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Abstract—Measurement of the rate of release in vivo of tritium from [#-*H]dopamine is proposed as an
index of dopamine-g-hydroxylase activity in sympathetic neurons. After the systemic administration
of this labeled compound to rats, the accumulation of tritium in body water is roughly linear with time
and is partially inhibited by pretreatment of the animals with the dopamine-A-hydroxylase inhibitors,
disulfiram and fusaric acid. Pretreatment of the animals with the monoamine oxidase inhibitor,
tranylcypromine, alters neither the rate of tritiated water accumulation nor the extent to which this
rate is slowed by the dopamine-g-hydroxylase inhibitors. The tritium-release assay has been tested in
animals subjected to experimental protocols known to alter the levels of dopamine-g-hydroxylase in
sympathetic neurons. Chemical sympathectomy with 6-hydroxydopamine, which leads to a decrease in
dopamine-f-hydroxylase activity in tissue extracts, decreased the rate of tritiated water release in vivo.
Chronic exposure of animals to cold, which leads to an increase in dopamine-g-hydroxylase activity
in tissue extracts, increased the rate of tritiated water release in vivo. Furthermore, this effect of cold
stress is prevented by dopamine-g-hydroxylase inhibitors. Our data thus suggest that accumulation of
tritiated water in the whole animal after the administration of [#-*H]dopamine can be used as an index
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of dopamine-g#-hydroxylase activity in sympathetic neurons.

Dopamine-g-hydroxylase [EC1.14.17.1; 3,4-dihy-
droxyphenylethylamine, ascorbate: oxygen oxidore-
ductase (S-hydroxylating) (DFH)] catalyzes the final
step in the biosynthesis of norepinephrine according
to equation 1.

Dopamine + O, + ascorbate—L-norepinephrine +
dehydroascorbate + H,O )

The bovine adrenal enzyme has been purified to
homogeneity and found to be a copper-containing
glycoprotein [1-3]. The enzyme acts on a wide
variety of ring substituted phenylethylamines, both
in vitro {4] and in vivo [5]. After the administration of
[*H]tyramine to rats, it has been possible to isolate
its f-hydroxylated derivative, [*HJoctopamine, from
urine [5] and tissues [6]. Similarly, after the adminis-
tration of [“Cldopamine to rats [**Clnorepine-
phrine has been icolated from extracts of spleen and
heart [7]. These administered phenylethylamines are
taken up into dense core vesicles in sympathetic
nerve terminals where the enzyme-catalyzed f-
hydroxylation takes place. A number of drugs are
known to block this conversion in vivo, including
disulfiram [6, 7], which is reduced to the copper-
chelating agent diethyldithiocarbamate, and fusaric
acid, the mechanism of action of which is unknown
{81.

There is little information in the literature on the
overall rate at which dopamine is f-hydroxylated
immediately after its administration to the whole
animal. Since only a small fraction of systemically
administered dopamine gains access to those peri-
pheral tissues (sympathetic neurons and adrenal
medulla) which contain dopamine-f#-hydroxylase, a

very low rate of conversion would be anticipated.
Studies of [**Cldopamine metabolism in man have
shown that, even over 24-hr periods, only 10-15 per
cent of the administered isotope can be accounted
for as excreted metabolites of the g-hydroxylated
product, norepinephrine [9, 10]. Studies in vivo of
dopamine-f#-hydroxylation are complicated since, in
addition to the free amines, a variety of free and
conjugated dopamine and norepinephrine metabol-
ites are formed and eventually excreted [11]. All
previous investigations of dopamine-f-hydroxylation
in the whole animal have accordingly necessitated
the separation of the small pool of norepinephrine
metabolites from the large pool of dopamine
metabolites. To avoid this difficulty, we have devised
a tritium-release assay by which dopamine-f-hydro-
xylase activity can be directly measured in vivo. The
assay is based upon the principle that, when [2H]}-
dopamine which is specifically labeled in the S-
position is used as the substrate for the hydroxylase,
a molecule of tritiated water (THO) is released for
each molecule of [*H]norepinephrine formed [12].
The former product of the enzymatic reaction, unlike
norepinephrine, does not wundergo subsequent
metabolism. Thus, when S-labeled [*H]dopamine is
administered to the whole animal, the rate of
accumulation of THO in blood is an index of the rate
of [*H]norepinephrine formation. This principle has
been wused previously to measure dopamine-?
hydroxylase activity in vitro [13—15]. An in vivo assay
for another hydroxylase, phenylalanine hydroxylase,
based on release of deuterium or tritium from
phenylalanine has previously been developed [16].
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MATERIALS AND METHODS

