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function makes it appear likely that most of the patho
logic states of the brainâ€”includingfunctional disorders,
such as schizophrenia and manic-depressive psy
chosesâ€”manifest themselves as abnormalities in neu
rohumeral amine metabolism or kinetics. The unique
ability of tracer materials to assess biochemical kinetics
in vivo suggests a major role for labeled amines in the
study of normal and altered brain function.

Given present limitations of radiopharmaceutical
design, production, and distribution, and the available
instrumentation, we believed it prudent to begin devel
opment of amine radiopharmaceuticals for brain studies
using radioiodine as the label. The physical advantages
of 1-123over other radioiodines with respect to the above

Amines are prominent among the chemical media
tors of brain function. While a limited number of phys
iologically occurring amines are normally involved in the
function of the brain, a substantially larger number of
pharmacologically active amines can alter such function.
They do so by influencing transport and uptake; rates of
synthesis, storage, and release; reuptake; and degrada
tion. They may also mimic effectors, their precursors,
or their metabolites.

Consideration of the central role of amines in brain
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Localizationinratbrainoffortyiodophenylalkylamineslabeledwith1-123was
evaluatedInan attemptto develop1-123-labeledaminesusefulforbrainstudies.
Fortheamlnesstudied,thehighestactivityInbrainandthebrain-to-bloodactivity
ratios ranked p > m > 0 as related to Iodine position on the benzene ring: for alkyl
groupsthe rank orderwas a-methylethyl > ethyl > methyl> none;for N additions
it was singlelipophilicgroup> H > two lipophilicgroups.It Issuggestedthat Intro
ductionof a halogenintothe ringstructureof many aminesresultsin greater con
centration of the agent In brain than is seen with the nonhalogenated parent corn
pound.

Thirty-fourof the forty compoundsshowedhigherrat brain activity, andhigher
brain-to-blood activity ratios at 5 mm than did [1@I]-4-iodoantlpyrlne. Ten of the
compoundsshoweda tenfoldor greaterbrain-to-bloodratioat 5 mmthandid
[@I]-4-iodoantipyrlne.Weproposethatwhileinitialuptakeoftheseagentsinthe
brain is a consequenceof their Iipophllicityand that suchinitialuptake may be a
measure of perfusion, progressive brain accumulation of these agents Is probably
a combinedconsequenceof intravascular/extravascularintracerebralpHgradi
ents, favorable brain lipid/aqueous partition coefficients, and the affinity of the
agents for high-capacity, relatively nonspecific binding sites for arnines located In
thebrainand/orbraincapillaryendothellum.

The agent N-Isopropyl-p-lodoamphetarnine was chosen for further study be
cause,in the rat, it showedhighbrainactivity(1.57%/g) andbrain-bloodratio
(12.6) at 5 mm; these Increased to 2.14%/g and 20.7 at 60 mm (R isomer) fol
lowing its Intravenous administration.

J NuciMed21: 940-946,1980



â€”

No.g
PositionI

,R2%
Dose per gramBrain/bloodratioR1R25

mm60 mm5 mm60mm1A

2Â±.0 Pâ€”Hâ€”H0.47 L090.03 0.800.28 1.120.071.003A

.Â±Â±:.0Pâ€”CH2-()â€”H0.67 1.570.290.442.23 1.570.800.515Apâ€”CH2-4@â€”CH2-@@,@0.350.220.530.546A

ZÂ±:0Pâ€”CH2â€”CH2H
â€”1.29

0.930.16â€”1.24 1.060.33â€”8A

!Â±:.0Pâ€”CH--(CH3)2â€”H0.88 1.230.13 0.261.13 2.550.260.331OAp0Câ€”NH2

â€”CH-()â€”H0.92â€”1.30â€”UA

â€”0CH3

RS

â€”CH--CH2-4@â€”H0.960.411.810.7512Ap0

â€˜T@'CH3
CH30.610.170.480.18â€”

