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INTRODUCTION

Definition of the relationship between chemical structure and in vivo

distribution pattern 3 of organic compounds has significant implications in

nuclear medicine (e. g., in "designing" radiopharmaceuticals to achieve a
14desired result). Such definition often cannot be achieved using C-labeled

14
compounds because the inherent low specific activity of C compounds pre-

cludes study of behavior of materials having a strong "Carrier-effect" and
14the use of C requires serial sacrifice of essentially identical isogenic

animals and in vitro assay of tissue activity in a fashion which will allow
for accurate reconstruction of the time course of activity flow through tissues.
The latter requires a priori insight in choosing the proper time intervals for
such sacrifice and selection of samples of the proper tissues. Such insight is
rare except in the study of metabolic behavior which is already well known
and in which in vivo distribution studies offer little additional insight. The
complexity of proper tissue sampling for assessment of in vivo distribution
patterns using C -labeled compounds cannot be underestimated. The

14relative accumulation of the C label in various portions of a presumed
homogeneous tissue may be quite disparate. For example, ubiquitous skeletal
muscle, bone, and bone marrow may show wide variations in accumulation of
a given substrate in samples obtained from different sites in the body often

depending on their relative blood perfusion at the time of the study, in the
14 •

given animal being studied. Comparison of relative C activity in rectus
femorus muscle, femur and femoral bone marrow with activity in brain for a

14given compound obtained with C in rats may provide little insight into MASTER
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contribution of activity in skull and temporalis muscle in imaging the brain
of human subjects when a congener of the compound in question is synthesized
incorporating a gamma emitting radionuclido.

Definition of the relationship of chemical structure to scintigraphically
determined in vivo distribution can be achieved using C as a tracer for
organic compounds as long as the in vivo behavior being studied can be
defined within the time limits set by physical decay of C (i. e., at present
this averages approximately 2 hours). The remarkable utility of scinti-
graphic images in rapidly conveying complex data to the human mind is well
established in nuclear medicine. The use of C allows for such direct
imaging of tissue distribution patterns in a fashion which cannot be readily
matched by the indirect techniques afforded bythe use of C.

We have instituted a program of systematic development of techniques

for rapid synthesis of families of C labeled compounds and for serial

scintigraphic evaluation of their in vivo distribution patterns. The organic

synthesis methods usud are modifications acd vime-yield optimisations of

known synthetic reactions. The purposes of this effort are: a) to develop

methods for making large numbers of C compounds available for present

and future study; and b) to survey the in vivo distribution patterns of the

compounds synthesized using nondestructive to vivo methodology most

applicable to their potential use in nuclear medicine (e. g., gamma seinti-

graphy in intact animals).

This communication is intended as a brief summary of multiple
efforts by various members of our group. All of these efforts will be
presented independently in greater detail in forthcoming publications. The
articles in this series which are summarised in this presentation deal with
studies of C-labeled carboxylates, hydantoins, and nitrtles. At a latter
time we intend to summarise our results with neurohumeral amines and
their precursors and D-L-amino acids. Our results with C carboxylates
are now fairly complete while our efforts in relating chemical structure with
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in vivo distribution for the hydantoins and nitriles are ongoing and are
presented here in preliminary form.

I. Synthesis of C Compounds.

A. C Carboxylates. CO produced by the reactions B(d, n)

C or B(p. n) C on B_O_ was oxidized to CO. by passage over CuO at
o 11

700 C and the CO, trapped in an ether solution of the appropriate Grignard
or Aryl lithium reagent. Following hydrolysis by HCl the sodium salt of the

carboxylic acid was extracted with NaHCO. solution. Final carboxylate

product yields of up to 184 mCi were obtained and total preparation times

were 15 to 20 minutes.