All rats used weighed between 100 and 175 g and
were of the Sprague-Dawley strain, They were
allowed free access to food and water up until the
time of experimentation. Dopamine with a tritium
label in the #-position on the side chain (sp. act. 6.7
Ci/m-mole) was obtained from New England
Nuclear (NET-131), Boston, MA, vL-Norepine-
phrine [7-*H] (sp. act. 6.4 Ci/m-mole, NET-377) and
3-methoxy-4-hydroxyphenylethylamine [5-*H] (250
Ci/m-mole, NET-321) were also obtained from New
England Nuclear, Disulfiram (tetraethylthivram
disulfide, antabuse), diethyldithiocarbamic acid
(sodium salt), fusaric acid (5-butyl picolinic acid),
tranylcypromine {(srans-2-phenylcyclopropylamine),
and iproniazid phosphate (isonicotinic acid 2-iso-
propylhydrazide phosphate) were obtained from
Sigma Chemical Co., St. Louis, MO. 6-Hydroxy-
dopamine hydrobromide was purchased from Regis.
Calcium cyanamid was obtained from the American
Cyanamid Co., Wayne, NJ.

Dopamine-ff-hydroxylase assay in vivo. Prior to
the administration of the [#-*H]dopamine, any THO
contaminating the sample was first removed by
flash evaporation; the resulting solid was then taken
up in physiological saline containing 0.1 % sodium
ascorbate. The [#-*H]dopamine was kept on ice until
it was used. To perform the assay of dopamine-§-
hydroxylase in vivo, rats were injected intraperiton-
eally* with 100 #Ci/kg of the isotope. After 10 min
(or other stated time intervals), the animals were
sacrificed by decapitation and the blood was collec-
ted from the cervial fracture into heparinized
beakers, The whole blood was then lyophilized as
described by Stansell and Mojica [17]. Tritiated
water was determined by counting an aliquot of the
collected water in a liquid scintillation counter
(Beckman LS-250).

In order to calculate the THO formation in the
whole animal, we assumed that the concentration of
THO in blood was equal to its concentration in total
body water, which was assumed to be equal to 70
per cent of the animal’s weight, We corrected the
measured total body THO by substrating the small
amount of THO which we injected. This THO
presumably resulted from the spontaneous loss of
THO from the dopamine which took place in the time
interval between the evaporation of the sample and
its actual injection. Generally, only 0.15 to 0.20 per
cent of the injected radioactivity was preformed
THO. The percentage of the [#-*H]dopamine which
was converted to THO can thus be calculated with
the following equation:

9%, conversion
Rate of THO release (;,__5:_9__1'_) =

10 min

* We used intraperitoneal injection of {#-*H]dopamine
because it was difficult to perform properly timed intra-
venous injections on the large number of animals
involved in these experiments, We have given a small
number of animals [#-3H]dopamine intravenously and
found that the rate of accumulation of THO in blood does
not differ significantly from that observed after intra-
peritoneal injections.
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{(Wtof animal)(0.7) (THO/ml blood) — injected THO
total administered cpm @

Two additional factors must be considered in
attempting to relate the amount of THO released to
the amount of norepinephrine formed. The first is
the fact that the administered [/-*H]dopamine is a
mixture of two enantiomeric substrates, only one of
which releases tritium during its conversion to
norepinephrine [18, 19]. This stereochemical effect
is due to the fact that the enzymatic reaction takes
place with the net retention of the configuration at
the hydroxylated center [18, 19]. Hydroxylation of
(R)-[f-*H]dopamine leads to a loss of tritium,
whereas hydroxylation of (S)-[#-*H]dopamine does
not. This means that when dopamine-#-hydroxylase
is assayed in vivo by the tritium-release method, the
amount of tritium released is only half of the amount
of norepinephrine formed. We corrected for this
factor by multiplying the rate of THO release in
untreated animals by a factor of two.