BASIC SCIENCES
RADIOCHEMISTRY AND RADIOPHARMACEUTICALS

parameters further suggested the use of this radionuclide

(1).
While certain specific iodine-containing amines had

been shown to localize in the brain (2,3), the known re
lationships between structure and in vivo distribution
appeared to us to be too meager, in general, to predict
that a given iodoamine would show sufficient in vivo
localizing behavior to prove useful in clinical scintigra
phic studies for defining aspects of amine metabolism.
Consequently, we embarked upon a program to define
structure against distribution relationships directed at
maximizing brain uptake, brain retention, and brain
to-blood ratios for radioiodinated amines, with the hope
that such values would correlate with ability of the agent
to diffuse, or be transported, into the brain and to in
teract with sites involved in neurohumeral amine storage
or metabolism in a manner that would provide clinically
useful information. The results of in vivo distribution
studies in rats are described herein.

MATERIALS AND METHODS

The nonradioactive iodinated form of each compound
studied was synthesized, purified, characterized, and
exchange-labeled with 1-123 (RM Baldwin and TH Lin,

unpublished data).
Rat bioassays were performed in female Sprague

Dawley rats weighing 150-175 g. Under sodium pen
tobarbital anesthesia they were injected in a tail vein with
0.05-1.0 mCi of the 1-123-labeled compound in a volume
of 0.2 to 0.5 ml containing 0.1â€”2.0mg/ml of carrier
compound. Generally each rat received between 0.1 and
1.0 mg of compound. At the time of injection, the cx
ternal urethral meatus was clamped with a hemostat to
prevent loss of urine before killing. Rats were killed by
thoracotomy and cardiectomy. Each organ to be assayed
was weighed wet and counted in standardized geometry
with a NaI(Tl) scintillation counter. The energy window
was centered on the 159-keY emission of I-i 23. Except
where noted, tissue activity data from at least two rats
were averaged to yield the data value presented in the
tables.

RESULTS

Table 1A presents the activity in the brain for several
[â€˜231]iodoaniline derivatives, expressed as percent ad
ministered dose per gram of wet rat brain, and also an
activity ratio for brain to whole blood (each cpm/g), at
5 and 60 mm following i.v. administration. Each point
represents the average of data from two rats.

TABLE IA.

LOCALIZATION IN RAT BRAIN OF 1-123 ACTIVITY
IODOANILINE DERIVATIVES
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Tables 1B and C present similar data for I- 123 iodo
benzylamine derivatives and I- 123 iodophenethyl
amine derivatives, respectively.

The upper portion of Table 2 presents the activity in
various tissues of the rat at 5, 60, and 180 mm after i.v.
injection of S-(+)-N-isopropyl-p-[' 23I]iodoamphet
amine. Data are expressed as percent administered dose
per gram of tissue (wet weight). Given in the lower
portion of the table are the total activities in the entire
bladder including urine, the entire small and large bowel
including contents, and entire stomach including con
tents.

For N-alkyl iodoaniline derivatives (Table 1A), io
dination in the p position generally resulted in greater
brain activity than for the o position at both 5 and 60 mm
(compounds 2A as opposed to IA, and 9A as opposed to
8A). Results with N-aryl derivatives of iodoaniline are
ambiguous, since such compounds can be considered
N-iodophenyl derivatives of the corresponding aryl
amine (e.g., 3A, 4A, 6A, 7A). N-substitution with a
single lipophilic group resulted in greater brain activity
than that noted with the primary amine (compounds 3A,

6A, 8A, as opposed to 1A). Generally, the highest brain
activity was seen with benzyl, isopropyl, and phenethyl
N-substitution (compounds 3A, 4A, 8A, 9A, and 6A, as
opposed to lA and 2A). The highest brain-to-blood ratio
at 5 mm was seen with N-isopropyl-p-iodoaniline. N-
substitution with two lipophilic groups (cpd. 5A) or in
corporation of the N into a ring structure (cpd. 12A),
resulted in lower brain activity than that seen with a
single N-substitution. Except for o-iodoaniline, and
N,N-dibenzyl-p-iodoaniline, all iodoaniline derivatives
showed higher absolute concentration ofactivity in brain,
and higher brain-to-blood ratios, at 5 mm than did 4-
iodoantipyrine (1-123), which can also be considered a
p-iodoaniline derivative (cpd. 12A).