B. U C Hydantoina & Nitriles. Carrier-free HUCN was produced

using the nuclear reaction w(p,a) C during 22 MeV proton bombardment
of a No + H_ gas mixture. After 60 mtnutes of bombardment at 25 to 30 pA,

11Curie quantities of H ON were collected in a bubble trap located 30 feet

from the cyclotron target and connected to the target by teflon tubing. In the
synthesis of hydantoins. ethanol, the corresponding ketone and ammonium
carbonate were added to make a 60% ethanol solution* or aqueous DMSO was
used as a solvent in certain cases. The solutions were heated under pressure
and then poured into cold dilute NaOH which extracted the hydantoins into the
basic solution which was then washed with ether. The basic solution was
cooled and acidified with concentrated HCl which precipitated the hydantoin.
The precipitate was then dissolved in a small quantity of dilute NaOH or
ethanol and was administered I. V. to dogs. Typical synthesis time was 1 |
to 2 hours and several mCi of final product was generally available for L V.
injection. In certain cases over 25 mCi of final product were obtained.
Some nitriles were synthesized by addition of NaHCN to the bisulfite addition
product of the corresponding aldehyde or by CN exchange with the corres-
ponding halide. Others were made by CN' addition to Schiff bases.

MOTICI-

: -3 -



H. In Vivo Distribution Patterns of C Compounds.

A. Aliphatic Carboxylates. Eleven C aliphatic carboxylates

were studied. (Acetate, propionate, acrylate, butyrate, isobutyrate,

trimethylacetate, pentanoate, hexanoate, heptanoate, cyclohexanecarboxy-

late and octanoate.) C activity of acrylate, trimethylacetate, pentanoate

and cyclohexanecarboxylate was concentrated in liver and kidney. C

activity of pentanoate was principally excreted in the bile and concentrated

in the gall bladder while that of cyclohexanecarboxylate was largely excre-

ted by kidneys into urine. C activity of acrylate and trimethylacetate was

excreted sufficiently by both liver and kidneys to show activity in both gall

bladder and urinary bladder. This was expecially so for acrylate.

C activity of all of the remaining aliphatic carboxylates

showed a general pattern of concentration in liver and diffusely throughout

abdomen, variable heart-blood pool activity and progressive diffuse whole

body distribution increasing with time. Activity of acetate showed the most

rapid progression to diffuse whole body distribution with time while that of

butyrate showed the most prominent liver and diffuse abdominal accumulation

of activity. C activity of octanoate showed some initial retention in the

lungs which remained throughout the study. C activity of isobutyrate, hex-

anoate, heptanoate and octanoate showed the same general pattern of distri-

bution as that obtained with the "physiologic" carboxylic acids, acetate,

propionate and butyrate.

B. Benzole Acid Derivatives. C activity of benzoate, p-
chlorobenzoate and 3,4-dixneihoxybenzoate rapidly appeared in kidneys and
was excreted in the urine. C activity of p-hydroxybenzoate and o-hydroxy-
benzoate (salicylate) initially appeared in the heart-blood pool and in liver
and abdomen and then progressively appeared diffusely throughout the body.

C activity of o-methylbenzoate (o-toluate), m-trifluoromethyl benzoate and
p-phenoxybenzoate was initially seen in the heart-blood pool - followed by
progressive accumulation in both liver and kidneys followed by appearance in
urine and to a variable extent in the gall bladder.
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C. Other Carboxylates. C activity of phenylacetate and 2-

thiophenecarboxylate was principally concentrated in kidneys and excreted
11

in urine although some activity accumulated in liver. C activity of 3-
i

camphorcarboxylate and 1-naphthoate accumulated in both liver and kidneys
with significant excretion in urine and bile. C activity of 5-acenaphthe-

necarboxylate and 9-anthracenecarboxylate accumulated principally in liver

and was excreted in bile. C activity of 9-phenanthrenecarboxylate was

initially seen in heart-blood pool, liver and upper abdomen followed by

diffuse whole body distribution after 20 minutes.

Figure I shows examples of the scintigraphically determined

distribution patterns alluded to in the description of results given above.

