitetive rela-
tien could he developed., However, qualitatively theophylliine appeared to
nravent the dooreasss in rate of corenary verfusicn eauscd by doses of

nosterior pltuitary alone,

Disecussio

D

Although this method doas vary from the conditaome in situ
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in many respects, it does provide an zxperimental premrotieon in which the
drug is delivered o the heart via the coronary arteries. By means of
changes in the amplitude of contraction and in the T-wave of the electro-
csrdiogram, the onset of the myocardiel stimulation of thsophylline could
be determined, ‘tThe increase in coronary flow was found to follow thses
changes with respect to time. This lends credence to the theory that the
increase in coronary perfusion rate is secondary to ths myoczirdial shimu-
letion and is the result of an sccumulation of metabolites. The evidence
obteined that theophyllime antagonizad coronary constriction was only

gualitativse,

Action oi Thecophylline on bSmooth ¥Fuscle

& study wes mals to deternine whether thocrhylliine wes carable

of depresgeing the oxygen cousvmpbior of ssweoth wmucele chrainec from sr-
terial tissus. 1t was desired to Viow if {re mechanizy cf seticm of

theornyliline in producing vesodilatetion might be indicated by a dscreoase

+ths vezsels.,

(%]
!

in the oxygen wtilization of the smooth ruscle in the walls

c.f.

Although such 2 method might not indicste the exuct gits of

(9

ctiso, 1

would give u hint as Lo the poseiblie mechanisme involved,

Method

The oxygen consumption of rat artorial tissue was measured after
the wmethod of Briggs, Chernick and Chaikoff (293), 1949, usirg the divect

method of Warburg (294), 1945.

Results

0o

Bec~use of the inconsbaney of the methed (msan Jop - 1.12 + -
0.18, €. V. - 16%), no significant dspression of oxygen coasumption was

observed, Theophylline was addad during the sscond hour in concentrations



97.

varying from 0.2 mg.-% up to 20.0 mg.-%. The variability of this method
does not recommend it for the study of the actiom of drugs on arterial

tissue.

Diseussion

Since this and most of the previous ezperimeﬁts in this chapter
have supplied more or less negetive answers, one wonders whether theophyl~
1ine is an active vasedilator affecting the vascular mechanism directly.
It leads one to believe that perbaps the effects observed clinically
(peripherel vasodilatation, ete.) are secondary to the effects on the

nyocardiwm or due to other causes.



CHAFTER VI

Discussion and Conclusions

A complete and exact correlation of the pharmacologic ections
of theophylline with blood levels has not been mads, as might be indi-
cated from: the title of this thesis. Howevsr, it is believed that this
study »1ll indicate some of the probleme involved in such an underteikiang.
¥eny of these are problems in basic physiology and pharmacology which must
be solved before the complete gquantitetion of the action of theophyliine
end related compounds oun the body can be made. It is felt that a contri-
bution has been made herein towerd that end,

Because a discussion section was included following the exyperi-
mental seetirns, no lengthy discussion will be made hore. The methods
for the messurement of theophyliline blood concentrations described in
Chagter 11X should provide a refsrsnce standerd for the compnvison of
activitvis & of the drug in experimental 2mimals and in clinic patients,

The modified and simplified verc:on of ths method appreaches soms
elinically used methods in applicability. The uss of a colorimetric re-
action, ~hich avolids the use of an ultraviolet spectrophotometer, is an
advantage. The metnod could be further increased in accuracy by furth-r
steps to eliminale more of the extractables from bleod, but it was felt

nat the nethod was suiltable for spplicetion to bleood beeause of high com-
M &

o

perative sensitivity to therapeutic levels of theovhylline.

Conclusiouns

1. The problems associated with the therapeutic uses of theophylline

have been reviewed and discussed,
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2., The experimental investigations leading to the thecries of the
mechanisms of action of the methyl-xanthines have been reviewed
and discussed.

3. A method for the quantitative estimetion of theophylline has been
developed, Its epplication to the measurement of blood levels
has been described. A modificetion and simplification of this
method has been made %o deerpase the time involved and %o increase
its ascuracy.