For N-isopropyl iodobenzylamine (Table 1B), io
dination in the m position resulted in greater brain ac
tivity than in the o position at both 5 and 60 mm (corn
pound 4B as opposed to 3B). N-substitution by a tert
butyl or isopropyl group resulted in higher brain activity
than by ethyl, propyl, phenyl, phenethyl, or a-methyl
phenethyl groups (compounds 6B and 3B as opposed to
1B, 2B, lOB, 7B, and 14B). N-substitution with two
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TABLE IC.

LOCALIZATION IN RAT BRAIN OF 1-123 ACTIVITY
IODOPHENETHYL AMINE DERIVATIVES

moylmethyl did not appear to increase the absolute level
of brain activity over that seen with the primary amine,
but they did appear to increase the brain-to-blood ratio
(5C,8C,and6Casopposedto1C).N-substitutionwith
two phenethyl groups resulted in lower brain uptake and
lower brain-to-blood ratios than a single N-substitution
with this group (7C as opposed to 5C). Incorporation of
the nitrogen of the phenethylamine into a piperidine
nucleus did not result in any appreciable difference in
results from those obtained with simpler N-substituted
amines (9C as opposed to most others). Addition of a
methyl group in the a position resulted in an increase in
brain activity and an increase in the brain-to-blood ratio
at 60 mm, compared with that seen at 5 mm (bC, 1IC,
12C, and 13C). This finding was not seen with any other
group of compounds studied. In this series of experi
ments, R isomers showed somewhat higher brain ac
tivities than did S isomers (lOC and 12C as opposed to
llC and 13C). N-substitution with an isopropyl group
showed somewhat higher brain uptake and higher
brain-to-blood ratios than did the unsubstituted primary
amine (12C and l3C as opposed to 1OC and 1lC).
Eleven out of 13 compounds in this series showed higher
brain activity and much higher brain-to-blood ratios than
did 4-iodoantipyrine (1-123) at 5 mm.

If we compare the brain-to-blood activity ratio at 5

isopropyl or phenethyl groups generally resulted in lower
brain-to-blood ratios than did a single N-substitution
with these groups (compounds 5B and 8B as opposed to
3B and 7B). N-substitution with an o-iodobenzyl group
and an ethyl group (compound 9B) clearly resulted in
decreased brain activity. Incorporation of the nitrogen
of the benzylamine in a piperidine or pyrrolidine nucleus
did not result in any improvement in brain uptake over
simpler N-substituted amines (compounds 11B, 12B,
and 13B as opposed to all others). Nitrile substitution
on the a carbon appeared to decrease absolute brain
uptake somewhat but may have increased the brain
to-blood ratio (compound 16B as opposed to lOB). Ex
cept for one compound containing a nitrile in the a po
sition (15B) and one containing an N-substitution with
an o-iodobenzyl and an ethyl group (9B), all iodoben
zylamine derivatives studied showed higher absolute
brain activities and higher brain-to-blood ratios at 5 mm
than did 4-iodoantipyrine (1-123).

For the iodophenethylamine derivatives (Table 1C),
N-substitution by a propyl or isopropyl group improved
brain uptake and the brain-to-blood ratio over the pri
mary amine (3C and 4C as opposed to 1C). N-methyl
substitution was comparable to the primary amine (2C
as opposed to 1C). N-substitution with phenethyl,
f3-methylphenethyl (RS), or 2,6-dimethylphenylcarba
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0f dose per gram oftissue5
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Kidneys
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doseper whole organpiuscontentsTotal

bladder plus urine
Total small and large

bowel plus contents
Total stomach plus contents0.12

11.62
1.422.16

10.53
3.466.30

11.52
9.21
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TABLE2.
TISSUE ACTIVITY IN RAT AFTER ADMINISTRATION OF

S(+)-N-ISOPROPYL-p-IODOAMPHETAMINE

Data are averages from two rats. 2 Data from one rat.

ratio was greater than 10 and the brain-to-skeletal
muscle ratio was greater than 3.