The heart-blood pool activity distribution pattern is exemplified by p-phenoxy-

benzoate; that for liver, kidney and bladder is exemplified by trimethylacetate;

that for diffuse abdominal distribution pattern by butyrate; and that for gall

bladder by 5-acenaphthenecarboxylate.

Figure II shows an example of the scintigraphic evaluation of
the in vivo distribution pattern of a C-carboxylate in man. Whole body
scans 2-3/4 - 4£ mln. and 8 | - 10 min. after I. V. administration of C-
benzoate are shown on the left. The rapid accumulation of activity in kidneys
and excretion into bladder is apparent. The localization of activity in the
brain tumor in man 60-70 min. after administration (positron camera) illus-
trates the normal impermeability of the blood-brain barrier to passage of
most of the carboxylates studied and their accumulation in areas where the
blood-brain barrier has been disturbed.

D. C-Hydantoins. Nine hydantolns were synthesized. (5-
(2-methyl thioethyl) hydantoin, 5-pheny?-hydantoin, 5,5 dipropylhydantoin,
5-ethyl-5-pheny]ihydantoin (Nirvanol), 5,5-Diphenylhydantoin (Dilantin), 1-5
Diphenylhydantoiln, 5-methyl-5-phenylhydantoin, 5-5 pentamethylenehydantoin,
5,5-hexamethylenehydantoin.)
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C activity from all hydantoins showed initial blood pool
distribution with variable accumulation in brain, liver and kidney followed
by progressive homogeneous whole body distribution of activity. 5,5-hexa-
methelenehydantoin, 5, 5-diphenylhydantoin (Dilantin), 5-ethyl-5-phenyl-
hydantoin (Nirvanol) and 1,5-diphenylhydantoin showed definite evidence of
localization in brain while the other hydantoins showed minimal or no locali-
zation in brain. Sacrifice and in vivo organ counting of a dog given C
Dilantin confirmed significant accumulation of C activity in the brain but
not C. S. F. While the washed myocardium contained C activity it appeared
to be no greater than that contained in a comparable mass of skeletal muscle.
Figure III shows scintiphotos of activity in the head of a dog on left lateral
view at 20 minutes (upper left) and dorsal view at 26 minutes (upper right)
after I. V. injection of C Dilantin. An in vitro scintiphoto of portions of a
dog's brain and samples of blood and C. S. F. is shown in the lower left and
the position of the samples in the scintiphoto are shown in the lower right.

E. nC-Nitraes. Nine 11C-Nitriles were synthesized and their
in vivo distribution patterns studied (phenylacetcnitrile, mandelonitrile,
paramethyoxymandelonitrile, lactonitrile, a-anilinophenylacetonitrile, a-
(parachloroanilino) phenylacetonitrile, acetonitrile, dehydroxymandelonitrile,
and parahydroxymandelonitrile). All showed initial blood pool distribution
with variable concentration in liver, kidneys and brain, a-anilinophenylaceto-
nitrile and a-(parachloroanilino) phenylacetonitrile showed most marked
accumulation of activity in brain within minutes after their I. V. administration
(Left Fig. IV) This was seen to a lesser extent with acetonitrile and lacto-
nitrile. Significant loss of activity from the brain was noted within 10-15 min.
after the initial injection. Activity was repeatedly noted in the vein wall in the
first 6 inches proximal to the site of L V. injection (center Fig. IV) When
a-anilinophenylacetonitrile was first incubated with whole blood prior to
intravenous administration, its in vivo distribution pattern including uptake
of C in brain, was identical to that seen without such prior incubation
except that local uptake of activity in the vein wall proximal to the site of
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injection was not seen. Intraoarotid injection of C a-anilinophenylaceto-

nitrile resulted in retention of most of the C activity in the nose and head

(external carotid) and brain (internal carotid) (right Fig. IV). We tentatively

conclude from these experiments that these lipf d soluble nitriles rapidly

accumulate in the lipoprotein cell wall membranes of the first cells they

contact (e. g., blood cells or the vein wall proximal to the site of I. V.

injection) and subsequently redistribute into the lipids or lipoprotein mem-

branes of other cells in the body (e. g., cell membranes of capillaries in

brain and other tissues having high perfusion rates). The factors allowing

these nitriles to clear, in large part, the pulmonary capillary bed following

I. V. administration but be retained in capillaries or other structures in

peripheral tissues require further study.