4, A comparison of the blood levels obtained after intravenous, oral,
and rectal absorption in man and intravenous administration in
dogs have been measured, |

5. A comparism of the effective blood levels of theophylline producing
diuresis in man has been reported. Also s domparison hes been
mede with the blood level expected and the activity of the drug
on experimentsl ly - -induced bronchospasm and other actions reported
in the literature.

6. Several investigetions have been made to determine the nature of

the action of the drug on the ctrehlation.

el
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APPTNDIX

I. Assay of Specificity of Method for Theophylline in Bloocd

Brodie et al. (284), 1947, have set forth the principles in-
volved in ascertaining the specificity of a reaction or procedure when
applied to biological fluids, Briefly, the assay consists of the appli-
cation of the colorimeiric reaction or other procedure devzloped to the
measure of the distribution ratio between an organic solvent and buffers
of various pH of the drug and of the substance obtsoined Trom the animal
after administration of the drug. If the distribution ratio of the true
drug is the same as that for the apparent drug extracted from bioclogical
fluid by the extraction proecedure used in the method, then the determina-
tion may be considered specific. If the reuction is also msusuring a
metabolite of the drug, it is very doubtiul that the metabolite would
have the same distribution ratio as the original urug. In general, mosi
metabolites produced in the body tend 3o be more water-soluble than the
parent orug.

An assay of specificity of the method described im Chapter III,
Cection I, was carried out to determine whether a part of the theophylilne
blood levels found could be atiributed to a metabolite, possibly 1 methyl

xanthine or 1,3 dimethyluric aecid.

Method

The distribution ratic was measured between siual qguantities
of chloroform cont:ining 5% isopropancl anc buf fers of pH 4.0, 8.0, 9.0,
and 10.0 prepared from Coleman buffer tablets., sauples of aupropriute

size were evaporated to cryness and analyzed by the mocified diazo
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coupling method desceribed on page 69, The por cent of theophyiline or
apparent theophylline was calculszted for each phase,

lLarge amcunts of plasma, takem 1l hours after the administra-
tion of a very large dose of aminophylline, were extracted -~ ith the
chloroform~isopropanol extracticn mixture after addition of 1.0 W HC1l to
PH 4.6. The extraction solvent was evaporated and the residue dissolved
in a small guentity of 0.1 N NaCH. This was concentrated to ubout 5 ml.,
and 1.0 ml. wa s added to each separatory funnel, anhydrous theoyhylline,
1.0 mg. in 1.0 cc. Hp0, was added ta separatory funnels cwizining the
same combinations of buffers and orgonic solvent,

The mixtures were shaken at intervuls for 30 minutes, and same
ples of appropriate size were tulen for analysis, The resulis are shown

in Table 4,

Results

Table 4

Distribution of Theophylline and Apparent Theophylline
Between Chloroform-Isopropanol (20:1) and Variocus Buf fers

Per Cent Theophylline in Organic Phase

- True Theophylline Apparent Theophylline

4.0 40 39

8.0 35 35

2.0 12 10

10.0 1 2
Discussion

From the results in Table 4 it is apparent that the agreement
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is good and that after 1} hours not more than 1% of a possible metabolite

eould be ineluded in the apparent theophylline measured by the method.
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Blood Concentrasiuag of [Leophylline Follorins Iatzzv
0.5 Gm, Theﬂ;.ﬂjll,h&b",.f{kwl’.ﬁﬂ “ild dne ad justed $o TO 2. Body

batient Dody Time after Injection

&Y
)
tu

injection of

g e g A b YR e 7ok

1-'ﬁ Yy rroportion

G e

et s o,

No. Wgt. 10 15 30 I I~ P g 3 )
mine mdn, min. hr. hrs. hrs. hxrs. Lrge  has,
K& Fgeh Mgk Ege=h  iBe=h @ HBe=n MGk Mge=h  iGe=p

1 54,5 1,57 3 0,67 0455 0443

2 49,5 1.12 0.94 0,87 0,78

3 84,0 0.82 0.7 o 0446 0eR3

4 76,0 1.7  1.i8 1.06 1402 0.5 .