Iodine- I 23-labeled N-tert-butyl-p-iodobenzylamine
was administered intravenously to rats at carrier doses
of 0.28 mg/rat and 6.08 mg/rat. The two carrier doses
caused no observable difference in brain activity at 5 and
60 mm. Compound 13C labeled with 1-123 was also
administered to rats at carrier dose levels ranging from
0. 1 mg/rat to 1.0 mg/rat and again the carrier dose
levelsgave no difference in brain activity at 5 and 60 mm.
This compound and compounds 12C and 13C were
studied in dogs and monkeys. The results confirmed high
brain uptake of the compounds in both nonrodent species
(6).

DISCUSSION

In this study, iodine at the para position gives greater
brain uptake than at the ortho position for N-alkyl ani
line derivatives, and iodine at the meta position gives
greater brain uptake than at the ortho position for N-
isopropyl benzylamine. Shulgin and Sargent have
demonstrated that 2,5-dimethoxy-p-bromoampheta
mine has greater psychotomimetic activity than the
unhalogenated parent 2,4,5-trimethoxyamphetamine
(2). Retentionof p-chloroamphetaminein thebrain
appeared to be much greater than that of the parent
amphetamine (7). Kuntzman, Tsai, and Burns report
greater tissue uptake in general, and greater brain uptake
specifically, for chloronorchlorcyclizine than for the
unhalogenated parent norcyclizine (8). lodinated an
tipyrine has a greater brain uptake (BUI = 130) than
antipyrine itself (BUI 68) (9). As a working hypoth
esis, we suggest that for a variety of nitrogen-containing

mm for N-isopropyl derivatives of o-iodoaniline (cpd.
8A, ratio 1.13) with that of o-iodobenzylamine (cpd. 3B,
ratio 7.63) with that of o-iodophenethylamine (cpd. 4C,
ratio 8.58), the data suggest that for this series of corn
pounds the highest brain-to-blood ratio is achieved with
derivatives of phenethylamine, followed by benzylamine,
followed by aniline.

Compound 12C was studied using the system of 01-
dendorfet al. (4,5). It was concluded that its BUt was
comparable to that of nicotine. Retention time in the
brain exceeded that of nicotine. It is estimated that cx
traction efficiency of the brain for the compound was
essentially 100% per single pass (6).

The in vivo distribution of compound I3C was studied
in rats on eight occasions for eight separate batches of
the 1-123-labeled material. The results were comparable
in each study. The results of one of these studies are
shown in Table 2. The urethra was clamped immediately
after injection to retain urine in the bladder during the
course of the study, and the rats were maintained under
pentobarbital anesthesia. Only 6.3% of the administered
activity was excreted in the urine during the first 3 hr of
the study, and essentially none was excreted into the
small or large intestine as evidenced by failure of activity
in the bowel to increase with time (lower portion of
table). Progressive increase in stomach activity was seen,
suggesting either a degree of in vivo deiodination of the
agent or accumulation of the agent in the stomach con
sequent to the physiological pH gradient across the
gastric mucosa. Lungs showed the highest tissue activity,
which did not decrease to any great extent within 180
mm. All other tissues showed decreasing activity with
time except for brain, which showed increase in activity
during the first 60 mm. At all times the brain-to-blood
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compounds, introduction of a halogen in the structure
may improve brain accumulation and retention of the
compound, and that for amines containing a benzene
ring addition of a halogen results in increased brain ac
cumulation in the following order of position of the
halogen:p > m >o.

From the present work, we may conclude that for
ring-iodinated phenylalkylamines, the brain uptake,
retention, and brain-to-blood ratios are greatest when
the alkyl group is a-methylethyl (amphetamine deny
atives), followed by ethyl (phenethylamine derivatives),
followed by methyl (benzylamine derivatives). The
presence of any of these alkyl groups results in greater
brain activity than when none of these is present (io
doaniline derivatives).