The second correction that must be made in
relating THO release to norepinephrine formation is
that due to the release of THO from reactions
unrelated to dopamine-A-hydroxylation. In order to
mabke this correction, we have determined the amount
of THO released during a 10-min period in animals
pretreated with an inhibitor of dopamine-f-hydroxy-
lase, such as disulfiram. We have assumed that the
rate of [*H]norepinephrine formation in disulfiram-
treated animals is negligible. We have also assumed
that those sources of THO in the whole animal other
than that due to dopamine-3-hydroxylation are not
affected by the isotopic asymmetry of the tritium
label. Using these assumptions, we have calculated
the rate of norepinephrine formation from the
relationship shown in equation 3.

Rate of norepinephrine formation =
2 x (rate of THO released in untreated
animals — rate of THO released in
disulfiram-treated animals)

€))

Determination of labeled catecholamines and cate-
cholamine metabolites. Tissues were homogenized
with a Duall glass homogenizer in ice-cold 0.4 N
perchloric acid, and the homogenates were centri-
fuged for 15 min at 24,000 g. [*H]norepinephrine
was separated from [*H]dopamine on Dowex
50W-X4 (hydrogen form, 200-400 mesh, Bio-Rad
Laboratories, Richmond, CA) columns eluted with
increasing concentrations of HCI according to the
method of Laverty and Taylor [20]. The [*H]cate-
cholamines were then concentrated and further puri-
fied by passage of the Dowex eluates over alumina at
pH 8.6 {21]. The [#-*H]dopamine and [PHnorepine-
phrine were determined by counting aliquots of the
final alumina eluates by liquid scintillation spectro-
photometry (Beckman LS-250). Data were corrected
for the recovery of added standards (50 per cent)
through the two column chromatographic proced-
ures. Some of the alumina effluents were adjusted to
pH 10 with sodium borate buffer, 0.25 M, and the
[*H]Inormetanephrine was extracted by mechanical
shaking for 5 min into an equal volume of a toluene—
isoamyl alcohol mixture (3 :2) [22]. After centri-
fugation, aliquots of the organic phase were eva-
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ported in a sand bath at 110° and radioactivity was
determined. The measured [*H]norepinephrine and
[*Hlnormetanephrine were multiplied by a factor of
2 to correct for stereospecifiicty (see dopamine-f-
hydroxylase assay in vivo). Authentic norepinephrine
was measured in the alumina eluates by the technique
of von Euler and Lishajko [231.

Dopamine metabolites wereextracted fromratliver
and separated according to Spano and Neff [24].
{The Dowex columns were not employed for the liver
extracts since the levels of [*Hnorepinephrine were
assumed to be negligible.) The [*H]dopamine in the
0.2 N acetic acid eluates from the alumina columns
was counted directly. The [*H]dihydroxyphenyl-
acetic acid in the 1 N sulfuric acid eluate was
further purified by extraction into anhydrous diethyl
ether by mechanical shaking for 5 min. Aliguots of
the organic phase were evaporated in a scintillation
vial and radioactivity was determined. The deamina-
ted, O-methylated metabolites in the alumina
effluents were determined by extraction of the neutral
compounds into ethyl acetate at pH 6.0 [25] and of
the neutral plus acidic compounds into ethyl acetate
at pH 1.0. The major neutral metabolite, [FH]3-
methoxy-4-hydroxyphenylethanol, could then be
estimated directly by counting evaporated aliquots
of the organic phase obtained with the pH 6.0
extraction. The major acidic metabolite, [*H]3-
methoxy-4-hydroxyphenylacetic acid ([*HJhomo-
vanillic acid) was estimated by counting evaporated
aliquots of the organic phase obtained with the pH
1.0 extraction, and then correcting for the small
percentage of radioactivity representing neutral
compounds.

The remaining portion of the alumina effluents
was hydrolyzed at pH 1.0 under nitrogen [26]. The
resulting hydrolysate was recycled through alumina,
and conjugated [#-*H]dopamine and conjugated
[PH}dihydroxyphenylacetic acid (now present as free
compounds) were determined [27]. All data were
corrected for the recovery of added standards.

