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(29, 61, 177, 203) and the adrenal medulla
(190) and the observation that DBH is pres-
ent in blood (66, 194, 196) raised the possi-
bility that determinations of serum DBH
activity might provide a measure of the
release of catecholamines and of the func-
tion of the adrenal medulla and sympa-
thetic nerves. This possibility resulted in a
wave of enthusiasm for the measurement
of DBH in the blood of experimental ani-
mals and of patients with a variety of dis-
eases. The initial enthusiasm was followed
by disappointment when measurements of
serum DBH failed to yield dramatic new
insights into adrenergic function and when
the results of many studies proved to be
contradictory or confusing. However, at the
time that most of these experiments were
performed little was known of the regula-
tion of DBH activity in blood. Recent ki-
netic, pharmacological, and biochemical ge-
" netic studies in experimental animals and
in man have begun to clarify the regulation
of serum DBH and to result in a reevalua-
tion of many of the assumptions made by
earlier investigators. Even the basic as-
sumption that serum DBH directly reflects
exocytotic release of catecholamines has
been called into question. New information
may now make it possible to begin to eval-
uate serum DBH as an indicator of adren-
ergic status and function in a more critical
fashion. The purpose of this review is to
summarize present understanding of the
biochemistry, the regulation, and the pos-
sible significance of DBH in the blood of
man and of experimental animals and to
point out areas in which information is
lacking. The topics of biochemistry, assay
methods, source, fate, and regulation of se-
rum DBH as well as reported levels of
serum DBH in human disease will each be
discussed in turn. Although much is known
about DBH in neural tissue and in the
adrenal medulla, this information will be
described only when relevant to an under-
standing of serum DBH. Brief reviews of
various aspects of the topic of serum DBH
have appeared previously (59, 97, 100, 133,
172, 200).
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II. Biochemical Characteristics of
DBH

A. Introduction

The biochemical properties of DBH have
been determined in enzyme isolated from
the adrenal medulla and pheochromocyto-
mas and in homogenates of neuronal and
adrenal tissue from a variety of species. A
brief review of the biochemical properties
of DBH in solid tissues is necessary as an
introduction to a discussion of the biochem-
istry of serum DBH.

B. Biochemical Characteristics of
Adrenal DBH

Bovine adrenal DBH is a tetrameric gly-
coprotein with a molecular weight of ap-
proximately 290,000 daltons (23, 93, 191).
Each of the four subunits has a molecular
weight of about 75,000, and it has been
suggested that pairs of the subunits are
linked by disulfide bridges to form dimers,
two of which are joined by noncovalent
bonds (23, 117, 191). There are from 3 to 7
mol of copper per mol of DBH, and the
copper is essential for enzyme activity (93,
191). Purified bovine adrenal DBH copntains
approximately 4% carbohydrate by weight
(191). This carbohydrate is composed of
residues of mannose, glucosamine, galac-
tose, glucose, fucose, and sialic acid. The
observation that DBH is a glycoprotein has
facilitated the purification of the enzyme
since DBH binds to the lectin concanavalin
A, and affinity chromatography with con-
canavalin A has proven useful in the puri-
fication of the enzyme (9, 168). The prop-
erties of DBH purified from human pheo-
chromocytoma are similar to those of the
bovine adrenal enzyme except for a re-
ported tendency of the human pheochro-
mocytoma enzyme to aggregate (186) and
an increase in the quantity of the human
tumor DBH that is precipitated by the
lectin ricin (125) as compared with the bo-
vine enzyme.

Bovine adrenal DBH is a mixed function
oxidase that requires molecular oxygen and
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ascorbic acid or some other electron source
to catalyze the beta-hydroxylation of a va-
riety of phenylethylamine substrates (93).
The substrate specificity of the enzyme is
relatively broad, and many aromatic alkyl
amines may serve as substrates (93). Early
studies demonstrated that the addition of
dicarboxylic acids such as fumaric acid to
the reaction mixture resulted in an increase
in reaction velocity (93). Dicarboxylic acids
appear to function as activators of the en-
zyme. Finally, DBH activity is enhanced in
the presence of catalase. It is thought that
catalase prevents the inactivation of the
enzyme by peroxides (93).

DBH is associated with catecholamine-
containing vesicles in the adrenal medulla
and adrenergic nerves (82, 148, 182). Adren-
ergic nerves contain both small and large
dense core vesicles (48, 60). Although DBH
is associated with large dense core vesicles,
it is not universally agreed that the enzyme
is also associated with the smaller vesicles
(15, 28). A variable proportion of the DBH
may be released from isolated adrenal chro-
maffin granules and from adrenergic vesi-
cles by lysis (13, 82). In most tissues, the
majority of the enzyme is “membrane-
bound.” Some investigators have suggested
that this observation is an artifact of the
lysis procedure for large dense core adren-
ergic vesicles (94). Although it has been
speculated that the “soluble” enzyme re-
leased during vesicle lysis might represent
that released with catecholamines in vivo,
the relationship of the enzyme activity re-
leased from vesicles in vitro during lysis to
that released from an organ in response to
nerve stimulation is not clear.

Tissue homogenates contain potent
DBH inhibitors (31, 136). There are prob-
ably a variety of inhibitors with different
characteristics in different tissues (152).
Several approaches have been used to in-
activate DBH inhibitors so that the enzyme
activity can be measured accurately. These
include the dilution of tissue homogenates
and/or the addition to homogenates of re-
agents such as copper sulfate or N-ethyl-
maleimide (31, 136).
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C. Biochemical Characteristics of Serum
DBH

The biochemical properties of serum
DBH are very similar to those of DBH
isolated from the adrenal medulla. Serum
enzyme activity is increased in the presence
of catalase and of fumaric acid (196). Mo-
lecular oxygen and an electron donor such
as ascorbic acid are required by the enzyme
(196). Apparent K., values for the amine
substrate of the serum enzyme are similar
to those for the enzyme in homogenates of
solid tissue from the same species (196).
The electrophoretic mobility of serum
DBH, although different in different spe-
cies, is similar to that of the enzyme in solid
tissues from the same species (165). Finally,
there are serum DBH inhibitors that can
be inactivated by copper sulfate or N-ethyl-
maleimide (66, 196).

When human plasma is subjected to gel
filtration chromatography on Sephadex G-
200, approximately 80% of the DBH activ-
ity is associated with a species with an
apparent molecular weight of 560,000 and
20% of the enzyme activity is associated
with a species with an apparent molecular
weight of 189,000 (163). When these appar-
ent molecular weights are corrected by the
use of ultracentrifugation sedimentation,
the molecular weights of the two forms of
serum DBH have been calculated to be
approximately 289,000 and 147,000, respec-
tively. The high molecular weight species
may be a tetrameric form of the enzyme
while the lower molecular weight species
may represent a dimer. No interconversion
of the two species is found on repeat gel
filtration chromatography. Purified human
serum DBH consists of four subunits with
molecular weights of about 65,000 to 75,000
(56, 69, 126), and one report raises the pos-
sibility that these subunits may in turn
consist of two 32,000 dalton subunits (126).
In addition to affinity chromatography with
concanavalin A, chromatography with oc-
tyl-Sepharose has been reported to be use-
ful for the purification of the human serum
enzyme (56). Approximately 13% by weight.
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of purified human serum DBH is carbohy-
drate (127), and 95% of the enzyme activity
can be precipitated with concanavalin A
(125). Incubation of purified human serum
DBH with neuraminidase has been re-
ported to release 1.9 sialic acid residues per
subunit (125). This observation may have
relevance to the metabolic fate of the cir-
culating enzyme (130, 189). The character-
istics of plasma DBH inhibitors have also
been studied. Human plasma contains both
a dialyzable, copper-sensitive inhibitor and
a nondialyzable inhibitor that is not copper-
sensitive (78). From a practical clinical
point of view, human serum DBH activity
is very stable. For example, one group has
reported no change in the DBH activity of
plasma samples incubated at 37°C for up to
7 days (45).

In summary, most of the biochemical
properties of serum DBH are similar to
those of the enzyme purified from the ad-
renal medulla. Both are tetrameric glyco-
proteins. The molecular weights of both are
approximately 300,000 and the mechanism
of the enzymatic reaction is similar with a
requirement for molecular oxygen and for
an electron donor such as ascorbic acid.
Enzyme activity is increased in the pres-
ence of catalase and of a dicarboxylic acid
such as fumaric acid. Finally, enzyme inhib-
itors that can be inactivated with N-ethyl-
maleimide or by copper sulfate are present
in both solid tissues and in plasma. Knowl-
edge of these biochemical characteristics is
essential for an understanding of the assay
procedures used to measure serum DBH
activity.

III. Assay Procedures for Serum DBH

A. Introduction

The development of sensitive and spe-
cific assays of DBH activity led to the ob-
servation that the enzyme is present in
serum. Subsequently many modifications
of those original procedures as well as en-
tirely different assay methods have been
described. There is controversy as to
whether the same relative DBH activities
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are measured with different procedures.
Immunoassays for the measurement of se-
rum DBH protein have also been devel-
oped, and the possibility has been raised
that the measurement of immunoreactive
DBH (IDBH) might yield more informa-
tion about adrenergic function than the
measurement of DBH enzymatic activity.
There has also been disagreement whether
there is a significant positive correlation
between serum IDBH and DBH enzymatic
activity.

B. Assay of DBH Enzymatic Activity

The assays for DBH that were available
in the late 1960’s were useful primarily for
measurement of the activity of partially
purified enzyme or the activity in adrenal
medullary homogenates. The development
of a very sensitive coupled radiochemical
assay (66, 129) made it possible to measure
accurately DBH activity in sympathetically
innervated tissue and led to the observation
that the enzyme is present in blood (66, 194,
196). This assay was based on the conver-
sion of substrate to 8-hydroxylated product
by DBH, followed by the enzymatic meth-
ylation of the product of the DBH reaction
with a radioactively labeled methyl group
by the enzyme phenylethanolamine-N-
methyltransferase (noradrenalin N-meth-
yltransferase, E.C. 2.1.1.28, PNMT). Both
tyramine and B-phenylethylamine have
been used as substrates for the assay. Al-
though tyramine is a better substrate for
DBH than is phenylethylamine, in practice
phenylethylamine is often used because it
is possible to measure the broad range of
activities in human serum samples at a
single dilution and because it is not neces-
sary to dry the samples overnight to remove
a volatile radioactive contaminant that is
present in the final organic solvent extract
when tyramine is the substrate (129). In the
course of the reaction catalyzed by DBH,
tyramine is converted to octopamine and
phenylethylamine is converted to B-hy-
droxy-B-phenylethylamine (phenylethanol-
amine) (Fig. 1). The reaction is performed
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F1G6. 1. Assay procedures for dopamine S-hydroxylase (DBH) enzymatic activity. The reaction sequences of
several of the commonly used assay methods for the measurement of serum DBH enzymatic activity are shown.

in the presence of catalase, fumarate, and
ascorbic acid, and is terminated by the ad-
dition of a solution buffered to pH 8.6, far
above the 5.0 to 5.5 pH optimum of DBH.
At the same time that the DBH reaction is
stopped, “C-S-adenosyl-l-methionine and
partially purified bovine adrenal PNMT are
added to the reaction mixture. PNMT cat-
alyzes the N-methylation of the 8-hydrox-
ylated product with S-adenosyl-/-methio-
nine as the methyl donor to form syneph-
rine or N-methylphenylethanolamine from
octopamine or phenylethanolamine, re-
spectively (Fig. 1) (10). After the PNMT
reaction is terminated by the addition of a
borate buffer, pH 10, the radioactively la-
beled product is separated by organic sol-
vent extraction, and radioactivity is mea-
sured in a liquid scintillation counter. Sam-
ples that contain known quantities of oc-
topamine or phenylethanolamine are as-
sayed in parallel to make it possible to
express the results of the assay in terms of
nanomoles of product formed. One advan-
tage of the coupled radiochemical assay
over the procedures used prior to its intro-
duction is that “blank” values are signifi-
cantly lower and the sensitivity of the assay
is thus greater because the amine substrate

of the DBH reaction is not itself radioac-
tive.

Although the coupled radiochemical as-
say is very sensitive, it does have draw-
backs. Increasing concentrations of the
amine substrate for DBH (e.g., tyramine)
inhibit the PNMT catalyzed step (129, 196).
Therefore, the greatest sensitivity is ob-
tained with nonsaturating levels of sub-
strate, and the substrate concentrations
most often used in practice have been very
close to the K, values. It is primarily for
this reason that controversy has developed
as to whether the relative DBH activity
values obtained with this assay are com-
parable to those obtained with assay meth-
ods that use saturating concentrations of
substrate (see below). Controversy has also
developed as to whether copper sulfate or
N-ethylmaleimide should be used to coun-
teract the effects of serum DBH inhibitors.
Although similar activities are obtained in
the presence of both at optimal concentra-
tions (138), copper sulfate inhibits DBH as
its concentration is increased above these
values (129). Therefore, a titration must be
performed in each tissue studied to deter-
mine optimal concentrations of CuSO,. In
addition, CuSO;, inhibits the PNMT step of
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the reaction. Therefore, one modification of
the assay involves the addition of the che-
lating agent disodium ethylenediamine
tetraacetate (EDTA) to the mixture of '“C-
S-adenosyl-/-methionine, PNMT, and
buffer used to terminate the DBH reaction
(21). EDTA prevents the inhibition of
PNMT by CuSO,. EDTA also inhibits
DBH, so the addition of this reagent helps
to insure that the first stage of the reaction
is terminated. Other modifications of the
original procedure have been described
(89), but most of them have not been widely
adopted.

Even though the coupled radiochemical
assay has been used extensively by inves-
tigators who measure DBH activity in tis-
sue homogenates and in the serum of ex-
perimental animals, other assay procedures
have been described and have found wide
acceptance, particularly for the measure-
ment of human serum DBH. The most
popular of these and probably the most
commonly used procedure for the determi-
nation of DBH activity in human blood is
a spectrophotometric assay (138). In this
assay tyramine is converted to octopamine
by DBH, and the octopamine is converted
to p-hydroxybenzaldehyde by sodium per-
iodate treatment after isolation of octopa-
mine by ion exchange chromatography
(Fig. 1). The p-hydroxybenzaldehyde is
measured spectrophotometrically. The ad-
vantages of this procedure include the lack
of requirement for expensive radioactive
isotopes or the necessity to purify PNMT.
In addition, DBH activity can be measured
in the presence of saturating concentrations
of substrate since there is not a second
enzymatic step that is inhibited by the
amine substrate. The major disadvantage
of the procedure is its relative lack of sen-
sitivity. It was pointed out in the initial
description of the assay that it could not be
used for the measurement of DBH in the
serum of experimental animals (138). In
addition, the assay is not sufficiently sen-
sitive to measure the enzyme activity in
many adrenergically innervated tissues.
Several modifications of this procedure
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have been described which attempt to in-
crease its sensitivity. In one of these 2-'*C-
tyramine is used as substrate. The tyramine
is converted to radioactively labeled octo-
pamine, which is then converted to '“C-p-
hydroxybenzaldehyde. The final radioac-
tive product is separated by organic solvent
extraction (137, 209). This method is re-
ported to be sensitive enough to measure
DBH activity in rat serum. However, one
of the difficulties with this approach, a dif-
ficulty that plagued the DBH assays of the
late 1960s, is the problem of high “blanks.”
To obtain acceptable blank values the ra-
dioactively labeled tyramine substrate
must be purified by paper chromatography.
Another modification of the periodate
cleavage assay is based on the use of dual-
wavelength spectrophotometry. The spec-
trophotometric assay is performed as orig-
inally described except for the addition of
a step in which the p-hydroxybenzaldehyde
is separated by organic solvent extraction
and its absorbance is then measured by
dual-wavelength spectrophotometry (91,
92). This procedure is reported to be sen-
sitive enough to measure DBH activity in
the serum of experimental animals and in
homogenates of many sympathetically in-
nervated tissues. Yet another modification
of the periodate cleavage assay involves the
use of 1-"C-tyramine as substrate. This
compound is converted to 1-'“C-octopa-
mine by DBH, and radioactively labeled
formamide is produced by periodate cleav-
age (Fig. 1). The “C-formamide is oxidized
to “CO, by KMnO,, and the “CO, is
trapped prior to the measurement of its
radioactivity (85). This procedure has also
been reported to be sensitive enough to
measure DBH activity in rat serum. Re-
cently, high performance liquid chromatog-
raphy has been used to separate products
of the DBH reaction which are then de-
tected fluorometrically (49, 58). Undoubt-
edly, additional assay procedures will ap-
pear in the future. An attempt has been
made here to summarize the principles of
only those procedures that are most widely
used at the present.
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The question of whether similar relative
enzyme activities are measured with the
two most commonly used assays, the cou-
pled radiochemical procedure and the spec-
trophotometric assay, is an important one.
A very high correlation of the relative en-
zyme activities measured with both proce-
dures in 15 randomly selected blood sam-
ples was reported in one early experiment
(116). In a larger study of 93 blood samples
from consecutive randomly selected blood
donors at the Mayo Clinic, DBH activity
was measured with both methods (Fig. 2).
The spectrophotometric method was per-
formed exactly as described by Nagatsu
and Udenfriend (138) and the coupled ra-
diochemical assay was performed with
phenylethylamine as substrate (196, 197,
201). The average activities of these sam-
ples were 47.4 + 2.5 L.U. (mean + S EM.)
by the spectrophotometric method and 796
+ 45 nmol/hr/ml by the coupled radi-
ochemical method (Fig. 2). The correlation
coefficient for DBH activities measured
with the two methods was 0.94 (P < .001)
(Weinshilboum, unpublished observation).
Based on an analysis of the data shown in
Figure 2, the results of the two methods
could be interconverted best by multiplying
the results of the spectrophotometric
method by 18.9 or by dividing the results of
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the coupled radiochemical assay by 18.9
(42). These data make it much less likely
that differences in the results of experi-
ments performed with the two assays can
be attributed to systematic differences in
relative enzyme activities due to the
method of measurement.