For derivatives of iodoaniline, benzylamine, and
phenethylamine, N-addition of a single lipophilic group
usually increases brain uptake. Addition of a single
lipophilic group (secondary amine) shows greater
brain-to-blood ratios than when two lipophilic groups are
added on the nitrogen (tertiary amine), or when the ni
trogen is incorporated in a ring structure, such as in a
piperidine nucleus.

Remarkably, 34 out of the 40 compounds reported in
this paper had brain uptake and brain-to-blood activity
ratios greater than that for iodoantipynine at 5 mm. Most
of the agents showed brain-to-blood ratios over three
times that of iodoantipyrine at 5 mm, and ten showed
a tenfold or greater brain-to-blood ratio than that seen
at 5 mm with 4-iodoantipynine. The p-iodoampheta
mines generally showed brain-to-blood ratios of over 20
times that of iodoantipynine at 5 mm, and 100 times at
60 mm. Clearly the size oftheir â€œdistributionspaceâ€•in
the brain is substantially greater than that of the brain's
freely equilibratable tissue water.

Generally, noncarrier-mediated passage of an amine
across a cell membrane is ascribed to free diffusion of its
non-ionized lipophilic form. If the concentration of the
free amine is rate-limiting in its diffusion across cell
membranes, we would anticipate that the lower the pKa
of an amine, the greater will be the fraction of the non
ionized lipophilic form at physiological pH and the more
rapid will be its diffusion across cell membranes. In the
present study, the brain activity and brain-to-blood ratios
at 5 and 60 mm did not correlate with the relative
amount of free base at body pH anticipated from the
compound's structure. Aniline derivatives have a much
lower pKa than benzylamine or phenethylamine deny
atives (10), yet in general, brain activity and brain-to
blood ratios were lower at 5 mm for the aniline deniva
tives. Similarly, placement of a halogen on the ortho
position of the benzene ring should result in a lower pKa
than its placement on the para position, and primary
amines should have a lower pKa than secondary amines
(JO); yet para-iodinated secondary amines showed
higher brain activity and brain-to-blood ratios at S mm

than did their ortho-halogenated or primary amine an
alogs. Moreover, even the anticipated relative lipophil
icity of the free base did not correlate simply with brain
activity or brain-to-blood ratio at 5 and 60 mm (e.g.,
tertiary amines showed less brain-to-blood ratios than
did their primary amine analogs). These data suggest
that neither concentration of the free amine at body pH
nor lipophilicity alone is rate-limiting in determining
brain activity or brain-to-blood activity ratios at 5 and
60mm.

One may ascribe a degree of tissue retention of amines
with a pKa in excess of 7.4 to an extravascular-intra
vascular concentration gradient arising from a lower pH
in the extravascular against the intravascular space.
Possibly such is the case in accumulation of activity in
the stomach and in the urine. However, in order for pH
gradients to account for more than a tenfold difference
in brain and blood activity observed with the amphet
amine derivatives, the intracerebral pH would have to
be over 1 pH unit lower than that in the blood. Moreover,

if such pH gradients were the major factor in establishing
a high brain-to-blood ratio, similar ratios should have
been observed for all benzylamine and phenethylamine
derivatives, since they all have pKa values substantially
in excess of 7.4.

One may also ascribe a degree of brain accumulation
of these agents to a favorable partition coefficient be
tween brain lipids and blood. However, if lipophilicity,
as classically defined, were the major factor in producing
high brain-to-blood ratios at 5 and 60 mm, such ratios
should correlate with the compounds' lipophilicity as
anticipated from their chemical structure. As noted
previously, the brain-to-blood ratios for these compounds
do not correlate directly with anticipated lipophilicity.