Table 1. Comparison of THO release and [*Hlnorepine-
phrine formation from [#-*Hldopamine in vitro with
purified dopamine-g-hydroxylase*

pmoles
[*H]dopamine reacted 0.34
[*H]norepinephrine formed 0.20
THO formed 0.17

* Values have been corrected for any reaction that took
place in the presence of boiled enzyme. For the dopamine
and norepinephrine, this blank was equal to about 20
per cent of the value in the presence of native enzyme; for
THO, it was equal to 2 per cent of the value with the
native enzyme. The enzymatic reaction was performed
for 90 min with bovine adrenal dopamine-f-hydroxylase
purified through the calcium phosphate gel step [28].
The enzyme was added to a reaction mixture containing
1.0 mM dopamine (3,929,000 cpm); 100 mM potassium
phosphate, pH 6.4; potassium ascorbate, 7.5 mM;
potassium fumarate, 62.5 mM; tranylcypromine, 0.7
mM; and 1000 units of catalase (beef liver) in a volume of
1ce.
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RESULTS

Before using the radioactive dopamine for studies
in vivo, we attempted to determine the position of the
tritium in the molecule. To do this, we tested the
compound as a substrate in an in vitro assay with
purified dopamine-@-hydroxylase [28]. The forma-
tion of [*H]norepinephrine was only slightly greater
than the amount of THO released (Table 1), an
indication that only a small fraction of the tritium
could be present in the x-position of the side chain or
in any other position in the molecule. The small
difference may be due to an isotope effect.

After the administration of [#-*H]dopamine to the
whole animal, the appearance of THO in blood was
roughly linear with time and partially inhibited by
pretreatment of the rats with disulfiram (Fig. 1).
Fusaric acid treatment also significantly decreased
THO release in the whole animal (Table 2). Disul-
firam pretreatment, however, had a less dramatic
effect on THO release than on the accumulation of
[PHlnorepinephrine in heart and spleen. As can be
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Fig. 1. Effect of disulfiram on the time course of the
accumulation of *H,O (THO) in blood after the adminis-
tration of [#-*H]dopamine. THO release is expressed as
per cent of administered [f-3H]dopamine released as
THO + S.E.M. The disulfiram-treated groups of animals
differed significantly (a single asterisk, P<0.1; a double
asterisk, P« 0.01) from the control group when compared
by the non-paired s-test. The amount of [*H]norepine-~
phrine formed as calculated according to the equation
given in Materials and Methods and includes the correc-
tion for stereospecificity, Disulfiram was injected intra-
peritoneally (250 mg/kg) 2.5 hr prior to administration of
[6-*H]dopamine. The number of animals (N) used in the
experiment was as follows: for the control group, at 5 min,
N =5; at 10min, N = 3; and 15 min, N = 3. For the
disuifiram group, at § min, N = 5; at 10 min, N = 4; and
at 15 min, N = 6. The calculated values for norepine-
phrine formation with their standard errors are as
follows: at S min, 1.76 + 0.49; at 10 min, 3.44 + 1.53;
and at 15 min, 5.78 + 1.49.
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Table 2.—Effect of dopamine-g-hydroxylase inhibitors on THO release in vivo*

Rate of THO release Estimated rate of dopamine-4-
(% of [#-*H}-dopamine converted hydroxylation (% dopamine
to THO/10 min) converted to norepinephrine/10 min)
Control animals 3.68 % 0.26 3.38 £ 0.72
Animals pretreated with fusaric acid 2.86 + 0.29% 1.74 + 0.76
Animals pretreated with disulfiram 1.99 + 0.25% 0

* Disulfiram was suspended in warm water containing 19, carboxymethyl-cellulose, sodium salt, and administered
intraperitoneally (150 mg/kg) 2.5 hr prior to [#-*H]dopamine. Fusaric acid, 80 mg/kg, was given intraperitoneally
1.25 hr prior to the radioactive dopamine. The control animals received an intraperitoneal injection of 1% carboxy-
methyleellulose sodium salt. The number of animals (N) in each group was as follows: controls, N = 12; fusaric
acid-treated, N = 7; and disulfiram~treated, N = 7. Data represent mean + S. E. M.

t The experimental groups were significantly different (P <0.005) when compared to the control group by non-
paired r-test.

