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The polyamines putrescine, spermine, and spermidine were methylated
by the addition of carbon-11-labeled formaldehyde followed by sodium boro-
hydride. High labeling yields were obtained and the final products were
purified by simply boiling the solution. This decomposed the excess so-
dium borohydride and removed the volatile impurities. The final radio-
chemical purity of all the methylated compounds was above 85%,. All three
methylated compounds accumulated in the prostates of male rats and the
distribution of N-methyl-1,4-diaminobutane (the putrescine analog) was
very similar to that previously obtained with tritiated putrescine. The up-
take of the putrescine analog in both the prostate and in mouse tumor was
slightly higher than that obtained with the other two analogs studied. Uti-

lizing a positron transaxial tomographic scanner and the putrescine analog,

we have been able to image the prostate gland of a dog.
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We have reported (1) a general method for the
methylation of molecules containing a free amino
group which are stable in aqueous solution at pH 8.
One series of potential compounds for methylation
are the polyamines putrescine [NH.—(CH;) ~NH.],
spermine [NHz—( CH2) rNH—(CHz) 4—NH—( CH. ) 3~
NH_.], and spermidine [NH>—(CH:);~NH-(CH:) +~
NH_;]. These compounds are of potential interest in
tumor localization and prostate imaging. Clark and
Fair (2), using 3H-2,3-,putrescine, showed uptake of
radiolabeled putrescine by the rat’s ventral prostate.

The current study was undertaken for three rea-
sons: first, to compare the in vivo behavior of a
tritiated metabolite, 3H-2,3-putrescine, and its meth-
ylated analog; second, to compare the in vivo behav-
ior of analogs of putrescine, spermine, and spermi-
dine; and third, to attempt to visualize the prostate
in dogs with a methylated polyamine using the posi-
tron emission transaxial tomographic scanner (PETT)
(3.4).

MATERIALS AND METHODS

11C-Methylation of the polyamines. Methylation
of the amine was carried out in the manner previously
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described for the methylation of proteins. Briefly,
1C-labeled formaldehyde is prepared from !CO.
(5) by reduction to 2CH3gOH and oxidation to
H'!CHO over an iron-molybdenum catalyst.

After distillation the formaldehyde solution (~2
cc) was mixed with the polyamine (0.2-2 mg) in
borate buffer (0.4 M, pH = 7.9), and sodium boro-
hydride (15 = 3 uM) was added slowly over a 2-min
time period. The pH is then adjusted to 7 == 0.2 with
dilute hydrochloric acid, and the solution boiled
vigorously until the volume is reduced by one-half.
The boiling decomposes the excess sodium borohy-
dride and removes unreacted 'C-formaldehyde and
residual !C-methanol from the solution. Aliquots of
the final solution were tested for sterility and pyro-
genicity by conventional techniques and for radio-
chemical purity by liquid chromatography.

Liquid chromatography of all three methylated
polyamines was carried out using a column* of ion-
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exchange resin (0.9 X 3.5 cm) eluted with citrate
buffer. Different conditions were used for the analy-
sis of the analog of each polyamine. For putrescine
and spermine, the column was maintained at 70°C
and eluted with a citrate buffer at pH 6.15 (=0.5),
high ionic strength (0.7 M), and a flow rate of 2
ml/min. Putrescine is eluted before spermine, and
their methylated analogs are eluted just after the
nonmethylated compound. For spermidine, a 0.7 M
phosphate buffer (pH 7.0) was used at room tem-
perature and a flow rate of 2 ml/min. .

After elution of the labeled methylated analog,
the eluting solution was changed to 0.3 M sodium
hydroxide to elute any impurities still absorbed in
the column,

ANIMAL STUDIES

Putrescine distribution studies. Male Sprague—
Dawley rats, weighing 300-500 gm, were anesthe-
tized with diethyl ether by inhalation and the femoral
vein exposed. The labeled polyamine was then in-
jected into the femoral vein, with the amount of
radioactivity varying between 50 and 100 nCi/rat.
The amount of nonmethylated polyamine injected
varied from ~60 ug to 1.0 mg/rat. After about 50
min the animals were killed and tissue samples trans-
ferred directly to counting vials without washing.
The samples were counted in a well scintillation
counter and weighed in a Mettler balance. The car-
bon-11 content was recorded as amount of activity
per gram of tissue, and in some cases as percent
injected dose/gm tissue.