5 70.6 1,37 1,09 1,01 ) 0.58

6 68,0 1,04 1,04 0.8 0466 Cod?

7 71.4 1,00 1.20 1.02 0,90 055 Ueb9 Ueud 0.8

8 68,3

9 56,0 U0 0e75

10 72.4 UelU 0,74

e S i i T I R

11 54,1 1,08 V.76 0,69

_Ge8L

Vge: 120 # ted2

Co?8 G




Theopl -iline 2lood Lovelas Folloo s

Thavhyliine-thelenedlanlng L A

Upper fig. -~ #g. of Theophylline/lG0 cc. of Blood (i
Lower fig. == iige~p/T0 Kg. (bg.=/4 sdjusted to 70 kg. basis by inverse proporticn of body welyht)

Tahila ile. 11

I, St o S

RSP

g
13T

Lot Lo fnaen of Uob (i
wiliae

4
e }

iatient Body Tinme After amministrqtion
Ko, izh, S0 1 < 4 6 d
i min, hr. hrs, hi'S, hrs,. hra.

1 7237

{¢ 5 win.)
3042
Ul.dd

VW60
0.62

0,48
0.50

2 57.5

Ued6
0.46

057
Ued?

Qo9

57.0

1.0
0488

0.91
0.?4‘

e 2 00 O

VIR R V3~ A V0 I S

0.71
0,58

(%144
0.64

0.58
0.66

Uecb
0.41

67,7

076
0,74

0.80
0,77

0.6%
0,62

3
4 79.5
5
6

74,4

1,00
1,06

0469

0.96
1,01

0.74

0,78

Ou71

0.55

AVEe ?@.-%/70 Kg.

61T



Table No. IV

Theophylline Blood Levels Following keetul Insertion of
Suppository containing 0.6 CGm., Theophylline-uthylenedianine

Upper Fige == 4g.-% Theophylline
lower Fige =~ ig.~%/70 kg, {see Table No. III)

s

Patient Body Time sfter Aduinistretion

.79 wgh, T80 1 Ei 4 3 B
Rg&e ~ mine e hrs, hrs, hrs, his,
b - Q‘QB 0;12 C’oll - 0.06
l 72 .7 - G.% Oulg 0 oll bt ) 0.06
T 4 —— Guto Qerth Oe0b Cood
2 66,0 0 —o——— 0,26 0,82 0,36 Q.51
0004 000)3 6014 0;15 """‘"‘I 0.12
s 4905 0003 0002 0.10 ) 0.11 - — 0.08
- 0 Q 0,09 ' §.05 - B Colln
4 83.3 0 G 0,11 C.L6 | - U 06
—— 0.01 Godd 0,09 0,08 C.0%
5 ?905 w—— = 3001 U.}ué ‘3010 0006 0.05
' Jp— 0.0¢ .0 02X 0.14 0.10
6 50,0 e 0,0 0,06 Gl 0,10 507

AVEs  Mge=T/70 Kge  —==e 0,13 0,14 —— 0.10

$

L
%.
'8

[N —

o L e 0 o et Do AR e L e e g i s

*nZ1



Table No, V

Blood Levels of Theophylline after Oral aAumnisiration of
0.5 Gm., Theophylline-ithylenediamine in Unceated Tablets

Yge=$ == upper figure; mg.~%/70 Kg.--lower figure

Patient Body Time After administration
Ho. Hgd
o 30 1 2 4 6 8
mine hr, hrs. hra, hra, hrs.
0,02 0.0¢ 0427 0e84 0.48 0.26
1 66,0 0408 0,04 0425 0,60 0,45 026
[+ 0.56 1,18 0,88 0.56 T 0.0
2 57 .4 0,10 046 0,98 0469 Q.46 0e2B
O 0.01 B8 T T 0,7B 0.68 GoBU
3 68,3 0 0,01 0.06 0.7% 0.64 0.49
T 0.02 T ¥ T.06 117 08y G.70
4 45,5 0,01 0.08 0.69 0.78 0.58 0.45
o T T T 0,66 0.7 T T TU.BT 0.4 TG
5 95,8 0467 0,90 1.02 0.70 0,46 0,38
T i ¢ .15 e~ (.68 0.4t Goro
6 71.0 0 0,16 0425 0,64 0.49 0.2%
4] C.0Z 0.06 0.2% 0.67 U.E8
7 7644 0 0,02 04,06 Ue24 0.29 Uel
AVE. MB.=4/70 Kgo Q.11 0,24 Oof7  0.62 0.48 052