1 P<0.001

Table 3. Effect of disulfiram pretreatment on THO release from [#-*H]dopamine in the whole animal and [*H]cate~
cholamine accumulation in heart and spleen*

Disulfiram-pretreated

Control animals animals Significance level

THO release (& conversion) Measured rate 435 + 036 3.02 £0.19 P < 0.01
Total radioactivity (cpm/organ) Spleen 195,100 £ 8,400 218,314 + 25,100

Heart 261,000 + 22,700 201,886 + 7,483 P < 0.05
[*H]dopamine (cpm/organ) Spleen 19,145 £ 2,454 36,834 + 7,260 P <01

Heart 12,917 + 1,839 10,505 + 1,580
[*H]norpinephrine (cpm/organ) Spleen 21,996 + 3,276 3,914 £ 1,480 P < 0.001

Heart 14,460 + 1,480 3,000 + 556 P < 0.001
[*H]normetanephrine (cpm/organ) Spleen 697 + 181 331 + 96 P<01
Authentic norepinephrine (s#g/organ) Spleen 0.65 £ 0.03 0.53 +£ 0.04 P < 0.05

Heart 0.66 + 0.09 0.54 + 0.03

* All data represent mean + S. E. M. Significance level was determined by comparing the disulfiram-pretreated
animals with the control group by the non-paired #-test. Disulfiram was suspended in carboxymethylcelinlose and
injected intraperitoneally (300 mg/kg) 2 hr before the [#-*H]dopamine. Control animals received an injection of an
equal volume of carboxymethylcellulose. There were seven animals in the control group and six animals in the disul-
firam-treated group.

Table 4, Effect of tranylcypromine on THO accumulation in blood, and [4-*H]dopamine metabolites in rat liver

extracts™®
Tranylcypromine  Tranylcypromine
Control (2 mg/kg) (8 mg/kg)

THO release (94 conversion) 3.63 + 0.38 3.96 + 0.22 4.03 + 0.05
[*H]dopamine 434 + 0.79 3.52 + 027 227 + 0.37%
[*H]dihydroxyphenylacetic acid 3.13 +£ 0.28 0.31 + 0.04% 0.19 4 0.05%
Conjugated [*H]}dopamine 20,0 £ 2.2 174 4+ 2.7 214 £ 49
Conjugated [PH]dihydroxyphenylacetic acid 1.73 £ 0.18 0.34 + 0.07¢ 0.28 + 0.02%
Neutral deaminated O-methylated metabolites (mainly

[BH13-methoxy-4-hydroxyphenylethanol) 0.53 £ 0.07 0.18 + 0.02% 0.12 + 0.01§
Acidic deaminated O-methylated metabolites (mainly)

[H]homovanillic acid) 3.66 + 0,73 1.40 + 0.23} 1.25 + 0.33t

* Data for the catecholamine metabolites represent mean percentage of total radioactivity present in the liver +
S. E. M. The individual doses of tranylcypromaine were administered intraperitoneally 16 hr and 2 hr prior to the
[8-*H]dopamine. The catecholamine metabolites were separated as described in Materials and Methods. We assumed
in this experiment that norepinephrine metabolites in liver were negligible. The number of animals (N} in each group
was as follows: control, N = 6; tranylcypromine (2 mg/kg) N = 7; and tranylcypromine (8 mg/kg) N = 5.

t The experimental group was significantly different from the control group (P < 0.05) when compared by the non-
paired z-test.

i P < 0.001.

§ P < 0.005.
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Table 5. Tranylcypromine pretreatment and the effect of dopamine-4-hydroxylase inhibitors on THO release in vivo*

Rate of THO release ( %, of [#-*H]dopamine converted

to THO/10 min)
Control animals 4.36 + 0.25
Animals pretreated with tranylcypromine 4.05 + 0.26
Animals pretreated with tranylcypromine and fusaric acid 241 + 0.17%
Animals pretreated with tranylcypromine and disulfiram 217 £ 0.14%

* Data represent mean per cent + S. E. M. Tranylcypromine (2 mg/kg) was dissolved in H,O and administered 16 hr
and 2 hr prior to the dopamine-8-hydroxylase assay in vivo. Disulfiram (300 mg/kg) was suspended in warm 19
carboxymethylcellulose and injected intraperitoneally 2.5 hr before the [#-*H]dopamine. Fusaric acid (80 mg/kg) was
administered intraperitoneally 1.25 hr before the isotope. The number of animals (N) in each group was as follows:
controls, N = 6; tranylcypromine, N = 7; tranylcypromine + fusaric acid, N = 8; and tranylcypromine + disul-

firam, N = 6.