Tumor uptake studies. The methylated polyamines
were injected into tumor-bearing mice (B-16 mela-
noma) through the tail vein. The animals were in-
jected 11 = 2 days after transplantation of the tu-
mor, a timing that permits minimal observable
necrosis. This tumor has previously been used in
radiopharmaceutical studies (6). From 5 to 300 pg
of polyamine was injected, the animals were killed
30 and 50 min after injection, and tissue samples
were taken and counted as described above.

PETT studies. The putrescine analog (N-methyl-
1,4-diaminobutane) was injected intravenously into
four male dogs anesthetized with sodium pentobar-
bital (30 mg/kg). The dogs were placed supine in
the Mallinckrodt Institute’s PETT scanner (3,4),
arranged so that the tomographic slice would pass
through the center of the prostate. In all cases trans-
mission scans (3,4) using a ring of ®4Cu were ob-
tained before injection of the putrescine analog in
order to obtain data for the attenuation correction
of the positron image. In three of the dogs, the
bladder was drained by a catheter between injection
and imaging. In two of the dogs, an ileal-bladder
urinary bypass was performed surgically prior to the
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radioactive study to ensure that no urinary activity
interfered with the PETT scan. In two dogs diffusi-
ble tracer (!*NHj) was injected directly into the
prostate to confirm the position of the prostate in
the tomogram.

RESULTS

Labeling efficiency. With the current targetry at
the Washington University Cyclotron (7), about 50
mCi of 1!CQO, was obtained following a 10-pA-hr
bombardment. An overall radiochemical yield of
~70% was obtained in the reaction to produce 'C-
labeled formaldehyde, this reaction taking 10-13
min. The radiochemical yield in the methylation re-
action was 40-70%, and the time for this step, in-
cluding purification of the final product, was 12-15
min. Final yields of 6-10 mCi of the methylated
polyamine were obtained from ~50 mCi of 'CO,,
the total reaction time being 25 min. The specific
activity of the methylated polyamine is uncertain,
since traces of carrier CO. decrease the activity of
the labeled formaldehyde. The procedures outlined
(1) to reduce the level of CO; carrier were followed.
All solutions tested proved to be sterile and pyrogen-
free. Figure 1 shows a typical radiochromatographic
trace obtained in the analysis of the putrescine ana-
log, in which the labeled product is well separated
from the observed impurities. Similar chromato-
graphic traces were obtained with the analogs of
spermine and spermidine. Radiochemical purities of
>85% were obtained in all cases. Table 1 shows
the radiochemical purity of typical samples used in
the animal studies described below.

Rat and mouse distribution studies. The distribu-
tion of 'C-methylated putrescine in Sprague-Dawley
rats, 40 min after intravenous injection, is shown in
Table 2. We include in parentheses, for comparison,
the data of Clark and Fair (2), who injected tri-
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FIG. 1. Typical chromatogram of methylated putrescine. Analy-
sis was performed on 3.5 X 0.9-cm col of ion hange resin
operated at 70°C eluted with 0.7 M citrate buffer (pH 6.1) at flow
rate of 2 ml/min.
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TABLE 1. PURITY OF TYPICAL METHYLATED
POLYAMINE PREPARATIONS

%
% Meth- %
Formal- ylated Eluted
dehyde/ % poly- with
Agent methanol  "'CHiNH: amine NaOH
Putrescine 1.4 0.6 97.8 0.1
6.3 0.6 92.5 0.6
Spermine 9.3 1.6 89.1 —_
10.1 0.6 89.4 —_
Spermidine 7.0 0.1 91.2 1.7
9.0 — 89.4 1.6

TABLE 2. UPTAKE OF METHYLATED PUTRESCINE
IN RAT ORGANS 40 MIN AFTER INTRAVENOUS
INJECTION* (n = 11)

Ratio of organ

% Dose per to muscle

Tissve gram tissve (abdominal wall)

Abdominal wall
muscle 0.10 0.2 (0.11) 1.0

Ventral prostate  0.88 = 0.5 (0.91) 88 =5 (8.3)
Dorsal prostate 1.0 =07 (036 101 *7 (3.3)
Pancreas 0.29 *=0.11 (1.16) 29 *=1.1 (10.5)
Liver 0.63 *0.15 (0.31) 63 =15 (2.8)
Kidney 0.47 =+ 0.006 (0.52) 47 *+06 (53)
Whole blood 0.072 = 0.004 (0.11) 0.72 = 0.04 (1)

* Figures in parentheses are for °H-2,3-putrescine 1 hr
after injection (from Ref. 2).

tiated putrescine and sampled 1 hr later. Table 3
shows a comparison of the ratios between various
organs and the muscle of the abdominal wall for the
analogs of the three polyamines studied. Similar ra-
tios were obtained at 30 min and at 1 hr for all
organs except the kidney, whose ratio dropped dur-
ing this period.