The term “serum” DBH has been used
consistently to this point. DBH activity is
also easily measured in plasma from blood
anticoagulated with heparin. There is no
difference between the enzyme activity
measured in serum or in heparinized
plasma (196), but, since DBH is a copper-
containing enzyme that is inhibited by che-
lating agents (72), plasma from blood anti-
coagulated with chelating agents should not
be used to assay enzyme activity. In the
subsequent discussion “plasma” DBH will
always refer to samples from blood anticoa-
gulated with heparin.

In summary, there are several methods
for the measurement of serum DBH enzy-
matic activity, but only two, the coupled
radiochemical assay and the spectrophoto-
metric method have been widely used. Each
procedure has advantages and disadvan-
tages. The spectrophotometric method has
gained the widest use clinically for the mea-
surement of enzyme activity in human se-
rum samples. The relative lack of sensitiv-
ity of this method and the fact that it
cannot be used for the determination of
DBH activity in serum samples or tissue
homogenates from experimental animals is
a serious limitation. However, the spectro-
photometric method is probably the
method of choice for a laboratory that is
engaged only in the routine measurement
of human serum DBH activity. In a labo-
ratory in which DBH activity will be mea-
sured in samples of serum or tissue homog-
enates from experimental animals, the cou-
pled enzyme radiochemical assay offers
sensitivity adequate for both animal exper-
iments and for certain biochemical and ge-
netic studies of the very low levels of en-
zyme activity in some human serum sam-
ples. Relative values obtained with these
two different methods of assay are highly
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correlated, at least in samples obtained un-
der “basal” conditions.

C. Normal Values of Serum DBH
Activity

It is important to have available “nor-
mal” values for serum DBH activity in man
and experimental animals. Unfortunately,
direct comparisons of the results of inde-
pendent studies are often difficult because
a variety of assay methods, substrates, and
methods for the expression of enzyme activ-
ity have been used. Whenever an attempt
is made to compare results it must be re-
membered that two different substrates,
tyramine and phenylethylamine, have been
widely used, that subsaturating levels of
substrate are used in the coupled radi-
ochemical assay, and that the results of a
particular set of experiments may be ex-
pressed as umol/min/L (I1.U.), nmol/hr/ml,
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nmol/20 min/ml, etc. In addition, in some
early reports the reaction was performed at
a pH, 6.0, that resulted in lower activity
than that found in subsequent studies per-
formed at the pH optimum for the enzyme.
An attempt has been made in Table 1 to
summarize representative values of serum
DBH activity that have been reported with
different assay techniques and substrates.
At least two observations may be made on
the basis of the data shown in the table.
First, the average serum enzyme activities
in adult experimental animals is about 10
to 100 times less than that in adult human
blood. The earliest studies of serum DBH
showed that the rat serum enzyme activity
is much less than that in adult human
blood, and all experimental animals studied
thus far have much lower serum DBH ac-
tivity than does man (66, 196). Second, the
values for large human population studies

TABLE 1
Serum dopamine B-hydroxylase (DBH) activity in man and experimental animals*
Activity
Species N (mean Range Units Substrate Method Ref.
SEM)
Man 54 426137 3-100 pmol/min/L  Tyramine Spectrophotometric 138
Man 100 31+3 2-100 pmol/min/L  Tyramine Spectrophotometric 184
Man 114 35 0-105  upmol/min/LL  Tyramine Spectrophotometric 77
Man 90 561 17-1743 nmol/hr/ml  Tyramine Coupled radiochem- 84
ical
Man 93 675+ 48 0-2145 nmol/hr/ml  Phenyleth-  Coupled radiochem- 4
ylamine ical
Man (age6-12) 841 686 + 15 0-2228 nmol/hr/ml  Phenyleth- Coupled radiochem- 202
ylamine ical
Man 227 682+ 28 0-2450 nmol/hr/ml  Phenyleth- Coupled radiochem- 202
ylamine ical
Rat 5 037 .01 pmol/min/L.  Tyramine Spectrophotometric 92
(dual wave-
length)
Guinea pig 5 037 .08 pumol/min/L  Tyramine Spectrophotometric 92
(dual wave-
length)
Japanese mon- 4 059 £ .01 pmol/min/L  Tyramine Spectrophotometric 90
key (dual wave-
length)
Rat (Sprague- 6 20 + 2.2 nmol/hr/ml  Tyramine Coupled radiochem- 151
Dawley) ical
Dog 8 27+ 04 nmol/hr/ml  Tyramine Coupled radiochem- 154
ical

* Serum DBH activities from studies of large numbers of human subjects and studies of several species of
experimental animals are shown. The table includes data with regard to the assay method, the method of
expression of enzyme activity, and the substrate used. Values expressed per 20 or 30 min of incubation have
been corrected to equivalent values for a 1-hr incubation.
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performed with the same assay methods
and substrates are fairly similar although in
occasional studies values quite different
from those usually found have been re-
ported (71). A third observation that cannot
be made on the basis of the data shown 'in
the table is that the distribution of human
serum DBH values is not “normal” in shape
but is skewed (116, 200, 201) (see Fig. 4,
middle panel). This skewness can best be
“corrected” by the use of the square root of
DBH rather than the enzyme activity itself
(200, 201). Such a transformation is useful
for the statistical treatment of data from
large population studies. The shape of the
frequency distribution will prove to be im-
portant in the subsequent discussion of the
role of inheritance in the regulation of the
enzyme activity in man. It is also important
to determine whether there are significant
differences in human serum DBH activity
among subjects of different ages, between
men and women, or among different racial
groups. There are very striking changes in
serum DBH in the course of growth and
development, and these changes are dis-
cussed in detail below. No significant male-
female differences have been reported in
any of the large population surveys that
have been performed (84, 123, 201). Al-
though several studies have shown that
DBH activity is slightly lower in the blood
of black than in that of white subjects (84,
123), one population survey of a large num-
ber of black and white subjects in the
United States failed to demonstrate a sig-
nificant racial difference in serum enzyme
values (123). Finally, serum DBH values in
normal subjects are quite stable over long
periods of time. This observation was made
in the earliest reports of serum DBH activ-
ity in man (196), and has been confirmed
repeatedly in subsequent studies (71, 84,
146).

D. Immunoassay of Serum DBH

1. Introduction. Soon after DBH activity
was observed in blood, the question of
whether the quantity of circulating DBH
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protein is correlated with the serum enzy-
matic activity was raised. It is possible that
the measurement of DBH protein might
yield more information about the exocy-
totic release of catecholamines than the
measurement of enzyme activity if a large
percentage of the enzyme is inactivated
during release from nerves or the adrenal
medulla. The answer to this question, a
question of whether there is a direct posi-
tive correlation of serum DBH enzymatic
activity and serum DBH protein content,
has been the subject of controversy. In ret-
rospect one of the reasons that different
laboratories obtained different results in
their measurements of IDBH was that the
relative lack of species crossreactivity of
anti-DBH antibodies was not always appre-
ciated. The two techniques that have been
used for the measurement of serum DBH
protein levels are immunotitration and ra-
dioimmunoassay.

2. Immunotitration of serum DBH. Im-
munotitration and immunoprecipitation
use antibodies against DBH to titrate or to
precipitate the enzyme activity. Increasing
amounts of the antibody are added to se-
rum samples, and the quantity needed to
remove or inactivate a specific proportion
of the enzyme activity is determined. The
underlying assumption is that the quantity
of antibody needed to titrate or to precipi-
tate the enzyme is directly related to the
quantity of enzyme protein present in the
sample. Unfortunately, absolute quantita-
tion of DBH is not possible with this tech-
nique, and the sensitivity of the method
decreases with decreasing basal levels of
enzyme activity since the procedure is
based on the measurement of the enzyme
activity that remains after titration. How-
ever, immunotitration does allow a relative
quantitation of DBH protein and thus a
determination of whether immunoreactive
DBH (IDBH) and the enzymatic activity
are correlated. In one early study antibodies
against purified bovine adrenal DBH were
used in an immunoprecipitation procedure.
There was a direct positive correlation be-
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tween the quantity of antibody needed to
titrate DBH and the enzyme activity in
blood samples from 50 randomly selected
blood donors (r = 09, P < .001) (18). In a
subsequent study antibodies against DBH
purified from a human pheochromocytoma
were used, and, once again, a direct positive
correlation of IDBH with enzymatic activ-
ity was found (r = 0.96, n = 61, P < .001)
(95). Finally, immunoprecipitation with an
antibody against DBH purified from hu-
man adrenal glands also showed a signifi-
cant positive correlation of serum enzy-
matic activity with IDBH values (r = 0.94,
n = 38, P < .001) (33). All of these data,
including those obtained with antibody to
heterologous DBH, were compatible with
the conclusion that there is a direct positive
correlation between DBH enzymatic activ-
ity and the quantity of IDBH in human
blood. Unfortunately, antibody to heterol-
ogous DBH did not give the same results
as antibody to homologous DBH in ra-
dioimmunoassay studies (34, 40, 169, 170).

3. Radioimmunoassay of serum DBH.
The first radioimmunoassay for serum
DBH used antibody against purified sheep
adrenal enzyme. When sheep adrenal DBH
was used as antigen, average IDBH values
of 0.59 + 0.02 ug/ml were found in blood
from five sheep (167). When this assay was
used to measure human plasma IDBH, ap-
parent values that ranged from 80 to 160
ng/ml were found (167). However, the au-
thors of this study pointed out that it was
not possible to quantitate human IDBH
accurately because of the lack of a homol-
ogous antigen. In a later study DBH was
purified from human pheochromocytoma,
antibodies were prepared against this anti-
gen, and a radioimmunoassay was devel-
oped. Human plasma IDBH levels with this
radioimmunoassay ranged from approxi-
mately 5 to 40 ug/ml, and there was a direct
positive correlation of IDBH with enzy-
matic activity measured with the coupled
radiochemical assay (r = 0.8, n = 60, P <
.01) (40). It was reported in 1974 that ra-
dioimmunoassay with antibody against bo-
vine adrenal DBH and an antigen purified
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from human adrenal glands showed human
serum IDBH values of 11.7 + 34.4 pug/ml
with “a complete lack of correlation” of
IDBH with enzymatic activity (169). How-
ever, a subsequent study by the same au-
thors found an “excellent” correlation be-
tween human serum IDBH and DBH en-
zymatic activity with a radioimmunoassay
that used antibody against homologous en-
zyme (r = 0.98, n = 52) (170). The values
for IDBH in this series ranged from 0.5 to
7.0 ug/ml. The authors speculated that the
difference in results obtained with anti-
bodies against homologous and heterolo-
gous protein were due to lack of crossreac-
tivity with the human enzyme of antibody
against bovine adrenal DBH. Finally, a ra-
dioimmunoassay study that used three sep-
arate anti-human DBH antibodies (one
anti-adrenal and two anti-pheochromocy-
toma) showed a direct positive correlation
of IDBH levels and enzyme activity with
all three antibodies (34). The correlation
coefficient for samples from 134 randomly
selected subjects aged 16 to 18 years was
0.84 (P < .001). The average IDBH levels
in these samples was 824 + 38 ng/ml (mean
+ S.E.M.). It now seems to be established
that measurement of IDBH in man yields
essentially the same information as the
measurement of DBH enzyme activity un-
der most conditions. Of course, the possi-
bility still exists that in selected pathologi-
cal states or under certain physiological
conditions the correlation of serum IDBH
with DBH activity will not hold.

E. Conclusion

Although much remains to be learned
about the measurement of DBH activity
and IDBH levels in blood, in man the re-
sults of the two most commonly used assay
procedures, the coupled radiochemical as-
say and the spectrophotometric method,
correlate well. The choice of an assay pro-
cedure depends on the specific needs of a
given laboratory and the purpose of the
experiments. When antibodies to homolo-
gous protein are used, there is an excellent
correlation of IDBH levels with DBH en-
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zymatic activity measured by either of the
commonly used enzyme assay procedures.

IV. Source and Fate of Serum DBH
A. Introduction

The suggestion that serum DBH might
serve as a measure of sympathoadrenal
function was based on the assumption that
the enzyme in blood originates from sym-
pathetic nerves and/or the adrenal me-
dulla. Sympathoadrenal “function” has
been assumed to mean the exocytotic
release of catecholamines. The assumption
that serum DBH might reflect exocytosis
resulted from the demonstration of the cou-
pled proportional release of DBH and cate-
cholamines during in vitro stimulation of
the adrenal medulla and sympathetic
nerves (29, 61, 177, 190, 203). Furthermore,
it has often been assumed that only the
“goluble” and not the “membrane bound”
DBH is released and eventually finds its
way into the circulation. A schematic rep-
resentation of this hypothetical series of
events is shown in Figure 3. It is important

RELEASE OF DBH

BLOOD
VESSEL

ADRENERGIC NERVE
TERMINAL

F1G. 3. The release of dopamine B-hydroxylase
(DBH) from an adrenergic varicosity. A schematic
representation of the release of DBH from an adren-
ergic varicosity is shown. Some of the assumptions
that underlie this scheme have been challenged (see
text for details).
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that the assumptions that underlie this
scheme be tested experimentally. In addi-
tion, it is essential that the biochemical
mechanism by which DBH is removed from
the circulation be understood if serum
levels of the enzyme activity are to be in-
terpreted correctly. Technical and ethical
considerations have limited studies of the
source and fate of human serum DBH; so
the majority of data have come from exper-
iments with laboratory animals. Caution
must be exercised in the extrapolation of
these results to man because of differences
between man and experimental animals in
basal serum enzyme activities, in patterns
of change in the enzyme activity during
development, and in the genetic regulation
of serum DBH.

B. Source of Serum DBH

The biochemical and immunological
characteristics of serum DBH are similar
to those of the enzyme in the adrenal me-
dulla. However, the biochemical similarity
of serum DBH to the enzyme in solid tis-
sues does not prove that the source of the
circulating enzyme is the adrenergic neuron
or the adrenal medulla. Removal of the
adrenal gland or the adrenal medulla does
not result in a significant decrease in serum
DBH activity in the rat (195, 199). Treat-
ment of rats with intravenous 6-hydroxy-
dopamine in doses that destroy the sym-
pathetic nerves in the heart and spleen
results in about a 25% reduction in the
serum enzyme activity, whether or not ad-
renal medullary tissue is present (195). De-
creases of rat serum DBH activity of more
than 40% occur when animals are treated
with very high doses of 6-hydroxydopamine
(22). Prolonged treatment of rats with gua-
nethidine in doses that destroy sympathetic
nerve terminals results in a 95% reduction
in cardiac DBH activity and a 50% reduc-
tion in serum DBH activity (73). A factor
common to these pharmacological experi-
ments is the destruction of sympathetic
nerve terminals. The results of experiments
with both 6-hydroxydopamine and guane-
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thidine are compatible with the conclusion
that a large part of the serum DBH activity
originates from sympathetic nerve termi-
nals. However, these results do not entirely
rule out an extraneuronal contribution to
the circulating activity, nor do they prove
that coupled release with catecholamines
during exocytosis is the process by which
all of the enzyme escapes from nerves into
the blood.

Several investigators have studied the
mechanism of DBH release into blood by
measuring both plasma catecholamines and
DBH in rats treated with drugs that alter
adrenergic activity. For example, treatment
of rats with bretylium for 4 hours results in
a greater than 50% decrease of plasma nor-
epinephrine in control and adrenalecto-
mized animals, but no change in serum
DBH activity (159). Treatment of rats for
48 or 72 hours with the ganglionic blocking
drug chlorisondamine reduces plasma nor-
epinephrine to virtually undetectable
levels, but there is no change in plasma
DBH activity (159). Exposure of rats to
phenoxybenzamine, a drug that increases
release of both norepinephrine and DBH
from nerve stimulated preparations in vitro
(87), presumably by blockade of presynap-
tic alpha-adrenoceptors (108), results in a
3-fold increase in plasma norepinephrine
levels after 24 and 48 hours that is associ-
ated with a slight decrease in serum DBH
activity (159). Although such data have
raised doubts about exocytotic release with
catecholamines as the source of basal serum
DBH activity, they cannot be interpreted
without knowledge of the half-life of the
circulating enzyme. However, these results
have recently been confirmed and extended
with an experimental approach that allows
estimates of the half-life of serum DBH to
be made. The technique involves injection
into rats of antibodies against rat DBH. A
profound reduction in serum DBH activity
occurs after the injection of an appropriate
quantity of antibody, a reduction thought
to result from the rapid clearance from the
circulation of immune complexes between

WEINSHILBOUM

antibody and endogenous enzyme. The ki-
netics of DBH entry and exit from the
circulation may then be estimated on the
basis of the rate of return of serum DBH
activity to normal levels (74). After treat-
ment with chlorisondamine for 11 days at
doses that result in a 3-fold reduction in
plasma catecholamine values, there is no
difference in the turnover of DBH deter-
mined with this technique, i.e., its rate of
entry into the circulation is unchanged (75).
Likewise, after 11 days of treatment with
phenoxybenzamine, treatment that results
in a doubling in plasma catecholamine
levels, there is no change in serum DBH
turnover (75). These results have led to the
suggestion that although the source of most
of the rat serum DBH is the adrenergic
neuron, much of the enzyme may enter the
blood by a process that does not involve
the coupled exocytotic release of enzyme
with catecholamines (75, 159). The inter-
pretation of these data depends on the half-
life of rat serum DBH—and thus on the
rate and mechanism of its removal from the
circulation as well as on the rate of entry.
These subjects will be discussed next.