t Experimental groups were statistically different (P < 0.001) when compared to the control group by the non-

paired z-test.

seen in Table 3, THO release, without correction for
stereospecificity of tritium release during the hydro-
xylation reaction, was inhibited 30 per cent, whereas
[PH]norepinephrine formation in spleenand heart was
inhibited about 80 per cent. These results suggest
that some other pathway of [#-*H]dopamine meta-
bolism, such as monoamine oxidation, contributed
to the formation of THO. Treatment of animals with
a monoamine oxidase inhibitor, tranylcypromine
[29], though effectively decreasing the conversion of
[#-*H]dopamine to its deaminated metabolites
(Table 4), failed to alter either net THO release in the
whole animal or the degree of inhibition caused by
inhibitors of dopamine-#-hydroxylase (Table 5). In
independent experiments, we obtained further
evidence for the in vivo effectiveness of tranyl-
cypromine by demonstrating that treatment with
this drug (2 mg/kg 16 hr and 2 hr prior to sacrifice)
caused a greater than 90 per cent inhibition of
monoamine oxidase activity measured in extracts of
kidney and liver with either [#-*H]dopamine or
[*H]3-methoxy-4-hydroxyphenylethylamine as sub-
strates [30]. Treatment with another monoamine
oxidase inhibitor, iproniazid [31] (100 mg/kg 18 hr
prior to sacrifice), also failed to alter THO release
in vivo.

Although our studies with various inhibitors have
not identified the reaction that leads to the disulfiram-
insensitive release of tritium, it should be noted that
the extent of inhibition of THO release by disulfiram

treatment appears to increase with time, i.e. after 5
min there is little, if any, additional release of THO
in the disulfiram-treated rats (see Fig. 1).

We tested the tritium-release in vivo assay of
dopamine-$-hydroxylase with physiological and
pharmacological manipulations known to alter the
activity of the sympathetic nervous system. When
administered intravenously [32] or intraperitoneally
[331, 6-hydroxydopamine is known to destroy large
populations of sympathetic neurons and to lead to an
irreversible chemical sympathectomy. Treatment
with 6-hydroxydopamine was found to lead to a
slight (though highly significant) decrease in THO
release in vivo which is equal to a 40 per cent inhibi-
tion of norepinephrine formation (Table 6). We also
tested the effect of cold exposure with our assay,
since this form of stress is known to stimulate
catecholamine synthesis {34], and to lead to in-
creased levels of dopamine-f#-hydroxylase in sympa-
thetic neurons [35]. Cold stress led to an increase in
THO release in the whole animal and the effect
could be inhibited by both disulfiram and fusaric acid
(Table 7).

DISCUSSION

A tritium-release in vivo assay for dopamine-f-
hydroxylase is possible only if the isotope employed
is labeled specifically in the f-position. The [PH]-
dopamine used in these experiments was prepared by
catalytic reduction of arterenone hydrochloride, a

Table 6. Effects of 6-hydroxydopamine pretreatment on THO release from [#-*H]dopamine*

Rate of THO release Rate of norepinephine formation
Control animals 4.38 £ 0.12 3.96 + 0.65
6-Hydroxydopamine-treated animals 3,56 + 0.13} 2.32 + 0.65
Disulfiram-treated animals 2.40 + 0.30% 0

* All data represent mean per cent conversion + S. E. M. Rates are expressed as per cent conversion of [#-*H]-

dopamine to product in 10 min. Disulfiram was administered intraperitoneally (200 mg/kg) as a warm aqueous sus-
pension of carboxymethylcellulose. 6-Hydroxydopamine hydrobromide was dissolved in 19} sodium ascorbate, pH 6.0,
and 100 mg/kg (free base) was administered intraperitoneally 96 hr and 72 hr prior to the dopamine-g-hydroxylase
assay in vivo. The amount of isotope administered to the 6-hydroxydopamine-treated animals was adjusted for their 15
per cent decrease in body weight. The number of animals (N) in each group was as follows: control, N = 7; 6-hydroxy-
dopamine, N = 7; and disulfiram, N = 4.