Table 4 shows tumor-to-organ ratios of the three
analogs studied at 30 and 50 min in the tumor-
bearing mice (tumor weight, ~1 gm). In many of
the animals some of the sample was lost during the
injection, which prevented quantitative determina-
tion of % injected dose/gm. Statistically there is no
difference between the data obtained at 30 and 50
min.

PETT studies. The putrescine analog was chosen
for the prostatic imaging studies because it exhibited
the lowest kidney activity at 40 min (Table 3). With
this compound, therefore, the problem of bladder
background may be minimized. In all five dogs, a
single source of activity was observed in the region
of the prostate. In the dogs in which a tracer was
injected into the prostate, the position of the prostate
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is confirmed. Figure 2 shows the typical PETT scans
of an animal with a urinary bypass. The two scans
had the animal in the same position on the PETT
table. The transmission image records the cross-
sectional distribution of attenuation coefficients at
the level of the prostate, with the hind legs spread
laterally, the dorsal surface down, and the ventral
up. The area of the prostate is clearly visualized in
the radionuclide image. The corrected counts ob-
served in the image are directly proportional to the
activity in that area, and the counts can be obtained
as a numerical printout. With this feature the tomo-
graph offers quantitative data (8). From the nu-
merical counts over different areas of the scan, the
ratio of activity in the prostate to that in the sur-
rounding muscle is calculated to be ~6.5.

DISCUSSION

With the methylation techniques, good yields of
all the methylated polyamines were obtained. As is
seen in Table 2, the distribution of the 'C-meth-
ylated putrescine at 40 min is similar to that ob-
tained by Clark and Fair (2) with tritiated putrescine
at 1 hr. Examination of the data with tritiated com-
pounds (Clark and Fair) shows that, with the ex-
ception of the kidney, the tissue values are very
similar from 30 min to 1 hr, so a comparison of their
data with the results of this study appears valid. The
major differences are that more methyl analog was
taken up in the dorsal prostate and liver and less in
the pancreas than was the tritiated compound.

In our study the amount of unlabeled polyamine
varied between 5 and 100 times that used by Clark
and Fair and, if the unlabeled amines act as a carrier
for the methylated analogs, no carrier effect was ob-
served. It is well documented, however, that pancre-
atic uptake of amino acids decreases as the specific
activity of the administered compound decreases (9).
A possible explanation for the difference in pancreas

TABLE 3. UPTAKE AT 40 MIN OF THE
METHYLATED ANALOGS OF THE THREE
POLYAMINES IN THE MALE RAT

Ratio of organ to muscle (abdominal wall)

Putrescine Spermine Spermidine
Tissue (n=11) (n=28) (n=2¢6)
Ventral
prostate 88 x5 6.2 + 3.1 9.06 = 4.2
Dorsal
prostate 10.1 =7 36 = 17 67 = 25
Pancreas 29 =11 27 = 14 53 = 18
Liver 63 *+15 91 *= 40 135 = 3.2
Kidney 47 *0.6 435 =17 545 =15
Whole blood 0.72 = 0.04 062+ 027 225+ 07
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TABLE 4. TUMOR-TO-ORGAN RATIOS OF METHYLATED POLYAMINES IN TUMOR-BEARING MICE

Putrescine Spermine Spermidine
Organ 30 min* 50 mint 30 min® 50 mint 30 min* 50 mint
Blood 9.55 + 2.6 8.0 +2.0 5.85 + 23 42 *+18 29 *+1.6 1.8 *=0.6
Muscle 414 =08 6.6 +30 53 *22 50 *+2.1 29 *17 1.8 +=04
Pancreas 1.6 =03 1403 1.8 07 1.9 +06 09 *+04 07 *0.2
Liver 0.46 + 0.14 04 +0.14 0.35 +0.16 0.33 +=0.13 0.34 +0.2 0.2 *+0.04
Kidney 09 *03 1.1+03 0.12 + 0.04 0.12 = 0.04 0.27 = 0.14 0.16 = 0.013
n=2=¢6
tn=4