C. Fate of Serum DBH

An early attempt to study the fate of
serum DBH involved the intravenous injec-
tion of '*I-labeled purified ovine adrenal
DBH into sheep (167). Half-life values of
about 3 hours were calculated from the rate
of disappearance of labeled enzyme after a
2-hour infusion. The highest levels of radio-
activity after infusions were found in the
lungs, kidneys, and liver (167). Two differ-
ent techniques have been used to estimate
the half-life of rat serum DBH. One ap-
proach has involved the intravenous injec-
tion of purified bovine adrenal DBH into
rats followed by the repetitive removal of
blood samples and the measurement of en-
zyme activity. The results of these experi-
ments revealed a biphasic decline in DBH
activity. There was an initial rapid phase
with a half-life of 2.2 to 3.0 hours followed
by a second phase with a half-life of 4.5 to
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5.5 days (64). Exogenous DBH activity ap-
peared in thoracic duct lymph very quickly
in these experiments, and the DBH activi-
ties of lymph and plasma were similar
within 2 to 3 hours (64). The results of
studies performed with both cats and dogs
are compatible with the conclusion that
lymph may be one avenue for the entry of
this large molecular weight protein into the
blood (81, 164). The results of similar stud-
ies in man are difficult to interpret (1).
Furthermore, no evidence of pulmonary in-
activation of human serum DBH was found
in a study of pulmonary artery and left
ventricular enzyme levels in 14 subjects
(181). A different approach to the determi-
nation of the half-life of rat serum DBH
involves the procedure described above in
which anti-rat DBH antibody is injected
into animals. The estimated half-life of se-
rum DBH in adult Sprague-Dawley rats
measured with this technique is approxi-
mately 4.2 days (74). It has been suggested
that the relatively short 3-hour half-life es-
timated in sheep might have represented
the initial “mixing” or redistribution phase
of the injected enzyme (64).

Very little is known of the biochemical
events associated with the removal of DBH
from the circulation. The metabolic fate of
many other plasma glycoproteins is related
to the structure of the carbohydrate portion
of the molecule. For example, if a terminal
sialic acid residue is removed from many of
these proteins, their half-life in blood is
shortened (130). Galactose is often exposed
by the removal of terminal sialic acid, and
a hepatocyte membrane binding site for
galactose is thought to play an important
role in the removal from the circulation of
desialylated plasma glycoproteins (189).
Whether similar biochemical factors affect
the half-life of serum DBH is not known.

D. Conclusion
Sympathetic nerve terminals in the rat
represent the source of much if not most of
the circulating DBH. The half-life of the
rat serum enzyme is approximately 4 days.
Most experiments have shown significant
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decreases in serum DBH activity after
treatment with drugs that destroy sympa-
thetic nerve terminals, but very little
change in the serum enzyme activity has
been found after pharmacological treat-
ment that alters the release of norepineph-
rine in response to nerve stimulation. These
results have raised serious questions with
regard to the assumption that basal serum
DBH activity in the rat results entirely
from the coupled exocytotic release of en-
zyme with catecholamines. However, the
results of many experiments indicate that
quantitatively small but significant in-
creases in rat serum DBH activity occur
during high levels of sympathetic nervous
system activity (see below). Finally, there
is very little information available with re-
gard to the source, half-life, and fate of
human serum DBH, and the relationship of
the observations made in the rat to the
situation in man is unclear.

V. Regulation of Serum DBH
A. Introduction

Information with regard to the source
and fate of serum DBH does not give a
complete picture of the regulation of the
circulating enzyme activity. When serum
DBH was first suggested as a measure of
adrenergic function, it was assumed that
the major source of variation in the enzyme
activity would prove to be the rate of nerve
stimulation induced release of DBH and
catecholamines, presumably via exocytosis.
It has subsequently become clear that a
variety of factors are involved in the regu-
lation of serum DBH and that the release
of enzyme with catecholamines is probably
only one factor among many that may con-
tribute to variation in the enzyme activity
in a given subject or to individual variations
among a group of subjects. For example,
there are dramatic changes in serum DBH
activity in experimental animals and man
during growth and development; genetic
factors play an extremely important role in
individual variations in man; and drugs,
stress, and hormones can all alter the en-



146

zyme activity. In the following discussion
the regulation of serum DBH by each of
these factors will be reviewed.

B. Effects of Growth and Development on
Serum DBH

1. Developmental changes in experi-
mental animals. In 1974 it was reported
that serum DBH activity is much higher in
3-week old than in 6- or 14-week old rats
(135). Several subsequent studies demon-
strated that the enzyme levels are 2 to 5
times as high in newborn as in adult
Sprague-Dawley rats; that serum DBH val-
ues rise to a peak approximately 3 to 7
times adult levels at 14 to 18 days of age;
and that the enzyme activity then declines
rapidly to adult values by about 50 to 60
days of age (12, 98, 107, 151). This pattern
contrasts with the changes in DBH activity
in sympathetically innervated organs of the
rat such as the heart or salivary glands in
which activity increases from birth to about
2 weeks of age and then remains constant
(107, 151). The same pattern of change in
serum DBH activity between 14 and 60
days of age has been found in a variety of
rat strains (151). No significant decrease in
total plasma catecholamine levels occurs
during this time interval. However, the
blood for these studies was obtained by
decapitation (151), a procedure now known
to result in the acute elevation of plasma
catecholamine levels (158).

Changes in rat serum DBH activity dur-
ing growth and development might result
from changes in the functional activity of
the sympathetic nervous system, from
changes in the biochemical properties of
DBH (i.e, “fetal” and “adult” forms of
DBH), from changes in the access of DBH
to the blood, or from changes in its rate of
removal from the circulation. No differ-
ences in the biochemical properties of DBH
were detected in the blood of 2-week-old
and 8-week-old rats (139), and, in one series
of experiments, there was very little change
in the apparent quantity of rat serum IDBH
between 2 and 8 weeks of age, a time inter-
val during which enzymatic activity de-
creases 5-fold. However, IDBH was mea-
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sured in these experiments with an immu-
noprecipitation procedure that used heter-
ologous (anti-bovine adrenal) antibody
(151). Subsequent experiments with ho-
mologous (anti-rat adrenal) antibody have
shown the expected proportionate and par-
allel decreases in IDBH and DBH enzy-
matic activity between 2 and 8 weeks of age
(Grzanna and Coyle, unpublished observa-
tion). These results emphasize once again
the dangers involved in the use of anti-
bodies to heterologous DBH. Experiments
in which young and older rats have been
injected with antibody to homologous DBH
have shown that the rates of degradation
and the half-lives of serum DBH are similar
in young and adult animals, but that the
rate of entry of DBH into the circulation is
four times faster in young than in older
Sprague-Dawley rats (Grzanna and Coyle,
unpublished observation). The biochemical
or physiological mechanism responsible for
the increased rate of entry of DBH into the
circulation of young rats is not clear. It is
clear that the pattern of change in serum
enzymatic activity with growth and devel-
opment in the rat is very different from
that in man or in the only nonhuman pri-
mate that has been studied, the Japanese
monkey (Maracci fuscata fuscata). Serum
DBH activity in these monkeys increases
approximately 10-fold between 3 months
and 10 years of age (90). There is no dra-
matic decline in activity with maturation.
The pattern of change in the Japanese
monkey during growth and development is
similar to that which takes place in man,
but the final adult enzyme levels in these
and other nonhuman primates are only
about !/100 those in human blood (90).

2. Developmental changes in man. Hu-
man serum DBH activity increases sharply
during the first years of life. In a group of
146 randomly selected subjects aged 1 day
to 39 years, there was a striking increase in
enzyme activity during the first 4 to 5 years
of life with no subsequent change up to age
39 (197). The average serum DBH activity
in 10 children under 6 months of age was
only about one-fifth to one-sixth of that in
adults. A study of 84 subjects from 1 day to
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60 years of age showed that the activity
increased an average of 12-fold from the
first year of life to the age range 20 to 40
(63). DBH enzymatic activity in the umbil-
ical cord blood of newborn infants has been
measured with several assay techniques
(58, 198, 204) and IDBH levels have been
determined by radicimmunoassay with ho-
mologous antibody (198). The values for
newborn infants have all been very low
when compared with values in adult sub-
jects. For example, in 32 consecutive, ran-
domly selected cord blood samples ob-
tained after normal full-term deliveries, the
average enzyme activity measured by cou-
pled radiochemical assay with phenyleth-
ylamine as substrate was 8.3 + 1.8 nmol/
hr/ml (mean + S.E.M.) (198), a value that
may be compared with an average of 686
+ 14.6 in 841 randomly selected children
aged 6 to 12. IDBH measured by radioim-
munoassay in eight randomly selected sam-
ples averaged 17.7 + 4.2 ng/ml compared
with an average level of 824 + 38 ng/ml in
134 randomly selected adolescents (34).
Population surveys of large numbers of
school children (841 subjects aged 6 to 12
and 630 subjects aged 13 to 18) have shown
that enzyme values by age 6 are comparable
to those in adult subjects with the possibil-
ity of a small peak in early adolescence
(192, 201, 202). Other population surveys
have indicated that a slight decrease in
activity might occur after age 50, although
the number of older subjects studied is
probably not adequate to reach a firm con-
clusion (147). In summary, human serum
DBH activity and IDBH levels are very low
at birth but increase in most subjects by
several orders of magnitude during growth
and development. The biochemical basis of
this increase is unknown. The relationship
of the increase in serum DBH to the genetic
regulation of the human serum enzyme is
discussed below.

C. Effects of Inheritance on Serum DBH

1. Introduction. Measurement of serum
DBH activity in subjects with genetic dis-
eases such as familial dysautonomia (see
below) raised the possibility that inherit-
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ance might play a role in the regulation of
the circulating enzyme activity. These ob-
servations stimulated biochemical genetic
studies of serum DBH, studies that have
shown that most of the variation of DBH
activity in a randomly selected human pop-
ulation is due to the effects of inheritance.
Much more is known about the genetic
regulation of serum DBH in man than is
known about the effect of inheritance on
the enzyme in experimental animals.

2. Biochemical genetics of serum DBH
in the rat. There are significant differences
in serum DBH activity among inbred
strains of rats, but the largest of these is
less than 2-fold. The mechanism of inher-
itance of rat serum DBH activity appears
to be complex (183 and Stolk, Hurst, Van
Rippen, and Harris, unpublished observa-
tion). Although the results of genetic stud-
ies in rodents are only preliminary in na-
ture, the differences between the situation
in man and the rat strains studied thus far
are striking. In man there are orders of
magnitude differences in the levels of en-
zyme activity among individuals, and the
trait of low enzyme activity is inherited in
a simple monogenic (mendelian) fashion
(202).

3. Biochemical genetics of serum DBH
in man. Investigation of the biochemical
genetics of human serum DBH has pro-
ceeded in a stepwise fashion. The possibil-
ity that inheritance might play a role in the
determination of the enzyme activity was
raised when significant correlations of se-
rum DBH activities among relatives were
reported. This observation led to the ex-
amination of distributions of enzyme activ-
ities in large populations. These distribu-
tions included a subgroup, approximately 3
to 4% of the population, with very low DBH
enzymatic activity. The results of family
studies were compatible with the mono-
genic (mendelian) inheritance of the trait
of low serum DBH activity. Radioimmu-
noassay studies demonstrated that low en-
zymatic activity and low IDBH segregate
together in families. Finally, other variant
forms of the enzyme were described that
did not segregate with the trait of low en-
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zymatic activity but which also had a sig-
nificant familial aggregation.

An early study of serum DBH activity in
317 randomly selected children aged 6 to 12
years demonstrated a highly significant sib-
ling-sibling correlation of enzyme activity
in 94 sibling pairs (r = 0.57, P < .001) (201).
If a trait is determined entirely by inherit-
ance, i.e., if its heritability is 1.0, the corre-
lation coefficient for the trait in monozy-
gotic twins would be expected to be 1.0
while that in siblings, dizygotic twins, and
parent-child pairs would be expected to be
0.5 (17). A later study of DBH activity in
randomly selected families reported corre-
lation coefficients of 0.50 for siblings, 0.51
for father-child pairs, and 0.48 for mother-
child pairs (147). It is difficult to separate
the effects of inheritance from those of
shared environment when only family data
such as these are available. Therefore, it
was significant that a separate group of
investigators reported a correlation coeffi-
cient for plasma DBH activity in monozy-
gotic twins of 0.96 and in dizygotic twins of
0.75 (166). The heritability of serum DBH
activity has been estimated to be 0.90 on
the basis of data from a separate twin study
(112).

Although family and twin studies indi-
cate that the heritability of plasma DBH
activity is high, these data give no infor-
mation about the mechanism of inherit-
ance, i.e., whether inheritance is monogenic
or polygenic. This question is of practical
importance because of the possibility that
the biochemical basis of a monogenically
inherited trait might be elucidated much
more easily than that of a trait determined
by a large number of genetic loci. It was
noted during a survey of DBH activity in
841 randomly selected children that while
the average value for the entire population
was 683 nmol/hr/ml, a subgroup of approx-
imately 3 to 4% of the population had very
low levels of activity (< 50 nmol/hr/ml,
Fig. 4, middle panel) (201, 202). DBH ac-
tivity was measured in blood from first
degree relatives of individuals with very low
enzyme activity in 22 families, and the re-
sults of pedigree and segregation analyses
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were compatible with the autosomal reces-
sive inheritance of an allele for very low
serum DBH activity (202). This is a com-
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F1G. 4. Distributions of serum dopamine 8-hydrox-
ylase (DBH) activities. Top panel: Serum DBH values
in siblings of probands with very low activity (< 50
nmol/hr/ml) from matings of two heterozygotes for
the trait of low enzyme activity, DBH". Approximately
one-fourth of these children have very low enzyme
activity. Middle panel: Serum DBH activities in 554
unrelated, randomly selected children aged 6 to 12 are
shown. This frequency distribution does not differ
significantly from that for 227 unrelated adults. Bot-
tom panel: Serum DBH activities in blood samples
from parents of children with very low enzyme activity
(< 50 nmol/hr/ml) who themselves had activity
greater than 50 nmol/hr/ml are shown. [By permission

of the Mayo Clinic Proceedings (183).]
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mon variant with an estimated gene fre-
quency of approximately 20%. About one-
third of a randomly selected population is
heterozygous for the trait. The enzyme ac-
tivity in the blood of obligate heterozygotes
for the allele for very low enzyme activity
is intermediate between that in homozy-
gous subjects and that in a randomly se-
lected population (Fig. 4, bottom panel). In
addition, in matings of two heterozygotes,
22% of the siblings of probands with low
activity had very low activity, a figure much
higher than the 3 to 4% found in a randomly
selected population and very close to the
25% figure predicted for mendelian inher-
itance (Fig. 4, top panel) (202). Measure-
ment of serum DBH activity in a large
kindred have confirmed the autosomal re-
cessive inheritance of the trait of low serum
DBH (42), and this polymorphism has been
estimated to be responsible for between 50
and 75% of the population variance of se-
rum DBH activity in man (42). The allele
for very low serum DBH activity has been
referred to as “d” with the alternative allele
designated “D” (202), but it has now been
proposed that the alleles for low and higher
enzymatic activity be designated DBH" and
DBH?, respectively (36, 193), to conform to
the recommendations of the Committee on
Nomenclature of the Third International
Workshop on Human Gene Mapping (20).

There are many biochemical mecha-
nisms that might explain the inherited dif-
ferences in serum DBH activity due to the
allele pair DBH: and DBH". Several of
these mechanisms would result in a de-
crease in the quantity of DBH protein in
the blood of subjects homozygous for the
trait. This possibility has been tested ex-
perimentally by the measurement of IDBH
by both immunoprecipitation and radioim-
munoassay. There is a direct positive cor-
relation between enzymatic activity and
IDBH measured by both immunoprecipi-
tation and radioimmunoassay in the blood
of subjects whose genotype for the allele
pair DBH* and DBH" has been determined
by family studies (33, 34). Approximately 3
to 4% of a randomly selected population
has very low levels of IDBH (< 100 ng/ml),
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and the traits of low IDBH (< 100 ng/ml)
and of low DBH enzymatic activity (< 50
nmol/hr/ml) segregate together in family
studies (34). These results are compatible
with the conclusion that the allele for very
low enzymatic activity, DBH™, results in a
decrease in the total quantity of DBH pro-
tein in blood.