We propose that, at least in part, the agents studied
are found to localize in the brain at 5 and 60 mm pni
manly because of the presence in the brain or brain
vasculature of high-capacity, relatively nonspecific
binding sites for amines. Data presented elsewhere
demonstrate the ability of N-isopropyl-p-iodoamphet
amine to interact with the brain's cortical synaptosome
mechanisms for uptake and release of neurohumeral
amine transmitters (5).

Certain characteristics of the postulated binding sites
interacting with the agents in the present study are
suggested from our data and those in the literature. At
least one surface of the N region of the agent must be
free to interact with the binding site (i.e., not stenically
hindered). The binding site should be electronegative to
allow it to bind to the nitrogen of the agent through hy
drogen bonding, and the affinity ofsuch binding may be
proportional to the pKa of the agent. The regions around
the binding site must be lipophilic to allow for optimized
interaction with lipophilic groups surrounding the N
region of the agent; minimizing degrees of rotational
freedom of such lipophilic groups surrounding the N
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region of the agent favors binding (such as is present with
a-methyl and N-isopropyl or N-tert-butyl substitution).
The region surrounding the electronegative N binding
site of the receptor is sufficiently cramped that a benzene
ring is best accommodated by being removed from the
Nbindingregionbyoneorpreferablytwocarbonatoms,
and whereas one or two benzene rings can be accom
modated in the region if they are removed from the N
region by a distance of one or two carbon atoms, three
benzene rings cannot be so accommodated.

Based upon the known metabolism of amphetamine
(1 1), and the probability that the p iodo group of p
iodoamphetamine will also block p-hydroxylation (12)
and that its a-methyl group will inhibit monoamine
oxidase (13), we anticipate that ifN-dealkylation occurs,
the principal routes of metabolism of N-isopnopyl-p
iodoamphetamine will be oxidative deamination (pni
manly in hepatic microsomes) to form p-iodophenyl
acetone. The compound may be subject to /3-hydroxy
lation (largely by dopamine hydroxylase) to form p
iodonorephednine or N-isopropyl-p-iodonorephednine.
It is further anticipated that p-iodophenylacetone will
be metabolized to p-iodobenzoic acid (11), which will
be largely conjugated with glycine to form p-iodohip
punic acid or with glucuronic acid to form p-iodoben
zoylglucuronic acid. Since p-hydroxy-norephednine has
been shown to be stored in sympathetic nerve endings
and also to localize in brain (11), it is possible that a
portion of the delayed concentration and retention of
I-I 23 activity in the brain, following administration of
p-iodoamphetamine, is a result of concentration and
retention of the hypothesized metabolite p-iodonor
ephedrine or its N-isopropyl derivative. Moreover, the
early high concentration of activity in the adrenals, with
subsequent clearance, seen with p-iodoamphetamine
(I- I23) and its derivatives herein noted, may be related
to the action of dopamine f3-hydroxylase on p-iodoam
phetamine to form p-iodonorephedrine, which is lost
from the adrenals and concentrates elsewhere. (Note
that sympathetic nerve endings are rich in dopamine
/3-hydroxylase.)

Others have observed that, in general, N-alkyl-am
phetamines de-alkylate more rapidly as the N-substi
tution is increased from methyl to isopropyl (1 1), and
that N-isopropyl-p-chloroamphetamine is largely de
alkylated top-chloroamphetamine (12), and it is on this
basis that it is reasonable to assume that the N-isopropyl
derivative of p-iodoamphetamine will de-alkylate
yielding the p-iodoamphetamine parent. If the N-iso
pnopyl group is not rapidly de-alkylated in the metabo
lism of the agent, then oxidative deamination pathways
could be largely blocked and the principal metabolites
of the agent may be N-isopropyl derivatives of p-iodo
norephednine.

It is anticipated that a large portion of N-isopropyl
p-iodoamphetamine excreted in the urine will, like other
amphetamine derivatives, be relatively unchanged (e.g.,
N-isopropyl-p-iodoamphetamine on the de-alkylated
product p-iodoamphetamine). If such proves to be the
case, marked enhancement in the urinary excretion rate
should be seen when steps are taken to acidify the urine,
as is seen with amphetamine (II).
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