DISCUSSION

In the group of C aliphatic carboxylates studied activity of acrylate,
trimethylacetate, pentanoate and cyclohexanecarboxylate appeared to be
largely excreted from the body by either the kidney or the liver or both, ap-
pearing in the urine or bile respectively. This suggests that these materials
are treated as foreign substances and do not appreciably enter into metabolic
processes in the body. The accumulation of activity in liver and diffusely in
abdomen following I. V. administration of the "physiologic" carboxylates
acetate, propionate and butyrate suggest that these materials largely equili-
brate with lipid storage sites with high perfusion rates such as lipids in liver
and mesentery. The distribution pattern of isobutyrate, hexanoate, heptanoate,
and octanoate qualitatively mimics that of the "physiologic" carboxylates noted
above suggesting that these acids enter into actual lipid metabolic pathways.
The partial uptake of octanoate activity by the lungs may be rotated to the
tendency of fatty acids to have decreased water solubility and increased lipid
solubility as the chain length of the fatty acid is increased. The highly lipid
soluble octanoate may be retained in the lipoprotein membrane of the alveolar
capillary wall on the first passage of blood containing the octanoate through
the lungs. It is also possible that the amount of carrier octanoate present may
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have been sufficient to result in partial "fat embolization" with trapping of

activity in pulmonary capillaries.

Benzoic acid is known to be conjugated with glycine to form

hippurate in liver and, in some species, kidney.. Hippurate and to a certain

extent benzoate are excreted into urine by kidneys. The similarity of in vivo

behavior of p-chlorobenzoate and 3,4-dimethoxybenzoate (vera.trate) suggest

that similar metabolic processes pertain to the handling of these materials.

Addition of an hydroxyl group in the ortho or para position as in o-hydroxy-

benzoate (salicylate) or p-hydroxybenzoate alters the in vivo distribution

pattern of the substituted benzoic acid markedly. Both of these hydroxy

derivatives fail to show any significant renal or hepatic excretion of label.

Both show a diffuse whole body pattern of activity following an initial pattern

of activity in heart-blood pool, liver and abdomen. This pattern suggests some

initial metabolism of these compounds in abdominal viscera or other abdominal

tissue to a form having fairly uniform whole body distribution. It is possible

that such metabolism may involve decarboxylation releasing the C label

into the body COg-HCOr pools.

Substitution of a methyl group in the ortho position, a tri-
fluoromethyl group in the meta position or a phenoxy group in the para position
of benzoic acid diminishes the rate of renal accumulation of activity and
excretion in the urine and results in a portion of the C carboxyl activity
accumulating in liver and being excreted in the bile. We believe this is due
to the increased lipid solubility resulting from the above noted substitutions
with the hepatic excretion of the material occurring because of this increased
lipid solubility.

All of the remaining carboxylates studied are not normally

found in the body and except for 9-phenanthrenecarboxylate are excreted from

the body either by the liver or the kidneys. The more lipid soluble the carboxy-

late (e. g., 5-acenaphthenecarboxylate and 9-anthracenecarboxylate) the

greater is the proportion of activity excreted by the liver in the bile. The

greater the aqueous solubility of the carboxylate (e.g., phenylacttate and
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2-thiophenecarboxylate) the greater the renal excretion. Intermediate aqueous-

lipid soluble materials are excreted by both liver and kidneys. The whole body

distribution noted with 9-phenanthrenecarboxylate may be due to decarboxylation

in vivo with the C label entering the CO9-HCO pool.