Other variant forms of human serum
DBH have been described that have not
been as well characterized as the common
polymorphism for very low enzymatic ac-
tivity. For example, in the course of the
radioimmunoassay experiments described
above, one family was discovered in which
the ratios of IDBH to enzymatic DBH of
the mother and three of five children were
much higher than those in any of the other
200 subjects tested (34). This “dissociation”
of IDBH and enzymatic DBH values sug-
gests the existence of a rare variant of DBH
that is enzymatically less active than the
usual form of the enzyme. Finally, there is
a thermolabile variant of DBH that is found
in approximately 10% of a randomly se-
lected population. This variant also has a
significant familial aggregation, but does
not segregate with the trait of very low
enzymatic activity (35, 37).

Genetic effects on the “realization” of an
enzyme activity have been classified by Pai-
gen (153) as those due to structural gene,
regulatory gene, processing gene, or tem-
poral gene effects. At birth all children have
very low levels of both serum DBH enzy-
matic activity (< 50 nmol/hr/ml) and of
IDBH (< 100 ng/ml), levels similar to those
in adults homozygous for the allele DBH™.
There is a rapid increase in the mean en-
zymatic activity during the first years of
life. Therefore, the effect of DBH" is ap-
parently a “temporal” gene effect as defined
by Paigen, but the biochemical mechanism
that underlies this effect is not known.

4. Conclusion. The results of biochemi-
cal genetic studies of human serum DBH
activity require alteration in some of the
early assumptions with regard to this en-
zyme activity in man. Included among these
was the assumption that individual varia-
tions in DBH activity represent individual
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variations in the exocytotic release of cate-
cholamines. It is now clear that most of the
variation in serum DBH activity in a hu-
man population is determined by the allele
pair DBH" and DBH" (42). The relation-
ship, if any, of this genetic variation to
adrenergic function is unknown.

D. Other Sources of Regulation

1. Introduction. While the results of bio-
chemical genetic studies have required that
inheritance be assigned a much larger role
in the regulation of serum DBH activity,
the results of studies of the effects of phar-
macological, humoral, and physiological
manipulation have led to the conclusion
that the circulating enzyme activity gener-
ally shows only quantitatively small
changes in response to drugs, hormones, or
short-term stress. The following discussion
will examine the effects of these factors on
serum DBH.

2. Circadian rhythm. A. EXPERIMENTAL
ANIMAL STUDIES. There is a 24-hour
rhythm of serum DBH in some strains of
rat. The rhythm varies from strain to strain.
In 50-day-old male Holtzmann rats, serum
DBH activity is almost twice as great at 4
AM. as at any other time in the day (11).
However, a “dark phase” peak is not found
in the blood of either 50- or 112-day-old
Berkeley S1 rats (11). If 2-fold changes in
rat serum DBH activity do occur during a
24-hour period in some strains, this fact will
have to be taken into account in the design
of experiments that use those strains.

B. HUMAN sTUDIES. There have been
several reports of a 24-hour rhythm of hu-
man serum DBH (46, 118, 149). A trough in
enzyme activity occurs between midnight
and 4 A.M. The magnitude of the change is
small, only about 10% during a 24-hour
period. The rhythm is present in blind sub-
jects, and can be obliterated by either sleep
deprivation or by having the subjects re-
main supine for 24 hours (46, 149). These
latter observations have led to the sugges-
tion that the 24-hour rhythm in man is
related to activity and is not an intrinsic
rhythm.
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3. Drug and hormone effects. A. EX-
PERIMENTAL ANIMAL STUDIES. Rat serum
DBH activity increases 100 to 150% 5 weeks
after hypophysectomy (54, 106). One group
of investigators has reported that there is
no change in these elevated serum DBH
levels after 3 days of treatment with ACTH
(106), but another group found a significant
decrease after 7 days of ACTH but not after
dexamethasone treatment (54). Subcuta-
neous Pitressin for 4 days also resulted in
a striking decrease in posthypophysectomy
serum DBH activity (106), and Pitressin
treatment reduced serum DBH activity in
rats with inherited diabetes insipidus (212).
These findings seem to indicate that both
the adrenals and the posterior pituitary
may play a role in the increase in serum
DBH activity after removal of the pituitary.
Even larger increases of rat serum DBH
activity, 5- to 10-fold, occur in animals
made diabetic by treatment with strepto-
zotocin or alloxan (80). Although these ob-
servations have opened avenues for future
investigation of the role of hormones in the
regulation of serum DBH, it is not clear
whether alterations in the rate of DBH
entry into the blood or in the clearance of
DBH are responsible for the changes in
activity that occur with various types of
endocrine manipulation. A variety of exper-
iments have been performed in which drugs
have been used to study the source and fate
of DBH in laboratory animals, and the re-
sults of many of these experiments have
already been described.

B. HUMAN STUDIES. Striking changes in
human serum DBH activity occur in pa-
tients with thyroid disease or after treat-
ment of patients with thyroid hormone or
drugs that alter thyroid function. The av-
erage enzyme activity in 21 hyperthyroid
patients was 19 I.U. compared with an av-
erage of 40 1.U. in 41 normal subjects. DBH
activity increased from an average 22.3 1.U.
to an average of 40.5 L.U. in six hyperthy-
roid patients during therapy that resulted
in a decrease in serum thyroxin levels to
normal (144). A separate study showed that
the average DBH activity in 10 hypothy-
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roid patients was almost twice that in 23
control subjects, and was significantly less
in hyperthyroid patients than in control
subjects (141). DBH values also rose as
thyroxin levels fell during the treatment of
hyperthyroidism in these patients.
Contradictory results have been reported
with regard to changes in human serum
DBH activity during the menstrual cycle.
One group of investigators studied 12
women and reported that the enzyme activ-
ity peaks at values approximately 10%
above average monthly levels soon after
ovulation and decreases to values approxi-
mately 10% below the monthly average dur-
ing the premenstrual period (105). How-
ever, no consistent relationship of either
plasma norepinephrine or DBH to the men-
strual cycle was found in a separate study
of six subjects (213). The response of hu-
man serum DBH to hypoglycemia induced
by insulin is also controversial: DBH activ-
ity has been reported to increase to 50%
above control levels 1 hour after the intra-
venous injection of 0.15 L.U. of insulin per
kg of body weight, but to be unchanged
after the injection of 0.1 I.U. per kg (150).
In the same study urinary epinephrine val-
ues rose to 5.6 and 4.7 times control levels,
respectively, after the injection of the 0.15
LU. and 0.10 L.U. per kg doses of insulin.
However, another series of experiments
failed to demonstrate a change in serum
DBH activity after the injection of either
0.10 or 0.15 L.U. per kg (142). Finally, no
differences were found between the average
DBH activities of eight adrenalectomized
patients and 41 control subjects (143).
Many experiments have been performed
in which human serum DBH activity has
been measured after treatment with drugs,
usually drugs that alter adrenergic function.
As might be expected, treatment of patients
with known DBH inhibitors such as fusaric
acid results in a striking decrease in the
serum enzyme activity (121, 134). Of per-
haps more interest are experiments in
which drugs have been used as pharmaco-
logical probes to study either the source of
human serum DBH or the effects of the
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drug on adrenergic activity. Contradictory
results have been reported after treatment
of patients with beta-adrenoceptor blocking
agents such as propranolol. In one study it
was reported that there was no change in
the serum DBH activity of 15 hypertensive
patients after 2 to 3 weeks of treatment
with doses of propranolol that ranged from
80 to 750 mg per day even though blood
pressure values decreased significantly (2).
However, a small, approximately 10 to 20%,
increase in DBH activity within 5 minutes
after an oral dose of 120 to 240 mg of
propranolol was reported by a separate
group of investigators (38). Serum DBH
activity in 10 subjects increased 23 to 36%
1 hour after the intravenous injection of
200 mg of theophylline (7), increased an
average of about 10% 2 hours after treat-
ment of eight subjects with 20 mg of oral d-
amphetamine sulfate (119), and decreased
an average of 20% in eight subjects after 2
days of treatment with fenfluramine, 120
mg per day (27).

In summary, with the exception of alter-
ations in thyroid status or treatment with
specific DBH inhibitors, most changes in
human serum DBH activity in response to
drugs and hormones have been quantita-
tively small and have often proved difficult
to reproduce. The clear-cut changes that do
occur, such as those in thyroid disease, have
generally been interpreted as a reflection of
an alteration in adrenergic function. How-
ever, little is known of the effects of these
various treatments or diseases on removal
of DBH from the circulation.

4. Effects of stress. A. INTRODUCTION. Ini-
tially it was anticipated that prompt
changes in serum DBH activity of large
magnitude would occur in response to acute
stress. However, no changes in serum DBH
have been found in many experiments de-
signed to test this hypothesis under condi-
tions that result in large increases in plasma
or urinary catecholamines. In those exper-
iments in which changes in the serum en-
zyme levels have been observed, the eleva-
tions have often been small in magnitude.
As it has become clear that the half-life of
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serum DBH in the rat is measured in days,
the suggestion has been made that serum
DBH might be a better measure of the
chronic level of adrenergic activity rather
than of the acute release of catecholamines
by sympathetic nerves and the adrenal me-
dulla (172).

B. EXPERIMENTAL ANIMAL STUDIES.
Among the earliest experiments designed
to test the effects of stress on serum DBH
were studies with rats subjected to forced
immobilization (199), a procedure that re-
sults in a prompt elevation in urinary cat-
echolamine excretion (99). Quantitatively
.small (approximately 20%) but significant
increases in serum DBH activity occur after
a single 30-minute period of forced immo-
bilization. Repeated daily 2'%-hour periods
of immobilization for 7 days result in an
additional small increase in the enzyme ac-
tivity. Adrenalectomy does not alter the
basal levels of rat serum DBH activity nor
does it change the elevation that occurs
with forced immobilization (199). Rat se-
rum DBH activity is increased 42% after 2
hours of swim stress and remains elevated
for up to 24 hours (162). The return of DBH
activity to basal levels after swim stress is
biphasic, and the apparent half-life of the
enzyme during the first phase is approxi-
mately 3 hours, a value similar to that
reported for the “mixing” phase in the stud-
ies of the half-life of exogenous DBH in the
rat. There have been at least two studies of
the effect of acute hemorrhage on serum
DBH in the dog. In one series of experi-
ments between 40 to 60% of the blood vol-
ume was removed from each dog and
plasma DBH and catecholamines were
measured serially for up to 5 hours (154).
Although large increases in plasma epi-
nephrine and norepinephrine occurred
within 30 minutes after hemorrhage,
plasma DBH increased, but not signifi-
cantly, during the entire 5 hours. In a sep-
arate series of experiments blood was re-
moved until the blood pressure was reduced
to 35 mm Hg; blood pressure was main-
tained at that level for 1 hour, and the
blood was then reinfused (25). Plasma cat-
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echolamine levels increased up to 10-fold
after hemorrhage while plasma DBH con-
centrations and total plasma DBH “con-
tent” doubled. The peak of DBH activity
occurred later than that of catecholamines,
and the increases in both catecholamines
and DBH could be abolished by bilateral
adrenalectomy. Although different forms of
stress were used in experiments in the rat
and the dog, the striking differences in the
effect of adrenalectomy highlight our pres-
ent lack of information with regard to spe-
cies differences in serum DBH response to
stress. Reports of differences in the re-
sponse of rat, dog, and guinea pig serum
DBH to the same stress (24) emphasize the
need for experiments in several species and
the danger of attempts to extrapolate re-
sults from one species to another.

C. HUMAN STUDIES. There have been
many studies of the effect of acute stress on
human serum DBH activity. These experi-
ments have often used very similar stressful
stimuli including the cold-pressor test, ex-
ercise, and acute change in posture. The
cold-pressor test involves the immersion of
one hand, both hands, or even both hands
and both feet in ice water for 3 to 5 minutes,
a maneuver that results in a striking rise in
blood pressure. One early report described
an average increase in serum DBH activity
of about 15% in six subjects during the cold-
pressor test (210). A separate group of in-
vestigators measured both enzyme activity
and IDBH in six subjects during the cold-
pressor test (51). An average increase in
enzymatic activity of 18% and of 42% in
IDBH was found. Another study showed
that when the cold-pressor test was per-
formed on 10 subjects, DBH activity rose
10 to 18% in six of the 10, did not change in
two, and decreased in two subjects (—14%
and —25%)(185). The latter investigators
also reported that other serum constituents
such as total protein and lactic dehydrogen-
ase activity changed in parallel with DBH.
These results were interpreted to indicate
that short-term alterations in plasma vol-
ume during stress might result in quanti-
tatively small changes in DBH activity, an
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observation that has led to the suggestion
that the results of such experiments be
corrected for changes in total plasma pro-
tein. Some studies of human serum DBH
during the cold-pressor test have shown
little or no change in the enzyme activity
(146, 175, 207) even though blood pressure
increased and plasma norepinephrine rose
to as much as twice control levels (207). A
20% increase in serum DBH was found in
subjects at rest in a 10°C cold room for 30
minutes (55), but no change in serum DBH
activity was found after the rather extreme
stress of immersion to the neck in 10°C
water for 1 hour—a maneuver that resulted
in a decrease in core body temperature to
34.5°C (86).

Bicycle ergometry has been used fre-
quently to investigate the effects of exercise
on human serum DBH activity. One early
study reported that serum DBH activity
increased 15% in response to graded exer-
cise (210). In a later experiment in which
the work was gradually increased from 50
to 500 watts, an average 50% increase in the
circulating enzyme activity was found in
four subjects after 12 minutes of exercise
(14). A separate group of investigators re-
ported an average increase in serum DBH
of 256 £ 3% (mean + S EM.) among 34
volunteers subjected to work loads of 100
to 250 watts for 6 to 10 minutes (156).
Subjects with relatively low basal enzyme
activity had the same proportionate in-
crease in serum DBH activity as did sub-
jects with higher basal enzyme activity.
When both DBH and plasma catechol-
amines were measured in 11 healthy vol-
unteers during exercise ranging from 12.5
to 200 watts over a 12-minute period, DBH
activity increased an average of 30% while
plasma catecholamines increased 120 + 71%
(157). There was a significant correlation
between the percentage increase in plasma
DBH activity and the logarithm of the
plasma catecholamine concentration (r =
0.84, P < .001).

Changes in posture or in volume status
have also been used to study possible
changes in human serum DBH activity in
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response to stress. In one early experiment
no significant change in serum DBH activ-
ity was found after passive tilting (210).
These results were later confirmed in eight
subjects, and, although an average increase
of about 10% in DBH activity occurred
after these same eight subjects were fed a
10 mEq sodium diet for 4 days, this change
was not significant (131). In a series of
experiments that included acute changes in
posture, sodium loading, and sodium deple-
tion plus treatment with the diuretic furo-
semide, serum DBH in nine subjects in-
creased an average of 22% in response to
assumption of the upright posture and in-
creased an average of 30% over baseline
after sodium depletion plus treatment with
furosemide (188). Conversely, serum DBH
activity in seven subjects decreased an av-

. erage of 20% during volume expansion by

the intravenous infusion of 2400 ml of nor-
mal saline over a 2%-hour period (5). The
hematocrits of these subjects decreased an
average of 8% during the saline infusion.
Many other stimuli have been used to study
the effects of stress on human serum DBH,
e.g., electroconvulsive therapy (43, 104),
but, in general, the results have all been
similar—either no changes or quantita-
tively small changes in the enzyme activity
have been reported.

E. Conclusion

Many of the early assumptions about the
regulation of serum DBH activity and the
relationship of absolute serum DBH values
to adrenergic function must be reevaluated.
Initially it was assumed that the major
factor that determines serum DBH values
would be the coupled release of the enzyme
with catecholamines, i.e., adrenergic func-
tion. It is now clear that in man most of the
wide variation in enzyme activity among
individual subjects is due to the effect of
inheritance and that a single locus is re-
sponsible for at least half of the total pop-
ulation variation in enzyme activity. The
biochemical basis of the genetic effects, and
their relationship, if any, to adrenergic sta-
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tus and function are unknown. On the other
hand, acute stress or treatment with drugs
that alter sympathetic nervous system
function result in acute changes in serum
DBH activity that are small in magnitude,
at least as compared with the basal enzyme
levels and as compared with changes in
plasma catecholamine values. These facts
have dampened enthusiasm for the use of
serum DBH as a measure of acute altera-
tions in adrenergic function in man, al-
though the possibility that serum DBH
might be a measure of chronic alterations
in sympathetic nervous system function re-
mains open and must be tested experimen-
tally. The eventual interpretation of such
chronic experiments might be complicated
by the transsynaptic induction of DBH that
occurs with prolonged stress (128). The sit-
uation in the experimental animals that
have been studied is not much different
from that in man, although genetic factors
have not been shown to be as important in
these species as they are in man and little
is known about the variations among dif-
ferent species. Finally, the biochemical
basis for the dramatic changes in serum
DBH activity that occur in both man and
the rat during growth and development is
not understood.

VI. Serum DBH in Human Disease
A. Introduction

There has been great interest in the mea-
surement of serum DBH in the blood of
patients with a variety of diseases. It has
usually been assumed in these studies that
serum DBH is a direct measure of the func-
tion of the adrenergic nervous system, and
that variations among subjects in enzyme
activity reflect variations in the exocytotic
release of catecholamines. Often little con-
sideration has been given to the effects of
inheritance or growth and development on
variations in enzyme activity nor has the
possibility been considered that disease
might alter the metabolic clearance of the

enzyme. Since the primary purpose here is
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to focus on the meaning of serum DBH
activity and not to review the pathophysi-
ology of a variety of diseases, the following
discussion will not attempt to describe in
detail all the diseases mentioned. For simi-
lar reasons, the many important experi-
ments in which serum DBH has been used
to evaluate adrenergic function in animal
models of human disease, e.g., the sponta-
neously hypertensive rat, will not be de-
scribed here.