1 Experimental groups were statistically different from the control group (P < 0.001) when compared by the non-
paired z-test.
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Table 7. Effect of cold stress on rate of THO release from [#-*H]dopamine*

Rate of THO release

Rate of norephrine formation

Experiment 1
Control animals (6)
Animals subjected to cold stress (7)
Animals, subjected to cold stress, pretreated
with disulfiram (4)

Experiment 2
Control animals (9)
Animals subjected to cold stress (8)
Animals, subjected to cold stress, pretreated
with fusaric acid (6)

3.73 + 0.27 3.36 + 0.24
4.61 + 0.387 6.08 + 1.09
1.57 £ 0.39%
4.25 + 0.08 3.82 £ 0.07
5.30 £ 0.10§ 5.60 £ 0.73
2.50 £ 0.35§

* All data represent mean per cent conversion + S. E. M. Rates are expressed as per cent conversion of [$-3H]-
dopamine to product in 10 min. The cold stressed animals were placed in the cold room at 0-4° for 72 hr, and their fur
wetted gently with H,O twice daily. The amount of isotope given these animals (100 x#Ci/kg) was corrected for the 10
per cent decrease in body weight associated with this stress. Disulfiram was administered intraperitoneally (300 mg/kg
to some of the cold stressed animals 3 hr prior to the dopamine-#-hydroxylase assay in vivo. The number of animals is
given in parentheses. Fusaric acid was administered intraperitoneally (80 mg/kg) to some of the cold stressed animals
1.25 br prior to the dopamine-g-hydroxylase assay in vivo. The rate of norepinephrine formation was calculated from
equation 3 on the assumption that in this experiment, as in most of the others (see Fig. 1 and Table 2), disulfiram
inhibits the rate of THO release in control animals by about 44 per cent. In experiment 2, we have also assumed that the
rate of [*H]norephinephrine formation in the fusaric acid-treated animals is negligible.

T The experimental group was statistically different from the control group (P < 0.05) when compared by the non-

paired r-test (one-tailed).

1 The experimental group was statistically different from each of the other groups (P < 0.01).
§ Each group was significantly different from each other group (P < 0.001).

procedure that is known to concentrate a large frac-
tion (greater than 90 per cent) of the tritium on the
B-positions of the side chain, although some labeling
of the a-position is possible.* The results of our
experiment with purified bovine adrenal dopamine-
fB-hydroxylase (Table 1) suggest that most, if not all,
of the tritium is in the A-position. The small discrep-
ancy between [*H]lnorepinephrine formation (20 per
cent of the starting isotope was converted to [*H]-
norepinephrine) and *H,O formation (17 per cent of
the isotope was converted to THO) may reflect
labeling of the a-position. Even if this discrepancy
does represent a-labeling, the data suggest that no
more than 15 per cent of the [*H]dopamine mole-
cules have their tritium in this position. The failure
of monoamine oxidase inhibitors to affect THO
release in the whole animal also suggests that a-
labeling of the [*H]dopamine is slight. Moreover, the
overall pattern of the data obtained in our experi-
ments in vivo provides further evidence that most of
the tritium is present in the g-position, and that an
appreciable fraction of the THO which accumulates
in blood after [*H]dopamine administration reflects
dopamine-g-hydroxylation in vivo. THO release in
the whole animal is decreased by known inhibitors of
dopamine-£-hydroxylase, decreased by chemical
sympathectomy, and increased by chronic exposure
of the animals to cold temperature. Since mono-
amine oxidation is quantitatively a much more
important pathway of dopamine metabolism than is
B-hydroxylation [9, 10], a significant amount of
label in the a-position (which would be lost during the
monoamine oxidation reaction) would, in all
probability, make it impossible to detect these

* Dr. Richard Young, New England Nuclear Corp.,
personal communication.

physiological alterations in vive in the rate of dopa-
mine-g-hydroxylation.