Table Ko, VI
Blood Levels of Theophylline affer Orsl .sainistmtion of
0,9 Gn., Theophyllins-ithylenedianine in Uncosted Tablets

,o

Upper Tigure -- lg.-p; Lower flgure -- 145.-5/70 Ke.

Patient Body Time After Aiministreiion

» Eg. min. bre nrse hrs, hrs. hrs. klfao
1 73.6 0.47 0.46 Uedd 0.36 0.17
0,49 0448 Cot6 058 0.18
2 546 0.06 0,15 07 A ¢ X N ¢ JE- §
0,06 0410 0,37 mm—— 02 0.16
13 61,4 049 048 0ub2 C.AL 0ue? G.IE
0043 0,42 0edb 0,36 0.4 Uel6
) 60,0 0.08  {& 10 min.)  0.48 0.4, 0.ib — Gol&
0003 0.25 {}.41 0.38 ﬁ.’f bl st 6.12

B - Q.gg i .

3 TT¥EE T T0.16 (¢ b min, Ceo Goits Celb DLl
0.17 0,35 Dedb 0e32 Ge30 O.ll

A 0,40
6 860 - Ged Cecl - el Uol0 007
—— 0,37 0428 S 0.18 0.09 0.07
AVEe MEe=B/T0 Kge 0423 083 0439 031 0,13
¥ TG O ITTTTTEES T T LA R . S TeB0
0.15 0421 0L A9 0l J— 0,5

* patient with carbon tetrachloride nephrosis,



TPable ¥No., VII

Blood Levels of Theophylline after Hepeated
Oral Therapy «ith Thoophylline-3odium smino scetate
At B Aeley 12 Moy 4 Peite, aRd 5 Ppoi,

Upper figurs —= ¥l.-% lower fleure —= i .~%/70 Kg.
Body Doae
Yatient ‘gt. Giren
Ho, at Time of imalysis
5. ~bove -

Time 8 aJie 10 a.m, 2 Dellie € Dable 10 Deiie

i 52 03 & grs. vontrol Q.45 U.58 0567 0.78
i-lenk Oed4 Oodd Qo 0.58

I0 Zx3s. Ue58 0.68 I. 06 1,52 157

P 0,47 0.78 0,98 1.10

10 gxrs., 0.4% 1,60 1,54 150 5%

0,33 L.75 023 0,95 1,14

2 83 .8 S pra., Lontrol 045 Getd [ 0 X GeS7
10 ¢rs. Oois 0.6C GelB 6,66 7 TG.IB

Q.4 U782 Oed4 0,81 1.1%

10 re. [e PR XA 0.80 1.06 1.06 1.8

0.19 0.96 1.27 1.26 1.59

3 89.1 B s, Contral Leid 073 Cebl Cob4
I lank Ce24 UebY B0 U.63

I =rs, 0.599 G.6Y 157 I. 57 T EVGO

G892 C.08 1.8B 1,855 1.97

i = Deib c.78 152 0.€0 1.42

O eed 077 LB0 G 65 1.4C

T TTTETITS, Sonbrol Ul Cecs Ouhs T WA T

4 1.4 slank Co.l8 068 0,44 G4kt
10 s, U348 Ged8 ™ Tars 1,00 Ueo

Uedd .89 Q.29 1l.02 UeI5

15 5rs. 0,53 Cel? 1.8 1,56 1,57

Col4 IR 1 1,17 1,62 1.60

whO gl Coik Yoo 1,68 i 1.60

Cetb 157 1.66 2,56 1.68

5 £re., 0 0.33 U.‘gﬂ?? Ued8 6.52

;;Tlvg. i}g."fy ?0 Kg' o~
10 mn. 0,41 U.78 U482 1.04 1.33

R