B. Hypertension

There has probably been more interest
in the measurement of DBH activity in
patients with hypertension than in patients
with any other disease. This situation is the
result of both the importance of hyperten-
sion as a public health problem and of
continued speculation that the sympathetic
nervous system may play an important role
in the pathogenesis of this disorder (26). It
is not the purpose of this discussion to
review the pathophysiology of hyperten-
sion. However, it must be pointed out that
patients with high blood pressure are di-
vided into those with secondary hyperten-
sion, patients in whom the etiology of the
hypertension is understood, and those with
“essential” hypertension, patients in whom
the etiology is not understood (171). Since
it is suspected that a variety of pathological
processes may cause essential hyperten-
sion, there has been an intensive effort to
subclassify patients with essential hyper-
tension on either clinical or biochemical
grounds. For example, patients may be clas-
sified clinically into those with “labile” or
“borderline” hypertension as opposed to
patients with fixed hypertension (88). An-
other approach involves the classification
of patients into those with “low”, “normal”,
and “high” renin hypertension according to
the status of the renin-angiotensin-aldoste-
rone system (109). Studies of serum DBH
in hypertension must be viewed against this
background. Initially these studies involved
only comparisons of DBH activity in blood
from patients with essential hypertension
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and b'ood from randomly selected control
subjects. Later experiments have included
the subclassification of patients into those
with labile hypertension or low renin hy-
pertension and have also added dynamic
tests of the status of the renin-angiotensin-
aldosterone system and the sympathetic
nervous system. In some recent studies si-
multaneous measurements of plasma cate-
cholamines and serum DBH have been per-
formed.

Large population surveys of randomly
selected subjects have not shown a signifi-
cant correlation of blood pressure values
with DBH activity. Similar results have
been reported in separate studies of 90
adults (84), of 841 children aged 6 to 12
(192, 202), of 68 normotensive adults (102),
and of 253 subjects selected after stratifi-
cation for race, sex, and age (123). Of per-
haps more immediate relevance to the
question of the pathophysiology of hyper-
tension, no significant differences were
found between the serum DBH activities of
normotensive control subjects and of hy-
pertensive patients in several large studies
including the following: 90 normotensive
and 70 hypertensive subjects (84); 93 nor-
motensive and 53 hypertensive subjects (4);
68 normotensive and 106 hypertensive sub-
jects (102); and 127 normotensive and 76
hypertensive subjects (71). There have
been occasional reports of results that differ
from these. For example, in one survey of
66 consecutive blood donors, DBH activity
was significantly lower in subjects with high
systolic blood pressure (greater than 130
mm Hg, 21 subjects) than in subjects with
low systolic blood pressure (less than 110
mm Hg, 19 subjects) (103). There has been
a report of a significant positive correlation
of serum DBH with diastolic blood pressure
and plasma catecholamine values among 28
hypertensive subjects (62). Unfortunately,
these results were obtained with a radioim-
munoassay performed with heterologous
antibody, a procedure about which serious
doubts have been raised (see discussion of
assay techniques above). Overall the weight
of the evidence based on the use of both
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the spectrophotometric assay and the cou-
pled radiochemical assay indicates that
basal DBH values are no different in nor-
motensive subjects and patients with essen-
tial hypertension, patients in whom second-
ary causes of hypertension have been ex-
cluded. However, these data do not elimi-
nate the possibility that a subgroup of pa
tients with essential hypertension might ex-
ist in whom DBH values are abnormal, nor
do they rule out the possibility that the
“response” of serum DBH activity to stress
might be altered in some hypertensive pa-
tients.

Several attempts have been made to
measure serum DBH in “subgroups” of pa-
tients with essential hypertension. No sig-
nificant correlation of serum DBH activity
with plasma renin activity was found in one
study of 20 hypertensive patients (3). How-
ever, in two separate studies serum DBH
values were lower in patients with low renin
hypertension than in patients with normal
renin values. In one of these reports seven
low renin patients had an average activity
of 53.7 + 149 LU. (mean + S.E.M.) com-
pared with 70.8 + 6.2 LU. in 42 patients
with normal renin values (110). However,
these differences were not statistically sig-
nificant. Another group of investigators re-
ported that serum DBH values in seven
patients with low renin hypertension were
significantly lower than those in 17 patients
with normal renin levels, 19.9 + 4.3 LU.
versus 43.9 + 5.0 L.U., respectively (P < .05)
(143).

Serum DBH values have been reported
to be elevated in patients with “labile” hy-
pertension, a clinically defined subgroup, as
compared with a randomly selected popu-
lation (173, 184). Differences between nor-
motensive subjects and hypertensive pa-
tients in the response of their serum DBH
to stress have also been reported. Patients
with essential hypertension have been re-
ported to have “hyporesponsive” changes
in DBH values during standing after treat-
ment with the diuretic furosemide (14 + 4%
increase in 39 patients compared with 32
+ 2% increase in 20 control subjects) (30),
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and to have “hyper-responsive” changes in
DBH values during exercise on a bicycle
ergometer (21 + 2.4% increase in eight hy-
pertensive patients and 11 + 1.1% increase
in eight control subjects) (155). Finally, no
significant correlation of serum DBH val-
ues with either urinary catecholamine ex-
cretion nor plasma catecholamine levels
has been found in several large studies of
hypertensive patients (71, 102), although
such a correlation has been reported to
occur in patients with labile hypertension
(173) and, as noted above, in a study that
measured DBH by radicimmunoassay with
a heterologous antibody (62). In summary,
no correlation of DBH with blood pressure
or basal catecholamine values and no sig-
nificant differences in values between pa-
tients with essential hypertension and nor-
motensive subjects have been found. The
results of various “stress” tests are confus-
ing. The possibility that serum DBH may
be elevated in patients with “labile” hyper-
tension or decreased in patients with low
renin hypertension remain open questions.
Serum DBH activity has also been mea-
sured in patients with secondary forms of
hypertension.

DBH activity has been reported to be
significantly decreased in patients with re-
novascular hypertension and hypertension
associated with adrenocortical pathology
and renal parenchymal disease (184). The
relationship between renal disease and se-
rum DBH is discussed below. DBH activity
has been measured frequently in patients
with pheochromocytoma. Part of the inter-
est in serum DBH levels in pheochromo-
cytoma results from controversy over
whether catecholamine release from these
tumors occurs by exocytosis (208). If release
occurs by exocytosis, it has been assumed
that a coupled proportional release of DBH
and catecholamines will occur and that cir-
culating levels of DBH will be elevated in
patients with these tumors. Perhaps be-
cause many reports describe only one or a
few cases, the results of these studies have
been contradictory. There is general agree-
ment that many patients have serum en-

WEINSHILBOUM

zyme levels within the range found in nor-
mal subjects, but this is hardly surprising
in view of the breadth of the normal range.
There are some reports of no change in
serum DBH levels after removal of a phe-
ochromocytoma and some reports of dra-
matic, but gradual, declines in serum en-
zyme activity (6, 8, 63, 79). Larger series
have generally demonstrated that there is
a decrease in serum DBH activity in some
patients after surgery to levels as low as 10
to 30% of preoperative values (8, 47, 96,
187). The half-life of the circulating enzyme
in man has been estimated as between 8
and 12 hours from such data by one group
of investigators (117). Since a postoperative
decrease in serum DBH has not been ob-
served in all patients, it has been suggested
that the mechanism of catecholamine
release may vary from tumor to tumor (8,
96, 187).

Serum DBH activity has also been mea-
sured in at least one important type of
hypertension related to drug therapy, that
which occurs during treatment with oral
contraceptives. Parallel increases in DBH
activity and blood pressure occurred in the
subgroup of patients who experienced ele-
vation in blood pressure when treated with
daily estrogen-progesterone contraceptives
(160). These results were thought to suggest
a possible role for the sympathetic nervous
system in oral contraceptive-related hyper-
tension. Finally, several studies have shown
that serum DBH values increase up to 50
to 60% during spontaneous or induced hy-
pertensive episodes in quadriplegic patients
(120, 132).

C. Renal Disease

Patients with hypertension associated
with renal parenchymal disease have de-
creased serum DBH activity (184). It has
also been reported that uremic patients in
general have decreased serum DBH activ-
ity. The average enzyme activity in a group
of 37 patients on chronic hemodialysis was
32 £ 17 I.U. (mean + S.D.) compared with
an average value of 50 + 29 in 70 control
subjects (179). An important problem in
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the management of uremic patients is the
occurrence of hypotension during hemodi-
alysis in some of these patients. In one
study of 10 patients who suffered from di-
alysis hypotension and 10 patients who did
not, it was found that the serum DBH
activity was higher, 42.8 + 5.1 1.U. (mean
+ S.E.M.), in patients who had difficulty
with hypotension than in those who did
not, 10.5 + 2.6 L.U. (115). However, a sepa-
rate study showed that DBH values were
lower in anephric patients with hypoten-
sion than in anephric patients without hy-
potension (206).

D. Cardiovascular Disease

Several groups have reported that on the
first and second day after myocardial in-
farction serum DBH is elevated to 150% of
enzyme levels on the 10th postinfarction
day (44, 77, 140, 145). The significance of
these observations is related to the possible
role of the sympathetic nervous system in
the etiology of cardiac arrhythmias, espe-
cially those that occur soon after myocar-
dial infarction. Unfortunately, because of
the wide individual variations in DBH ac-
tivity, measurement of the enzyme level in
a specific patient is not as useful as might
be hoped since the baseline levels for that
patient will be unknown when the infor-
mation would be most helpful, on the first
or second day after the myocardial infarc-
tion.

Serum DBH activity has been reported
to be decreased in blood from patients with
congestive heart failure of diverse etiolo-
gies. The average activity in the blood of 30
patients was 144 + 2.7 LU. (mean +
S.E.M.) while that in blood from 29 control
subjects was 47.1 + 4.7 (83).

E. Neurological Disease

Familial dysautonomia was one of the
first diseases in which a significant altera-
tion in serum DBH activity was reported.
This disease is characterized by altered au-
tonomic nervous system function and sen-
sory disturbances, occurs primarily in Ash-
kenazic Jewish children and is inherited in

157

an autosomal recessive fashion (16). Mea-
surements of urinary catecholamine metab-
olites have raised the possibility of an im-
pairment in the ability of children with this
disease to convert dopamine to norepineph-
rine (178), a reaction catalyzed by DBH.
Therefore, it was of interest when it was
found that the average serum DBH activity
in 19 patients over age 10 with familial
dysautonomia was only about 60% of that
in age-matched control subjects (197). In a
subsequent study young patients with fa-
milial dysautonomia had slightly lower
DBH activity than control subjects, and
eight dysautonomic patients over age 16
had serum DBH activity that averaged 57%
of that in the blood of control subjects (50).
The observation of a significant decrease of
serum DBH in the blood of subjects with
familial dysautonomia was also confirmed
in a later study in which both plasma cat-
echolamine levels and DBH activity was
measured (214). This latter study also
showed that plasma DBH in dysautonomic
patients does not increase after exercise or
after standing as much as it does in control
subjects.

Torsion dystonia is another inherited
neurological disorder in which an abnor-
mality in serum DBH activity has been
reported. The torsion dystonias comprise a
group of movement disorders that are clas-
sified on clinical and genetic grounds into
autosomal recessive, autosomal dominant,
and acquired forms (41). Average serum
DBH activity has been reported to be al-
most twice as high in blood from patients
with the autosomal dominant form of tor-
sion dystonia as in control subjects or in
patients with the autosomal recessive form
of the disease (211). This observation has
been challenged (39), and it remains uncer-
tain whether serum DBH values are ele-
vated in patients with this movement dis-
order. Other inherited diseases with neu-
rological manifestations in which altera-
tions in serum DBH have been reported
include Down’s syndrome, in which a sig-
nificant decrease in serum DBH activity
has been reported by several laboratories
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(19, 52, 205); the dysequilibrium syndrome,
an inherited disorder characterized by men-
tal retardation and other neurological man-
ifestations, in which low serum DBH has
been reported (76); and Huntington'’s cho-
rea, in which there have been reports of
both elevated and normal levels of serum
DBH activity (113, 122, 176). A very con-

- fusing situation exists with respect to the
Lesch-Nyhan syndrome. There have been
reports of both abnormally high (161) and
abnormally low levels (101) of serum DBH
activity in patients with this X-linked in-
herited disease characterized by neurologi-
cal dysfunction, self-mutilation, and defi-
ciency of the enzyme hypoxanthine guanine
phosphoribosyltransferase (174). Serum
DBH activity was 86% higher in a group of
17 subjects with migraine vascular head-
ache than in a group of 40 control subjects
(70), and 27 deeply comatose patients had
enzyme activities that were decreased to
approximately 60% of those in 51 control
subjects (114).

F. Psychiatric Disease

Partly because of speculation that a de-
crease in DBH activity in the brain might
be involved in the pathogenesis of schizo-
phrenia (180), there has been interest in
serum DBH activity in schizophrenic pa-
tients. Two early studies of relatively small
numbers of schizophrenic patients, 22 and
12 respectively, failed to demonstrate dif-
ferences in the enzyme activity in the blood
of these patients as compared with control
subjects (32, 67). Similar results were ob-
tained in a larger group of 52 schizophrenic
patients and 106 controls (204). All three of
these studies used the coupled radiochem-
ical enzyme assay, but the results were con-
firmed by a later study of 35 schizophrenic
patients that used the spectrophotometric
assay (124). It was surprising, therefore,
when a study of 149 schizophrenic patients
and 153 control subjects in which DBH
activity was measured with a high-perform-
ance liquid chromatography method
showed a significant decrease of serum
DBH activity in schizophrenic patients,
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162 + 12.6 LU. (mean + S.D.) compared
with control subjects, 42.5 + 30.9 L.U. (57).
The reason for this striking difference in
results is not clear.

The question of the level of serum DBH
activity in patients with affective disorders
is also unsettled. One study of eight manic
patients and 20 patients with unipolar pri-
mary affective disorder failed to demon-
strate a difference between their average
serum DBH activities and that in control
subjects (67). Similar results were found in
a study of 54 unipolar and 30 bipolar pa-
tients (204). There were no differences in
the DBH activities of 28 patients with uni-
polar and 86 with bipolar affective disorder
in another series and no relationship of
serum DBH activity to mood was found in
these patients during a 10-month prospec-
tive study (111). A separate study of 33
unipolar depressed, 19 bipolar depressed,
and 24 bipolar manic patients reported nor-
mal DBH values in these groups, but when
the depressed patients in the study were
separated into psychotically and nonpsy-
chotically depressed groups, the values in
22 unipolar psychotically depressed pa-
tients averaged 15.1 + 17.4 1.U. (mean %
S.D.) compared with 26.4 + 15.2 I.U. in 73
control subjects (124). The question of
whether serum DBH values are normal in
schizophrenic patients and in patients with
primary affective disorders remains to be
resolved.

G. Neoplastic Disease

Neuroblastoma, a common tumor of
childhood, originates from neural crest
cells. These tumors frequently have the
ability to synthesize catecholamines, and
serum DBH activities are elevated to 3 to
10 times the mean values in age-matched
control subjects in up to half of these pa-
tients (65). Elevated DBH levels are found
primarily in patients with increased urinary
excretion of vanillylmandelic acid, a metab-
olite of norepinephrine. These two obser-
vations are consistent since DBH is re-
quired for the formation of norepinephrine.
Elevated serum DBH activity has also been
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reported in some patients with leukemia
and hepatoma (68). Since most of these
patients are treated with potent antineo-
plastic agents, the possibility exists that the
removal of DBH from blood has been im-
paired either by the primary disease process
or by the treatment.

H. Endocrine Disease

Thyroid disease, discussed above, is one
example of endocrine pathology in which
there is a marked alteration in serum DBH.
There is also a striking decrease in the
serum DBH of diabetic patients with severe
diabetic neuropathy and idiopathic ortho-
static hypotension. The average enzyme ac-
tivity in four such patients was 6.7 + 4.2
LU. (mean + S.E.M.) compared with an
average 40.0 + 4.0 1.U. in 40 control subjects
(143). This situation contrasts sharply with
that in the rat in which 5- to 10-fold eleva-
tions of serum DBH occur with streptozo-
tocin induced diabetes (80), but may be
analogous to the sympathetic neuropathy
caused by the treatment of experimental
animals with 6-hydroxydopamine or gua-
nethidine (73,195).

I. Conclusion

A biochemical test may be used in a
variety of ways in a clinical setting. It may
be used to arrive at a diagnosis in an indi-
vidual patient, to follow disease progress in
an individual patient, or to increase under-
standing of the pathophysiology of a disease
by using the test as an investigative tool in
a large group of patients. Serum DBH ac-
tivity has been measured in patients with
the anticipation that it might prove useful
in each of these ways. Although much data
is now available with regard to serum DBH
and human disease, measurements of this
circulating enzyme activity have not ful-
filled all expectations. One reason that has
often been cited for disappointment in the
measurement of serum DBH in human dis-
ease is the relatively small magnitude of
the changes that are found. However, phy-
sicians are satisfied with the clinical signif-
icance of much smaller percentage changes
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in many tests, e.g., serum sodium concen-
tration. The difference here is the wide
individual variation in serum DBH values
in healthy subjects, variation that is pri-
marily controlled by inheritance. Changes
in the DBH values of diseased patients
usually occur within this normal range, a
fact that makes it almost impossible to use
single DBH measurements in an individual
patient for purposes of diagnosis. This does
not mean that serial determinations of se-
rum DBH might not prove useful to follow
the course of a disease or a treatment in an
individual patient, especially when com-
bined with other sources of information.
The most common use of DBH in clinical
investigation will probably continue to in-
volve the comparison of values in large
groups of patients with those in control
groups, control groups that should be large
and genetically appropriate. Finally, al-
though it has occasionally been suggested
that relative serum DBH values may reflect
the relative enzyme activity in nervous tis-
sue, there are no data presently available
that support this conclusion.