Transmission

NH?(CHQ)QNH"CH;

FIG. 2. Typical PETT transmission and positron images of nor-
mal dog prostate. Subject is supine, legs spread apart with urinary
bypass.

data is this variability in specific activity, although
an alternative argument can be made that the pan-
creas and not the prostate uptake is sensitive to the
methyl group in the putrescine analog. We note that
whereas the rat pancreas contains relatively large
amounts of polyamines, the human pancreas does
not (10). Thus, even if an analog of higher specific
activity concentrated in the rat pancreas, it probably
would not be useful as a human pancreas agent. It
has been observed (2,11,12) that the biosynthesis
of the polyamines involves the formation of sper-
mine and spermidine through putrescine. If the me-
tabolism of the putrescine analog releases small
aliphatic amines, they might be expected to concen-
trate in the liver, as does ammonia and probably
methylamine (73), which explains our high liver
uptake, which was not observed by Clark and Fair.

We conclude that the methylated putrescine is a
good analog for putrescine. Although it is possible
to label putrescine with carbon-11 by the reaction
of H'!'CN with 1,2-dibromoethane followed by re-
duction, the methylation technique used by us is
simple and fast, the product is easy to purify, and the
specific activity is high and depends upon the specific
activity of the ''C-formaldehyde that can be ob-
tained. The methylation technique can be applied
to any amine, and a stereospecific amine can be
methylated with retention of its stereospecificity. The
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methylation technique therefore appears to have
potential for labeling analogs of any compound con-
taining an >NH and -NH; group. If the compound
is not stable in basic solution, the reduction can be
carried out in acid solution using sodium cyanoboro-
hydride rather than sodium borohydride (14,15).

Of the three methylated polyamines, the putrescine
analog was chosen for further studies for several
reasons. First, although all three analogs accumulate
in the prostate (and in the tumor model studied),
the putrescine analog does appear to accumulate
more than the other two amines studied in both mod-
els (Tables 3 and 4). Second, the kidney activity is
much lower at 40 min with the putrescine analog
(Table 3). It may therefore be easier to reduce the
bladder activity in the case of the putrescine analog
than with the other two analogs. Finally, while sper-
mine has been shown to be somewhat nephrotoxic,
spermidine is less toxic, and putrescine is nontoxic
(16).

The uptake of polyamines in tumors was studied
because certain tumors are known to contain large
amounts of polyamines (I7,/18), possibly because
putrescine transport is greatly increased in cells
starting to proliferate (/9). This needs further study.
It has been postulated (20,21) that plasma and se-
rum levels of polyamines may be useful in assessing
effects of chemotherapy. Russell et al. (20) postulate
that spermidine can serve as an index of tumor-cell
kill, while putrescine appears to reflect the prolifer-
ative behavior or growth factor of the tumor; and,
further, that polyamines may provide important new
information on tumor cytokinetic parameters. It is
possible that our carbon-11-labeled analogs, together
with the PETT scanner, may be used to quantitate
polyamine uptake in a specific tumor site at various
stages of therapy. Russell’s model (21) predicts high
intracellular levels of putrescine in tumor cells dur-
ing tumor growth and that this level will drop dras-
tically when the cells are killed.

Figure 2 shows that the feasibility of using the
methylated putrescine to visualize the prostate area
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in a normal dog. The prostate-to-muscle ratios ob-
tained from the quantitative tomographic image are
very similar to those obtained in the rat model. The
prostate can easily be visualized if the bladder is
emptied prior to scanning. The relative uptake of
the polyamines in prostate tumors compared to nor-
mal prostate must still be studied before the com-
pound could be used to study prostate tumors.

CONCLUSION

We have established the following:

1. The in vivo behavior of tritiated putrescine
and its carbon-11-labeled analog are very
similar in the male rat.

2. The analogs of all three of the polyamines
putrescine, spermine, and spermidine accu-
mulate in the rat prostate and in the mouse
melanoma studied. The putrescine analog
appears most promising for further studies.

3. Using the PETT scanner, it is possible to
visualize the dog prostate with the putres-
cine analog.
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