Although our data indicate that a large fraction
(approximately 30-50 per cent) of the THO which
accumulates in blood after [#-*H]dopamine adminis-
tration reflects release associated with g-hydroxyla-
tion, a high rate of THO release persists in animals
after their treatment with dopamine-8-hydroxylase
inhibitors. The reaction(s) responsible for this high
blank rate has not been identified. It is unlikely that
more than a small fraction of this THO release
reflects persistent, uninhibited dopamine-S-hydroxy-
lation since, as previously observed [6, 7], we find
that disulfiram causes an 80-85 per cent inhibition of
the conversion of [f-*H]dopamine to [*Hlnorepine-
phrine in heart and spleen (Table 3). It is possible
that disulfiram is a less effective inhibitor of dopa-
mine-f-hydroxylation in other organs, and that this
is the source of the persistent THO release observed
in animals treated with this drug. We are unaware,
however, of evidence in the literature for a disulfiram-
resistant population of dopamine-#-hydroxylase
molecules. It is also possible that the disulfiram-
resistant THO release results from a dopamine
monoamine oxidase pathway which is distinct from
the one we studied in rat liver (Table 4) and is
unaffected by tranylcypromine. It has been reported
that purified plasma amine oxidase releases THO
from the [#-*Hldopamine that we have employed in
these studies [36]. We have found, however, that
administration of iproniazid, an inhibitor of pyri-
doxal-containing amine oxidases {31], did not alter
the rate of THO release in the whole animal. We
have also explored the possibility that tritium release
was associated with some further step along the
monoamine oxidation pathway, such as the dehydro-
genation of the aldehyde intermediate. Treatment
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with the aldehyde dehydrogenase inhibitor, calcium
cyanamid [37], however, led to an increase rather
than a decrease in THO release (data not shown).
Since disulfiram is an aldehyde dehydrogenase
inhibitor [38], in addition to a dopamine-$-hydroxy-
lase inhibitor, it is possible that this drug traps the
unstable aldehyde intermediate in the monoamine
oxidase pathway and thereby promotes the release of
tritium. Such an effect of disulfiram would clearly
obscure its inhibition of dopamine-f-hydroxylase in
our tritium release assay. It is unlikely that this effect
is important, however, since pretreatment with
tranylcypromine, which prevents the formation of
the aldehyde, did not increase the percentage
inhibition of THO release achieved with disculfiram
{Table 5). Whatever the source of the THO in the
disulfiram-treated animals, the reaction that is
responsible for it appears to be specific for [f-*H}-
dopamine. After the administration of p-labeled
{*Hnorepinephrine of comparable specific activity
(6.4 Ci/m-mole), the rate of accumulation of THO
in blood was only 10 per cent of that seen after the
administration of [f-*H)dopamine.

The effects of 6-hydroxydopamine freatment on
the release iz vive of THO are in reasonable agree-
ment with the results expected from studies of the
effect of this drug on enzyme levels in sympathetic
neurons, Chemical sympathectomy causes a 50 per
cent decrease in dopamine-f-hydroxylase levels in
the stellate ganglia [39], a decrease that is consistent
with our finding that chemical sympathectomy
causes about a 41 per cent decrease in the calculated
rate of norepinephrine formation in vive (Table 6).
1t is possible that the somewhat smaller effect on
the hydroxylation rate was observed because certain
populations of sympathetic neurons, such as those in
the mesenteric vasculature [40], though immune to
the effects of 6-hydroxydopamine, are quantitatively
important sites of dopamine-f-hydroxylation and
THO release. On the other hand, the effect of cold
exposure on rate of THO release in vivo may even
exceed that expected from studies of dopamine-f-
hydroxylase levels in animals subjected to this form
of stress. Chronic cold exposure causes only a 20-25
per cent increase in dopamine-#-hydroxylase levels
in the superior cervical ganglia {35}, an increase that
must be compared to the 50-80 per cent increase in
the rate of norepinephrine formation that can be
calculated from the results of the /n vivo assay
(Table 7).

The sensitivity of the in vivo assay, as described, is
limited by the relatively high blank reaction, i.e. the
disulfiram-insensitive liberation of THO. Tt is
possible that the contribution of this blank rate can
be minimized by selection of a later time period for
the measurement of the amount of THO release.
Thus, as has been noted earlier, the results shown in
Fig. 1 indicate that a larger fraction of the THO
refease in vive is sensitive to the dopamine-§-
hydroxylase inhibitor, disulfiram, at later rather than
earlier times. Indeed, in the 5- to 15-min period,
most of the THO released appears to be inhibited by
disulfiram, This consideration is especially pertinent
to the clinical application of the method. If our in
vivo assay were to be used in humans to measure the
activity of dopamine-f-hydroxylase in various
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disease states, it seems likely that the contribution of
the blank reaction would not be excessive if the
THO in blood (or any other body fluid) were meas-
ured at several time periods after administration of
the tritiated dopamine. Rates of conversion would
then be calculated only from the later time periods.
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