VII. Overall Conclusions and Future
Research

Much has been learned about serum
DBH since this catecholamine biosynthetic
enzyme was first found in blood. It is known
that the biochemical and immunological
properties of the circulating enzyme are
similar to those of DBH in the nervous
system and the adrenal medulla, that ad-
renergic nerves are the source of much of
the enzyme in experimental animals, and
that the half-life of the enzyme in the rat is
long. Human serum DBH activity is much
greater than that in any other species stud-
ied thus far, and the wide individual varia-
tions in human serum activity are deter-
mined primarily by inheritance. There are
dramatic changes in serum DBH activity
during growth and development. Increases
in circulating DBH occur in man and ex-
perimental animals in response to short-
term stress, but the magnitude of change is
small when compared with baseline levels
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of enzyme activity, a fact which might re-
sult from a long half-life of the serum en-
zyme. Finally serum DBH activity has been
measured in a variety of human diseases,
and several significant differences between
patients and normal subjects have been
reported.

However, much still remains to be
learned about serum DBH. The assumption
that the circulating enzyme originates en-
tirely from coupled proportional release
with catecholamines, presumably by exo-
cytosis, has been questioned. It must be
determined whether a process exists by
which DBH may be released from sympa-
thetic nerves independent of the release of
catecholamines. The biochemical basis of
genetic variations in human enzyme activ-
ity remains to be explored as does the bio-
chemical basis of the changes in serum ac-
tivity that occur with growth and develop-
ment. The metabolic fate of the circulating
enzyme is not known and the half-life of
serum DBH in man is not known. Imagi-
native experiments are needed to study the
disposition and half-life of the human en-
zyme, since this information is directly re-
lated to the possibility that serum DBH
might be a better measure of long-term
trends in adrenergic function than of acute
responses of the sympathetic nervous sys-
tem.

The initial wave of enthusiasm for the
assay of serum DBH as an easy and precise
measure of sympathoadrenal function has
passed. This enthusiasm was based on the
naive expectation that it would be possible
to assess sympathetic nervous system func-
tion by the measurement of serum DBH
with little understanding of the regulation
of the enzyme itself. It has become obvious
that a thorough understanding of the mech-
anism of release, the metabolism, the bio-
chemistry, and the regulation of the circu-
lating enzyme activity is essential for the
interpretation of the results of experimental
studies in animals and of clinical studies in
man. Even though substantial advances
have been made, important questions about
serum DBH remain to be answered. When
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these questions have been answered the
clinical data already available may be much
easier to interpret and may offer clues for
future experiments, the results of which will
be less confusing than many of those that
have appeared during the last decade. Un-
der the best circumstances, serum DBH
activity will almost certainly be only one
piece of information among many that will
be used to assess sympathoadrenal status
and function. However, the time may yet
come when the measurement of serum
DBH activity may prove useful both in the
research laboratory and in the clinic.

Acknowledgment. 1 thank Luanne Wussow for her
assistance with the preparation of this manuscript.

REFERENCES

1. ABERg, H. E., HaNsson, H. E., WETTERBERG, L., Ross,
S. B, anp FropEN, O.: Dopamine-g-hydroxylase in
humnn lymph. Life Sci. 14: 65-71, 1974.

2. AserG, H., HEDSTRAND, H., WETTERBERG, L., AND
Ross, S.: Dopamine-8- hydroxylan after treatment
with B-blockers in hypertension. Int. J. Clin. Pharma-
col. 11: 15-18. 1975.

3. ABerg, H., HEpsTRAND, H., WETTERBERG, L., AND
Ross, S. B.. Dopamine-g-hydroxylase and plasma
reinin activity in twenty hypertensive subjects. Upps-
ala J. Med. Sci. 80: 24-26, 1975.

4. Aserg, H., WETTERBERG, L., Ross, S. B., AND FRODEN,
0.: Dopamine-B-hydroxylase in hypertension. Acta
Med. Scand. 196:17-20, 1974.

5. ALEXANDER, R. W, GILL, J. R. JR,, YAMABE, H., Lov-
ENBERG, W.,, AND KEISER, H. R: Effects of dietary
sodium and of acute saline infusion on the interrela-
tionship between dopamine excretion and adrenergic
activity in man. J. Clin. Invest. 54:194-200, 1974.

6. Aunis, D., AND BoucLIER, M.: Comparative study of
plasma dopamine-g-hydroxylase activities in nor-
adrenaline-secreting and adrenaline-secreting phaeo-
chromocytomae. Clin. Exp. Pharmacol. Physiol. 4:
359-363, 1977.

7. Aunis, D., MANDEL, P., MIRAS-PORTUGAL, M. T., Co-
QUILLAT, G., ROHMA, F., AND WARTER, J. M.: Changes
of human plasma dopamine-BS-hydroxylase activity
after intravenous administration of theophylline. Brit.
J. Pharmacol. 53:425-427, 1975.

8. Aunis, D., MIRAs-PorTUGAL, M. T., CoQuiLLAT, G.,
WAnnn J. M., AND MAND!L,P Plasma dopumne~
B-hydroxylase in a norad ting p!
mocytoma. Clin. Chim. Acta 70:455-458, 1976.

9. Aunis, D., MIRAS-PORTUGAL, M. T., AND MANDEL, P.:
Bovine adrenal medullary dopami:wﬂ-hydmxyhu:
Studies on interaction with concanavalin A. J. Neuro-
chem. 24:425-431, 1975.

10. AXELROD, J.: Purification and properties of phenyletha-
nolamine-N-methyltransferase. J. Biol. Chem. 287:
1657-1660, 1962.

11. Banerdi, T. K, AND Quay, W. B.: Twenty-four hour
rhythm in plasma dopamine-B-hydroxylase activity:
Evidence of age and strain difference and an adreno-
medullary contribution. Chronobiologia Suppl. 1:299-
304, 1975.

12. BEHRENS, W. A., AND DEPOCAS, F.: Dopamine-g-hydrox-
ylase in rat serum and lymph: Changes with age and
effect of cold exposure. Can. J. Physiol. Pharmacol.




SERUM DOPAMINE S-HYDROXYLASE 161

53:1080-1088, 1975.

13. BELPAIRE, F., AND LADURON, P. Tissue fractionation
and catecholamines: Latency and activation properties
of dopamine-S-hydroxylase in adrenal medulla. Bio-
chem. Pharmacol. 17:411-421, 1968.

14. BENNETT, T., KEMP, P. A, AND WILSON, M. F.: Serum
dopamine-beta-hydroxylase activity: Exercise-induced
elevation in human subjects. J. Physiol. (London) 338:
57P-68P, 1974.

15. BisBY, M. A,, FILLENZ, M., AND SM1TH, A. D.: Evidence
for the presence of dopamine-8-hydroxylase in both
populations of noradrenaline storage vesicles in sym-
pathetic nerve terminals of the rat vas deferens. J.
Neurochem. 20:245-248, 1973.

16. BRUNT, P. W., AND McKusIcK, V. A.: Familial dysauton-
omia: A report of genetic and clinical studies, with a
review of the literature. Medicine (Baltimore) 49:343-
374, 1970.

17. CAVALLI-SPORZA, L. L., AND BoDMER, W. F.: The Ge-
netics of Human Populations, W. H. Freeman and Co.,
San Francisco, 1971.

18. CIARANELLO, R. D., AND WoOTEN, G. F.: Proportionality
between dopamine-S-hydroxylase and enzyme protein
concentration in human serum. Pharmacology (Basel)
12:272-282, 1974.

19. CoLEMAN, M., CamPBELL, M., FREEDMAN, L. S, Rorr-
MAN, M,, EBsTEIN, R. P., AND GOLDSTEIN, M.: Serum
dopamine-S-hydroxylase levels in Down’s syndrome.
Clin. Genet. 5:312-315, 1974.

20. CoMMITTEE ON NOMENCLATURE: Report of the Commit-
tee on Nomenclature. Birth Defects: Original Article
Series. 13:65-74, 1976.

21. CoYLE, J. T., AND AXELROD, J.. Dopamine-g-hydroxyl-
ase in the rat brain: developmental characteristics. J.
Neurochem. 19:449-459, 1972.

22. CovLe,J. T., WoorteN, G. F., AND AXELROD, J.: Evidence
for extranoradrenergic dopamine-g-hydroxylase activ-
ity in rat salivary gland. J. Neurochem. 22:923-929,
1974.

23. CRAINE, J. E,, DaniELs, G. H., AND KaurMaN, S.: Do-
pamine-S-hydroxylase. The subunit structure and an-
ion activation of the bovine adrenal enzyme. J. Biol.
Chem. 248:7838-7844, 1973.

24. CuBepDU, L.: Plasma and CSF DBH in animal stress
and human hypertension. Program and Abstracts. 4th
International Catecholamine Symposium, pp. 118,
1978.

25. CuBebppU, L., SANTIAGO, X. E.,, TALMACUR, R, AND
PINARDI, G.: Adrenal origin of the increase in plasma
dopamine-8-hydroxylase and catecholamines induced
by hemorrhagic hypotension in dogs. J. Pharmacol.
Exp. Ther. 208:687-597, 1977.

26. DE CHAMPLAIN, J.: The contribution of the sympathetic
nervous system to arterial hypertension. Can. J. Phys-
iol. Pharmacol. 56:341-353, 1978.

27. DE LA VEGA, C. E,, SLATER, S., ZIEGLER, M. G., LAKE, C.
R, ANDMUWY,D L.: Reductlonmplnmnnonp|~

during fenfluramine treatment. Clin. Phar-
macol. Ther. 21:216-221, 1977.

28. pE PoTTER, W. P, AND CHUBB, 1. W.: Biochemical ob-
servations on the formation of small noradrenergic
vesicles in the splenic nerve of the dog. Neuroscience

:167-174, 1977.

29. DE POTTER, W. P., DE SCHAEPDRYVER, A. F., MOERMAN,
EJ, ANDSIH'II.A.D Evidence for the release of
vesicle proteins together with noradrenaline upon
stimulation of the splenic nerve. J. Physiol. (London)

204:102P-104P, 1960.

30. DEQUATTRO, V., CAMPESE, V., LURVEY, A, YEN, G., AND
KypPripaxis, G.: Low response of serum dopamine-g-
hydroxylase to stimuli in primary hypertension. Bio-
chem. Med. 15:1-9, 1976.

31. Duch, D. S, Viveros, O. H., AND KIRSHNER, N.: Endog-
enous inhibitor(s) in adrenal medulla of dopamine-8-
hydroxylase. Biochem. Pharmacol. 17:256-264, 1968.

32. DUNNER, D. L., ConN, C. K., WEINsHILBOUM, R. M,

41.

42.

47.

49.

51.

AND WyATT, R. J.: The activity of dopamine-beta-
hydroxylase and methionine-activating enzyme in
blood of schizophrenic patients. Biol. Psychiat. 6:215-
220, 1973.

. DUNNETTE, J., AND WEINSHILBOUM, R.: Human serum

dopamine-g-hydroxylase: Correlation of enzymatic ac-
tivity with immunoreactive protein in genetically de-
fined samples. Amer. J. Hum. Genet. 28:155-166, 1976.

. DUNNETTE, J., AND WEINSHILBOUNM, R.: Inheritance of

low immunoreactive human plasma dopamine-S-hy-
droxylase: Radioimmunoassay studies. J. Clin. Invest.
60:1080-1087, 1977.

. DUNNETTE, J., AND WEINSHILBOUM, R.: Human plasma

dopamine-S-hydroxylase (DBH): A thermolabile var-
iant. Program and Abstracts. 4th International Cate-
cholamine Symposium, pp. 94, 1978.

. DUNNETTE, J., AND WEINSHILBOUM, R.: Human serum

dopnmme-ﬁ-hydmxyhne biochemical genetics. In

Catecholamines: Basic and Clinical Frontiers, ed. by 1.
Kopin, E. Usdin, and J. Barchas, Pergamon Press,
New York, in press.

. DUNNETTE, J., AND WEINSHILBOUM, R.: Human plasma

dopamine-S-hydroxylase: Variation in thermal stabil-
ity. Mol. Pharmacol. in press.

. EBEL, H., KLAUS, D., WrTZGALL, U., AND ZELINER, J.:

Plasma Dopamin-beta-hydroxylase unter der Behan-
dlung mit dem Beta-Rezeptorenblocker Propranolol.
Verh. Dtsch. Ges. Inn. Med. 83:1313-1316, 1976.

. EBSTEIN, R. P., FREEDMAN, L. S., LIEBERMAN, A., PARK,

D. H., PASTERNACK, B., GOLDSTEIN, M., AND COLE-
MAN, M.: A familial study of serum dopamine-S-hy-
droxylase levels in torsion dystonia. Neurology 34:684-
687, 1974.

. EBSTEIN, R. P., PARK, D. H., FREEDMAN, L. S, LevIiTzZ,

S. M, Onucm,'l‘ AND GOLDSTEIN, M.: A radioim-
munoassay of human circulatory dopamine-S-hydrox-
ylase. Life Sci. 13:769-774, 1973.

ELDRIGE, R.: The torsion dystonias: Literature review
and genetic and clinical studies. Neurology 11:1-79,
1970.

EvrstoNn, R. C., NaMBoODIRI, K. K., AND HAMES, C. G.:
Segregation and linkage analysis of dopamine-g-hy-
droxylase activity. Hum. Hered., in press.

. EsHeL, Y., KOorRCzYN, A. D, KuTz, L, ELIZUR, A., RABI-

NOWTTZ, R., AND GITTER, S.: Effect of electroconvulsive
treatment on serum dopamine-S-hydroxylase activity
in man. Experientia (Basel) 24:212-213, 1978.

. EsueL, Y., KorczyN, A. D., PARraN, E, CristaL, N,,

RaBiNowITZ, R, AnnGrrrn,S Serum dopamine-
beta-hydroxylase activity in acute cardiac disease.
Chest 74:522-525, 1978.

. EsHEL, Y., KORzZYN, A. D., RABINOWITZ, R., AND GITTER,

S.: The stability of dopamine-B-hydroxylase activity in
blood samples. Clin. Chim. Acta 83:291-292, 1978.

. FATRANSKA, M., KVETNANSKY, R, AND JAHNOVA, E.:

Circadian rhythm of serum dopamine-S-hydroxylase
activity in healthy and blind men. In Catecholamines
and Strees, ed. by E. Usdin, R. Kvetiiansky, and L J.
Kopin, pp. 575-581, Pergamon Prees, New York, 1976.

FELDMAN, J. M., BLALOCK, J. A, FARRELL, R. E, AND
WELLS, S. A.: Plasma and tumor dopamine-beta-hy-
droxylase activity in patients with familial pheochrom-
ocytomas. Metabolism 37:1797-1802, 1978.

. FILLENZ, M.: The factors which provide short-term and

long-term control of transmitter release. Progr. Neu-
robiol. 8:251-278, 1977.

FLATMARK, T., SXOTLAND, T., LIONES, T., AND INGE-
nmn.o C. lﬂuonnnmcdotachonofoctopmne
in high-performance liquid chromatography and its
application to the assay of dopamine S8-monooxygenase
in human serum. J. Chromatogr. 148:433-438, 1978.

. FRERDMAN, L. S, EBsTRIN, R. P., GOLDSTEIN, M., AX-

ELROD, F. B, AND DaNcI1s, J.: Serum dopamine-8-
hydroxylase in familial dysautonomia. J. Lab. Clin.
Med. 85:1008-1012, 1975.

FREEDMAN, L. S, EBSTEIN, R. P, PARK, D. H,, LEVITZ,



162 WEINSHILBOUM

S. M., AND GOLDSTEIN, M.: The effect of cold pressor
test in man on serum immunoreactive dopamine-S-
hydroxylase and on dopamine-B-hydroxylase activity.
Res. Commun. Chem. Pathol. Pharmacol. 6:873-878,
1973.

52. FREEDMAN, L. S., AND GOLDSTEIN, M.: Serum dopamine-
B-hydroxylase activity in Down's syndrome: A familial
study. Res. Commun. Chem. Pathol. Pharmacol. 8:
543-549, 1974.

53. FReEDMAN, L. S, OHucHI, T., GOLDSTEIN, M., AXELROD,
F., Fisn, L, AND DaNcIs, J.: Changes in human serum
dopamine-g-hydroxylase activity with age. Nature
(London) 236:310-311, 1972.

54. FREEDMAN, L. S, Rorruan, M., GOLDSTEIN, M., FUxe,
K., AND HokFELT, T.: Serum and tissue dopamine-S-
hydroxylase activity in hypophysectomized rats. Eur.
J. Pharmacol. 24:366-374, 1973.