The mechanism of localization of certain hydantoins and nitriles

in the brain remains to be determined. From the studies performed thus far

it would appear that localization of these compounds in the brain correlates

with their relative degree of lipid solubility. Thus, the most lipid soluble,

least water soluble compounds were the ones which were associated with the

greatest C activity accumulation in brain. It is possible that such activity

accumulation is related to uptake of the C compound in the lipoprotein cell

membrane of the capillaries of the brain rather than accumulation of the

compound in brain cells themselves. If this is the case it would have to be

related to differences in the cell membrane structure of pulmonary capillary

walls as opposed to brain capillary walls to account for the difference in the

retention of the C compound in brain versus lung.

SUMMARY

Large quantities of C labeled compounds can be synthesized and
their in vivo distribution imaged by gamma scintigraphy using positron cameras,
rectilinear scanners or gamma cameras using high energy multihole or pin-
hole collimators. Organic compounds which are not normal body constituents are
usually excreted from the body by the kidneys or the liver with excretion pro-
ducts appearing in urine or bile respectively. Our results do not differentiate
between direct excretion by these organs or excretion after conjugation or
alteration in the body. In general compounds containing polar moieties and
possessing high water solubility are largely excreted by the kidneys while
those compounds containing non-polar, lipid soluble moieties, are largely
excreted by the liver. Whether the liver or kidney is the organ most respon-
sible for excretion of a given compound also depends upon its degree of in vivo
conjugation, a parameter which was not measured.
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C-acetate, propionate, butyrate, isobutyrate, hexanoate, heptanoate
and octanoate all showed initial accumulation of activity in liver and diffusely
throughout abdomen, variable retention of activity in heart-blood pool followed
by an incre&se in homogeneous body activity with time. This distribution
pattern may reflect equilibration of these materials with fatty tissue having
high perfusion rates such as lipids in liver and mesentery where they may be
catabolized to other moieties such as COO.

5,5- hevamethelene hydantoin, 5, 5-diphenylhydantoin (Dilantin),

5 ethyl-5 phenylhydantoin (Nirvanol), and 1, 5-diphenylhydantoin all showed

evidence of localization within the brain within 5 to 10 min. after their I. V.

administration. Of the nitriles studied, a-anilinophenylacetonitrile and

a (parachloroanilino) phenylacetonitrile showed the most marked accumulation

of activity in the brain and this appeared to occur maximally within minutes

following their I. V, injection. It is postulated that those materials may

actually be accumulating in the lipoprotsin membrane of the capillary cell

walls of the brain having somehow previously cleared the pulmonary

capillary bed. The mechanism for such localization in the brain remains

to be elucidated. However, from the rapidity of localization of activity in

the brain following I. V. administration of these compounds it appears probable

that such localization is blood flow dependent; the possibility exists that

related compounds may be found to be useful in differentiating vascular

lesions (e. g., neoplastic) from avascular lesions (e. g., cerebral infarcts)

of the brain in clinical studies.
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EXAMPLES OF SCINTIGRAPHICALLY DETERMINED IN VIVO DISTRIBUTION PATTERNS
OF INTRAVENOUSLY ADMINISTERED 11C-CARBOXYLATES IN THE DOG

Heart-blood pool activity
pattern as seen in
center of chest on
Positron Camera
scintiphoto
after administration of
1'C-/7-phenoxybenzoate
Activity in
region of heart

ANT. VIEW
48-52 MIN

a.

Liver, kidneys and
bladder activity as
seen in whole
body scan after
administration of
11C-trimethylacetate

Diffuse activity in
abdomen as seen
on whole body scan
after administration
of "C-butyrate

Activity in gall bladder
as seen on Positron
Camera scintiphoto
after administration of
5-acenaphthenecarboxylate

Liver
Kidneys
Bladder

Liver

Gall
bladder
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79-84 MIN

b.

ANT. VIEW

2'/2-3'/2 MIN

C.

ANT. VIEW

49 MIN

d.

ig. i



"C-BENZOATE DISTRIBUTION IN MAN
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"CDIIANTIN ACCUMULATION IN DOG BRAIN
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IN VIVO DISTIUIUTiQN OF
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