56. FREwIN, D. B, DOWNEY, J. A, AND LEviTT, M.: The
effect of heat, cold and exercise on plasma dopamine-
B-hydroxylase activity in man. Can. J. Phsyiol. Phar-
macol. 5§1:986-989, 1973.

56. FriGon, R. P, aND StonE, R. A.: Human plasma dopa-
mine-f8-hydroxylase: Purification and properties. J.
Biol. Chem. 283:6780-6786, 1978.

57. Fudrta, F,, I10, T., MARUTA, K., TERADAIRA, R., BEPPU,
H., Naxacami, Y., Kato, Y., NaGaTsu, T., AND KaTo,
T.: Serum dopamine-g-hydroxylase in schizophrenic
patients. J. Neurochem. 30:1569-1572, 1978.

58. Fuirta, K., NaGaTsU, T., MARUTA, K., TERADAIRA, R,
Beppu, H,, TsuJdi, Y., AND KaToO, T.. Fluorescence
assay for dopamine-B-hydroxylase activity in human
serum by high performance liquid chromatography.
Anal. Biochem. 83:130-140, 1977.

59. GEFFEN, L.: Serum dopamine-B-hydroxylase as an index
of sympathetic function. Life Sci. 14:1593-1604, 1974.

60. GerreN, L. B, AND LiIveTT, B. G.: Synaptic vesicles in
sympathetic neurons. Physiol. Rev. §1:98-157, 1971.

61. GerreN, L. B, LiveTT, B. G, AND Rusi, R. A.: Immu-
nological localization of chromogranins in sheep sym-
pathetic neurons, and their release by nerve impulses.
J. Physiol. (London) 204:58P-59P, 1969.

62. GerrEN, L. B, Rush, R. A, Louis, W. J., AND DoYLE,
A. E.: Plasma dopamine-g-hydroxylase and noradren-
aline amounts in essential hypertension. Clin. Sci.
(London) 44:617-620, 1973.

63. GerreN, L. B, Rusy, R. A, Louis, W. J., AND DoYLE,
A. E.: Plasma catecholamine and dopamine-g-hydrox-
ylase amounts in phaeochromocytomn. Clin. Sci. (Lon-
don) 44:421-424, 1973.

64. GEYER, S. J., SCHANBERG, S. M., AND KIRSHNER, N.:
Turnover of dopamine-g-hydroxylase in rat blood and
lymph. In Structure and Function of Monoamine En-
zymes, ed. by E. Usdin, N. Weiner, and M. B. H.
};(;u?dun, pp. 423-438, Marcel Dekker, Inc., New York,

65. GOLDSTEIN, M., FREEDMAN, L. S., BoHuon, A. C., AND
GUERINOT, F.: Serum dopamine-g-hydroxylase activ-
iltg7i2n neuyroblastoma. N. Engl. J. Med. 386:1123-1125,

68. GOLDSTEIN, M., FREEDMAN, L. S.,, AND BONNARY, M.:
An assay for dopamine-g-hydroxylase activity in tis-
sues and serum. Experientia (Basel) 27:632-633, 1971.

67. GOLDSTEIN, M., FREEDMAN, L. S, EBsTEIN, R. P., AND
PaRk, D. H.: Studies on dopamine-g-hydroxylase in
mental disorders. J. Psychiat. Res. 11:205-210, 1974.

68. GOLDSTEIN, M., FREEDMAN, L. S, RorruaN, M., aAND
HeLsoN, L.: Serum dopamme-ﬁ-hydmxylue activity
in patients with leukemia and in patients with hepa-
toma. Eur. J. Cancer 9:233-235, 1973.

69. GoopwrN, J. S, BRUCKWICK, E. A, AND LovENBERG,
W. Pnriﬁation and properties of human serum do-
pamine-S-hydroxylase. Fed. Proc. 83:1495, 1974.

70. Goron, F., KANDA, T., SAkAl, F., YAMAMOTO, M., AND
TAKEOKA, T.: Serum dopamine-8-hydroxylase activity
in migraine. Arch. Neurol. 33:656-657, 1976.

71. GRANT, C., RouTH, J. I, LAWTEN, W, AND WrTTE, D. L.
The effects of therapy for mild hypertension on circu-
lating levels of dopamine-beta-hydroxylase. Clin.
Chim. Acta 69:333-340, 1976.

72. GREEN, A. L.: The inhibition of dopamine-S-oxidase by
chelating agents. Biochim. Biophys. Acta 81:394-397,
1964

73. GROBECKER, H., Ro1zen, M. F., JacoBowrrz, D. M., AND
Korin, L. J.: Effect of prolonged treatment with adren-
ergic neuron blocking drugs on sympathoadrenal reac-
tivity in rats. Eur. J. Pharmacol. 46:125-133, 1977.

74. GRZANNA, R, AND CoYLE. J. T.: Immunochemical stud-
ies on the turnover of rat serum dopamine-S-hydrox-
ylase. Mol. Pharmacol. 13:956-964, 1977.

75. GRZANNA, R. AND CoYLE, J. T.: Absence of a relationship
between sympathetic neuronal activity and turnover
of serum dopamine-B-hydroxylase. Naunyn-Schmie-
deberg’s Arch. Pharmakol. Exp. Pathol. 304:231-236,
1978.

76. GustavsoNn, K.-H., Ross, S. B., AND SANNER, G.: Low
serum dopamine-S-hydroxylase activity in the dyse-
quilibrium syndrome. Clin. Genet. 11:270-272, 1972.

77. GUTTEBERG, T., BoruD, O., AND STROMME, J. H.: Do-
pamine-S-hydroxylase activity in serum following
acute myocardial infarction: An evaluation of this pa-
rameter for routine use as an index of sympathetic
activity. Clin. Chim. Acta 69:61-66, 1976.

78. HARRALSON, J. D., AND BrowN, F. S.: Inhibitors of
dopamine-#-hydroxylase in human plasma. Proc. Soc.
Exp. Biol. Med. 149:643-645, 1975.

79. HeLLe, K. B, SErck-HANsSEN, G., Sovix, O., GUTTE-
BERG, T. J., HANsEN, J. R,, OsE, L., AND S1OA, K. F.:
Cmuhnng dopamine-S-hydroxylase and catechol-
amines in a paediatric phasochromocytoma. Clin. Exp.
Pharmacol. Physiol. 3:487-491, 1976.

80. HEMPSTEAD, J., HEAD, R., AND BERKOWITZ, B.: Regula-
tion of dopamine-S-hydroxylase in diabetes. Pharma-
cologist 20:186, 1978.

81. Haal, S. H., DAIRMAN, W., MARCHELLE, M., AND SPEC-
TOR, S.: Dopamine-g8-hydroxylase in dog lymph: Effect
of sympathetic activation. Life Sci. 14:2431-2439, 1974.

82. HOoRTNAGL, H., HORTNAGL, H., AND WINKLER, H.: Bo-
vine splenic nerve: Characterization of noradrenaline-
containing vesicles and other cell organelles by density
gradient centrifugation. J. Physiol. (London) 205:103-
114, 1969.

83. HorowrTrz, L. D., AND TRAVIS, V. L.: Low serum dopa-
mine S-hydroxylase activity: A marker of congestive
heart failure. J. Clin. Invest. 83:899-906, 1978.

84. Horowrrz, D., ALEXANDER, R. W., LovENBERG, W., AND
Keiser, H. R: Human serum dopamine-S-hydroxyl-
ase: Relationship to hypertension and sympathetic
activity. Circ. Res. 32:594-599, 1973.

85. Jou, T. H., Ross, R. A,, AND Rxis, D. J.: A simple and
sensitive assay for dopamine-S-hydroxylase. Anal. Bio-
chem. 62:248-254, 1974.

86. JOHNSON, D. G., HAYwaRrbD, J. S., Jacoss, T. P, CoLuis,
M. L., ECKERSON, J. D., AND WiLLIAMS, R. H.: Plasma
norepinephrine responses of man in cold water, J.
Appl. Physiol. 43:216-220, 1977.

87. JoHNsoN, D. G., THoa, N. B, WEINSHILBOUM, R., Ax-
ELROD, J., AND KorIN, 1. J.: Enhanced release of
dopamine-S-hydroxylase from sympathetic nerves by
calcium and phenoxybenzamine and its reversal by
prostaglandins. Proc. Nat. Acad. Sci. U.S.A. 68:2227-
2230, 1971.

88. JuLtus, S., ANDEsun,M Autonomic nervous cardio-

89. KARAHASANOGLU, A. M., Ozum.P T., D16Gs, D., AND
TiLooNn,d. T.: Amodnﬁedmethodforthemmt
of dopamine-g-hydroxylase. Anal. Biochem. 668:523-

531, 1975.
90. KaTto, T., IKUTA, K., NAGATSU, T., AND TAKAHASHI, K.:
in dopamine-S-hydroxylase activity of mon-



SERUM DOPAMINE S-HYDROXYLASE

k;; plasma with age. Experientia (Basel) 83:834-835
1976.

91. Karo, T., Kuzuva, H., AND NAGATSU, T.: A simple and
sensitive assay for dopamine-B-hydroxylase activity by
dual-wavelength spectrophotometry. Biochem. Med.
10:320-328, 1974.

2. Km'o, T., Wak1, Y., NagaTsu, T., AND ONisHl, T.: An

ved dual-wavelength spectrophotometnc assay
for dopamine-g-hydroxylase. Biochem. Pharmacol. 27:
829-831, 1978.

83. KAurMaN, S, AND FRIEDMAN, S.: Dopamine-beta-hy-
droxylase. Pharmacol. Rev. 17:71-100, 1965.

94. Kirxsey, D. F., KLEIN, R. L., BAGGET, J. McC., AND
GaspaRiS, M. S.: Evidence that most of the dopamine-
B-hydroxylase is not membrane bound in purified large
dense cored noradrenergic vesicles. Neuroscience 3:
71-81, 1978.

95. KIRSHNER, N., SCHANBERG, S. M., AND SacE, H. J:
Homoepecific activity of serum and tissue dopamine-
B-hydroxylase. Life Sci. 17:423-430, 1975.

96. KoBavasai, K., MIURA, Y., ToMIOKA, H., SAKUMA, H.,
ApacH1, M., SaT0, T., AND YOSHINAGA, K.: Exocytosis
plays an important role in catecholamine secretion
from human pheochromocytoma. Clin. Chim. Acta 88:
159-165, 1978.

97. Koriy, L J., KaurMan, S, VIVEros, H., JacoBowrTz,
D., Lake, C. R, ZiEGLER, M. G., LOVENBERG, W., AND
Goopwin, F. K.: Dopamine-B-hydroxylase: Basic and
clinical studies. Ann. Intern. Med. 85:211-223, 1976.

98. Kuzuya, H,, IkeNo, T., IkENO, K., KaTO, T., AND NA-
GAT8U, T.: Dopamine-S-hydroxylase activity in serum
of developing rats. Experientia (Basel) 32:16-18, 1976.

99. KVETNANSKY, R., AND MIKULAJ, L.: Adrenal and urinary
catecholamines in rats during adaptation to repeated
immobilization stress. Endocrinology 87:738-743,
1870.

100. LADURON, P.: Scope and limitation in dopamine-8-hy-
droxylase m ments. Bioch Pharmacol. 24:
557-562, 1975.

101. Lake, C. R, AND ZIEGLER, M. C.: Lesch-Nyhan syn-
drome: low dopamine-B-hydroxylase activity and di-
minished sympathetic response to stress and posture.
Science 196:905-906, 1977.

102. LAk, C. R, ZIEGLER, M. G., COLEMAN, M., AND KoPIN,
I. J.: Lack of correlation of plasma norepinephrine and
dopamine-S8-hydroxylase in hypertensive and normo-
tensive subjects. Circ. Res. 41:865-869, 1977.

103. LaMPRECHT, F., ANDRES, R., AND KoPIN, L. J.: Serum
dopamine-f-hydroxylase: Constancy of levels of nor-
motensive adults and decreases with development of
blood pressure elevation. Life Sci. 17:749-754, 1975.

104. LamPreCHT, F., EBRRT, M. H,, TUREK, L., AND KoPIN, 1.
J.: Serum dopamine-beta-hydroxylase in depressed pa-
tients and the effect of electroconvulsive shock treat-
ment. Psychopharmacologia 40:241-248, 1974.

105. LAMPRECHT, F., MATTA, R. J., LITTLE, B, AND ZARN, T.
P.: Plasma dopamine-8-hydroxylase activity during
the menstrual cycle. Psychosom. Med. 36:304-310,
1974.

106. LAMPRECHT, F., AND WoOTEN, G. F.: Effect of hypoph-
ysectomy on serum dopamine-beta-hydroxylase activ-
ity in the rat. Endocrinology 92:1543-1546, 1973.

107. LAMPRECHT, F., AND WoOTEN, G. F.: Serum dopamine-
B-hydroxylase activity in the rat during post-natal
development. J. Neural Transm. 39:301-307, 1976.

108. LANGER, S. Z.: Presynaptic receptors and their role in
the regulation of transmitter release. Brit. J. Pharma-
col. 60:481-497, 1977.

109. LARAGH, J. H,, BAER, L., BRUNNER, H. R., BUHLER, F.
R, SEALEY, J. E,, AND VAUGHAN, E. D.: Renin, angio-
tensin and aldosterone system in pathogenesis and
management of hypertensive vascular disease. Amer.
J. Med. 82:633-652, 1972.

110. LawToN, W. J., GRANT, C., WrTTE, D. L, AND FITZ, A.
E.: Plasma renin activity and dopamine beta hydrox-

163

ylase in ambulatory mild hypertensive patients. Clin.
Res. 23:506A, 1975.

111. Levrrr, M., DUNNER, D. L., MENDLEWICZ, J., FREWIN,
D. B,, LAwLOR, W., FLEISS, J. L., STOLLONE, F., AND
FIEvE, R. R.: Plasma dopamine-g8-hydroxylase activity
in affective disorder. Psychopharmacologia 46:205-
210, 1976.

112. Levrrt, M., AND MENDLEWICZ, J.: A genetic study of
plasma dopamine-B-hydroxylase in affective disorder.
Mod. Probl. Pharmacopeychiat. 10:89-98, 1975.

113. LIEBEPMAN, A. N, FREEDMAN, L. S., AND GOLDSTEIN,
M.: Serum dopamine-g-hydroxylase activity in pa-
tients with Huntington’s chorea and Parkinson’s dis-
ease. Lancet 1:153-154, 1972,

114. LieBERMAN, A. N., KoREIN, J., FREEDMAN, L., AND
SIEGEL, K.: Changes in serum dopamine beta hydrox-
ylase activity related to coma. Dis. Nerv. Syst. 37:490-
492, 1976.

115. LiLLEY, J. J., GOLDEN, J., AND STONE, R. A.: Adrenergic
regulation of blood pressure in chronic renal failure. J.
Clin. Invest. §7:1190-1200, 1976.

116. LOovENBERG, W., BRUCEWICK, E. A., ALEXANDER, R. W,
Horwrrz, D., AND KEISER, H. R.: Evaluation of serum
dopamine-S-hydroxylase activity as an index of sym-
pathetic nervous activity in man. In Neuropsycho-
pharmacology of Monoamines and Their Regulatory
Enzymes, ed. by E. Usdin, pp. 121-128, Raven Press,
New York, 1974.

117. LovENBERG, W., GOODWIN, J. R., AND WALLACE, E. F.:
Molecular properties and regulation of dopamine-g-
hydroxylase. In Neurobiological Mechanisms of Adap-
tation and Behavior, ed. by A. J. Mandell, pp. 77-93,
Raven Press, New York, 1975.

118. MARKIANOS, E., AND BECKMANN, H.: Diurnal changes in
dopamine-g-hydroxylase, homovanillic acid and 3-
methoxy-4-hydroxyphenylglycol in serum of man. J.
Neural Transm. 39:798-93, 1976.

119. MARKIANOS, E. S, NYsTROM, 1., REICHEL, H., AND Ma-
TUSSEK, N.: Serum dopamine-S-hydroxylase in psychi-
atric patients and normals. Effect of d-amphetamine
and haloperidol. Psychopharmacology 80:259-267,
1976.

120. MaTHiAS, C. J., SMrTH, A. D, FRankeL, H. L, aND
SPAULDING, J. M. K.: Dopamine-S8-hydroxylase release
during hypertension from sympathetic nervous over-
activity in man. Cardiovasc. Res. 10:176-181, 1976.

121. MATTA, R. J.,, AND WooOTEN, G. F.: Pharmacology of
fusaric acid in man. Clin. Pharmacol. Ther. 14:541-
546, 1973.

122. MaTTssoN, B, WETTERBERG, L., aAND Ross, S. B.:
Plasma dopamine-beta-hydroxylase in Huntington’s
chorea. Acta Psychiat. Scand. Suppl. 255:237-244,
1974.

123. McGurrn, W. L, Heiss, G., TYROLER, H. A, HAMES,
C. G., AND GUNNELLS, J. C.: Longitudinal study of
dopamine-8-hydroxylase and hypertension in a bira-
cial population sample. Clin. Res. 24:248A, 1976.

124. MELTZER, H. Y., CHo, H. W., CARROLL, B. J., AND Russo,
P.: Serum dopamine-S-hydroxylase activity in the af-
fective psychoses and schizophrenia. Arch. Gen. Psy-
chiat. 33:585-591, 1976.

125. MIrAs-PorTUGAL, M. T., AUNIS, D., AND MANDEL, P.:
Studies on the interaction of dopamine-S-hydroxylase
from various sources with phytohaemagglutinins. Clin.
Chim. Acta 64:293-302, 1975.

126. MIRAS-PORTUGAL, M. T., AuNis, D., AND MANDEL, P.:
Etude structurale de la dopamine-g-hydroxylase puri-
fée du sérum humaine. C. R. Hebd. Séances Acad. Sci.
Paris 380:479-482, 1975.

127. MIRAS-PoRTUGAL, M. T., MANDEL, P., AND AuNIs, D.:
Amino acid and carbohydrate compositions of human
serum dopamine-S-hydroxylase. Neurochem. Res. 1:
403-408, 1976.

128. MoLiNorFr, P. B.,, BRiMuoIN, S., WEINSHILBOUM, R.,
AND AXELROD, J.: Neurally mediated increase in do-



164 WEINSHILBOUM

pamine-g-hydroxylase activity. Proc. Nat. Acad. Sci.
U.S.A. 66:453-458, 1970.

129. MoLiNorr, P. B, WEINSHILBOUM, R., AND AXELROD, J.:
A sensitive enzymatic assay for dopamine-g-hydrox-
ylase. J. Pharmacol. Exp. Ther. 178:425-431, 1971.

130. MORELL, A. G., GREGORIADES, G., SCHEINBERG, 1. H.,
HICKMAN, J., AND ASHWELL, G.: The role of sialic acid
in determining the survival of glycoproteins in the
circulation. J. Biol. Chem. 246:1461-1467, 1971.

131. MUELLER, R. A, MiLLWARD, D. K., AND WooDS, J. W.:
Circulating catecholamines, plasma renin and dopa-
mine-B-hydroxylase activity with postural stress. Phar-
macol. Biochem. Behav. 2:757-761, 1974.

132. NarrcHl, N. E, WooteN, G. F.,, LowMman, E. W, anD
AXELROD, J.: Relationship between serum dopamine-
B-hydroxylase activity, catecholamine metabolism and
hemodynamic changes during paroxysmal hyperten-
sion in quadriplegia. Circ. Res. 35:850-861, 1974.

133. Nacatsu, T.. Dopamine-B-hydroxylase in blood and
cerebrospinal fluid. Trends Biochem. Sci. 2:217-219,
1977.

134. Nagatsu, T., Kato, T., Kuzuya, H., OkADA, T., UME-
zAWA, H., AND TakEucHI, T.: Inhibition of human
serum dopamine-S-hydroxylase after oral administra-
tion of fusaric acid. Experientia (Basel) 28:779-780,
1972.

135. Nacatsu, T., Kato, T., NUMATA, Y., IRKUTA, K., UME-
zAWA, H., MATSUZAKI, M., AND TAKEUCHI, T.: Serum
dopamine-g-hydroxylase activity in developing hyper-
tensive rats. Nature (London) 251:630-631, 1974.

136. Nagatsu, T., Kuzuya, H., AND KiDakA, H.: Inhibition
of dopamine-g-hydroxylase by sulfhydryl compounds
and the nature of the natural inhibitors. Biochim.
Biophys. Acta 139:319-327, 1967.

137. Nagarsu, T, THoMAs, P., RusH, R., AND UDENFRIEND,
S.: A radioassay for dopamine-B-hydroxylase activity
in rat serum. Anal. Biochem. 58:615-619, 1973.

138. NAGATsU, T., AND UDENFRIEND, S.: Photometric assay
of dopamine-8-hydroxylase activity in human blood.
Clin. Chem. 18:980-983, 1972.

139. NELSON, M., AND WEINSHILBOUM, R.: Serum dopamine-
B-hydroxylase (DBH): properties in mature and 15 day
rats. Trans. Amer. Soc. Neurochem. 8:164, 1977.

140. NicoLosi, G. L., AND ATKINS, F. L.: Serum dopamine-
beta-hydroxylase activity in acute myocardial infarc-
tion. Clin. Res. 26:255A, 1978.

141. NisH1zawa, Y., Hamapa, N, Fuwin, S, Moru, H,
OKUDA, K., AND WADA, M.: Serum dopamine-g-hy-
droxylase activity in thyroid disorders. J. Clin. Endo-
crinol. Metab. 39:599-602, 1974.

142. NisuLa, B. C,, AND STOLK, J. M.: Serum dopamine-g-
hydroxylase activity does not reflect sympathetic ac-
tivation during hypoglycemia. J. Clin. Endocrinol. Me-
tab. 47:902-905, 1978.

143. NotH, R. H.,, AND MuULROW, P. J.: Serum dopamine-8-
hydroxylase as an index of sympathetic nervous system
activity in man. Circ. Res. 38:2-5, 1976.

144. NoTH, R. H., AND SPAULDING, S. W.: Decreased serum
dopamine-beta-hydroxylase in hyperthyroidism. J.
Clin. Endocrinol. Metab. 39:614-617, 1974.

145. OGAWA, K., YaMAzAKI, N., Suzukl, Y., AND Sassa, H.:
Dopamine-8-hydroxylase activity after acute myocar-
dial infarction. Jap. Heart J. 18:348-356, 1977.

146. OGIHARA, T., AND NUGENT, C. A.: Serum DBH in three
forms of acute stress. Life Sci. 15:923-930, 1974.

147. OGIHARA, T., NUGENT, C. A, SHEN, S. W,, AND GoLD-
FEIN, S.: Serum dopamine-g-hydroxylase activity in
parents and children. J. Lab. Clin. Med. 88:566-573,
1975.

148. Oxa, K., Kuirawa, K., OnucHi, T., YosHoa, H., AND
ImarzuMi, R.: Distribution of dopamine-8-hydroxylase
in subcellular fractions of adrenal medulla. Life Sci. 8:
461-465, 1967.

149. OKADA, T., Fuidita, T., OHTA, T., KaATO, T., IRKUTA, K.,
AND NAGATSU, T.: A 24-hour rhythm in human serum

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

dopamine-g8-hydroxylase activity. Experientia (Basel)
30:605-607, 1974.

OKADA, F., YAMASHITA, I, Suwa, N, Kunrra, H., AND
HATA, S.: Elevation of plasma dopamine-g-hydroxyl-
ase activity during insulin-induced hypoglycemia in
man. Experientia (Basel) 31:70-71, 1975.

OLUKOTUN, A., DUNNETTE, J., AND WEINSHILBOUM, R.:
Dissociation of changes in enzymatic and immunoreac-
tive rat serum dopamine-B-hydroxylase during growth
and development. J. Pharmacol. Exp. Ther. 201:375-
385, 1977.

ORcuTT, J. C., AND MoLINOFF, P. B.: Endogenous inhib-
itors of dopamine-g-hydroxylase in rat organs. Bio-
chem. Pharmacol. 25:1167-1174, 1976.

PaIGEN, K., SWANK, R. T., ToMINO, S., AND GANSCHOW,
R. E.: The molecular genetics of mammalian glucuron-
idase. J. Cell. Physiol. 85:379-392, 1975.

PERRY, L. B., WEINSHILBOUM, R. M., AND THEYE, R. A:
Plasma dopamine-beta-hydroxylase activity and cate-
cholamine levels in anesthetized dogs following acute
hemorrhage. Anesthesiology 43:518-524, 1975.

PLANZ, G., GIERLICHS, H. W., HAWLINC, A, PLANZ, R,
STEPHANY, W., AND RanN, K. H: A comparison of
catecholamine concentrations and dopamine-g-hy-
droxylase activities in plasma from normotensive sub-
jects and from patients with essential hypertension at
rest and during exercise. Klin. Wochenschr. 54:5661-
565, 1976.

PLANZ, G., AND PALM, D.: Acute enhancement of dopa-
mine-B-hydroxylase activity in human plasma after
maximum work load. Eur. J. Clin. Pharmacol. 8:255-
258, 1973.

PLANZ, G., WIETHOLD, G., APPEL, E., BORMER, D., PALM,
D., AND GROBECKER, H.. Correlation between in-
creased dopamine-B8-hydroxylase activity and cate-
cholamine concentrations in plasma: Determination of
acute changes in sympathetic activity in man. Eur. J.
Clin. Pharmacol. 8:181-188, 1975.

PoPPER, C. W., CHIVEH, C. C., AND KoPIN, 1. J.: Plasma
catecholamine concentrations in unanesthetized rats
during sleep, wakefulness, immobilization and after
decapitation. J. Pharmacol. Exp. Ther. 202:144-148,
1977.

ReID, J. L., AND KoPIN, 1. J.: Significance of plasma
dopamine-B-hydroxylase activity as an index of sym-
pathetic neuronal function. Proc. Nat Acad. Sci. U.S.A.
71:4392-4394, 1974.

RoOCESON, S. G., STONE, R. A,, GUNNELLS, J. C., SCHAN-
BERG, S. M., KIRsHNER, N., AND RoBINsON, R. R
Plasma dopamine-g-hydroxylase activity in oral con-
traceptive hypertension. Circulation §1:916-923, 1975.

RocksoN, S., STONE, R., vAN DER WEYDEN, M., AND
KeLLEY, W. N.: Lesch-Nyhan syndrome: Evidence for
abnormal adrenergic function. Science 188:934-935,
1974.

RorrMaN, M., FREEDMAN, L. S., AND GOLDSTEIN, M.:
The effect of acute and chronic swim stress on dopa-
mine-B-hydroxylase activity. Life Sci. 13:369-376,
1973.

ROSENBERG, R. C., AND LOVENBERG, W.: Active dimers
of dopamine-g-hydroxylase in human plasma. Mol.
Pharmacol. 13:652-661, 1977.

Ross, S. B., ERixssoN, H. E,, AND HELLSTROM, W.: On
the fate of dopamine-g-hydroxylase after release from
the peripheral sympathetic nerves in the cat. Acta
Physiol. Scand. 94:578-580, 1974.

Ross, S. B., WeINsHILBoUM, R., MoLiNorT, P. B, VE-
8ELL, E. S, AND AXELROD, J.: Electrophoretic prop-
erties of dopamine-S-hydroxylase in several tissues
from three species. Mol. Pharmacol. 8:50-58, 1972.

Ross, S. B., WETTERBERG, L., AND MYRHED, M.: Genetic
control of plasma dopamine-g-hydroxylase. Life Sci.
(I) 12:529-532, 1973.

RusH, R. A, AND GEFrFeEN, L. B Radioimmunoassay
and clearance of circulating dopamine-g-hydroxylase.



SERUM DOPAMINE 8-HYDROXYLASE

Circ. Res. 31:444-452, 1972.

168. RusH, R. A, THoMAs, P. E,, AND KINDLER, S. H.: The
interaction of dopamine-g-hydroxylase with concana-
valin A and its use in enzyme purification. Biochem.
Biophys. Res. Commun. §7:1301-1305, 1974.

169. Rusu, R. A, THoMAS, P. E,, NaGaTsu, T., AND UDEN-
FRIEND, S.: Comparison of human serum dopamine-
B-hydroxylase levels by radioimmunoassay and enzy-
matic assay. Proc. Nat. Acad. Sci. U.S.A. 71:872-874,
1974.

170. RusH, R. A., THoMAS, P. E, AND UDENFRIEND, S.
Mamrement of human dopamme-ﬁ hydroxylase in
serum by homologous radicimmunoassay. Proc. Nat.
Acad. Sci. U.S.A. 73:750-752, 1975.

171. Samsa1, M. P., CRANE, M. G., AND GENEST, J.: Essential
hypertension: New concepts about mechanisms. Ann.
Intern. Med. 79:411-424, 1973.

172. SCHANBERG, S. M., AND KIRSHNER, N.: Serum dopa-
mine-S-hydroxylase as an indicator of sympathetic
activity and primary hypertension. Biochem. Phar-
macol. 38:617-621, 1976.

173. SCHANBERG, S. M., STONE, R. A, KIRSHNER, N., GUN-
NELLS, J. C., AND ROBINSON, R. R.: Plasma dopamine-
B-hydroxylase: A possible aid in the study and evalu-
ation of hypertension. Science 188:523-525, 1974.

174. SEEGMILLER, J. E.: Lesch-Nyhan syndrome and the X-
linked uric acidurias. In Medical Genetics, ed. by V. A.
McKusick and R. Claiborne, pp. 101-112, H. P. Pub-

ishing Co., Inc., New York, 1973.

175. SkLLERS, E. M., COOPER, S. D., AND Roy, M. L.: Varia-
tion in serum dopamine-g-hydroxylase in normal sub-
jects and chronic alcoholics. Can. J. Physiol. Pharma-
col. 56:806-811, 1978.

176. Suoxkir, M. H. K.: Investigation on Huntington’s dis-
ease. Clin. Genet. 7:354-360, 1975.

177. Surrn, A. D, bE PorTER, W. D., MOERMAN, E. J., AND
DE SCHAEPDRYVER, A. F.: Release of dopamine-g-hy-
droxylase and chromogranin A upon stimulation of the

ic nerve. Tissue Cell 3:547-568, 1970.

178. SMITH, A. A., TAYLOR, T., AND WORTIS, S. B.: Abnormal
catechol amine metabolism in familial dysautonomia.
N. Engl. J. Med. 268:705-707, 1963.

179. SpouR, U, Ritz, E., AND KADEN, F.: Plasma dopamine-
p-hydroxylase activity in dialyzed patients. Klin.
Wochenschr. §5:1089-1093, 1977.

180. StEIN, L., AND Wisg, C. D.: Possible etiology of schizo-
phrenia: Progressive damage to the noradrenergic re-
ward system by 6-hydroxydopamine. Science 171:
1032-1036, 1971.

181. STEINER, C., GEFFEN, L. B, LEVITT, M., FREWIN, D. B,,
Cralg, R. J., Hewisn, D., DowNEY, J. A., AND LUEKE,
W. K.: Dopamine-g-hydroxylase activity in plasma
obtained from the pulmonary artery and left ventricle
of man. Life Sci. 14:2019-2023, 1974.

182. STIARNE, L., AND LisnAJxO, F.: Localization of different
steps in noradrenaline synthesis to different fractions
of a bovine splenic nerve homogenate. Biochem. Phar-
macol. 16:1719-1728, 1967.

183. Storx, M. D, AND STOLK, J. M. Genetic control over
serum dopamine-S-hydroxylase activity in rats. Phar-
macologist 19:238, 1977.

184. StonE, R. A,, GUNNELLS, J. C., RoBINSON, R. R, SCHAN-
BERG, S. M., AND KIRsBENER, N.: Dopamine-beta-hy-
droxylase in primary and secondary hypertension. Circ.
Res. Suppl. I 34-35:1-47-1-56, 1974.

185. SToNE, R. A, KIrsuNER, N., GUNNELLS, J. C, AND
RoBINSON, R. R.: Changes of plasma dopamine-S-hy-
dtoxyluo activity and other plasma constituents dur-

ing the cold-pressor test. Life Sci. 14:1797-1806, 1974.

186. s-ron. R. A, KIRSHNER, N., REYNOLDS, J., AND VANA-

sman, T. C.: Purification md properties of dopamine-
p-hydroxylase from human pheochromocytoma. Mol.
Pharmacol. 10:1009-1015, 1974.

187. StonE, R. A, LiLLEY, J. J., AND GOLDEN, J.: Plasma

dopamine-beta-hydroxylase activity in phaeochromo-

165

cytoma. Clin. Endocrinol. 8:181-185, 1976.

188. TAKISHITA, S., FUuRivaMa, K., KuMaMoTO, K., NODA, Y.,
Kawasaki, T., AND OMAE, T.: Plasma dopamine-S-
hydroxylase activity in normal young men: Its respon-
siveness to manipulation of sodium balance and up-
right posture. Jap. Circ. J. 41:895-901, 1977.

189. VAN LENTEN, L, AND AsuweLL, G.: The binding of
desialylated glycoproteins by plasma membn__m of rat
liver. J. Biol. Chem. 347:4633-4640, 1972

190. Viveros, O. H., ArRQuUEROS, L., AND l(nmmu. N.:
Release of catacholnmnee and dopamine-S-oxidase
from the adrenal medulla. Life Sci. Part I, Physiol.
Pharmacol. 7:609-618, 1968.

191. WaLLAcE, E. R, KRANTZ, M. J., AND LOVENBERG, W.:
Dopamine-S-hydroxylase: A tetrameric glycoprotein.
Proc. Nat. Acad. Sci. U.S.A. 70:2253-2256, 1973.

192. WEINSHILBOUM, R. M.: Serum dopamine-A-hydroxylase
activity and blood pressure. Mayo Clin. Proc. §3:374-
378, 1977.

193. WEINSHILBOUM, R. M.: Catecholamine biochemical ge-
netics in human populations. In Neurogenetics: Ge-
netic Approaches to the Nervous System, ed. by X.
Breakefield, North Holland Publishing Co. in press.

194. WEINSHILBOUM, R., AND AXELROD, J.: Dopamine-S-hy-
droxylase activity in human blood. Pharmacologist 12:
214, 1970.

195. WEINSHILBOUM, R. M., AND AXELROD, J.: Serum dopa-
mine-beta-hydroxylase: Decrease after chemical sym-
pathectomy. Science 173:931-934, 1971.

196. WEINSHILBOUM, R., AND AXELROD, J.: Serum dopamine-
B-hydroxylase. Circ. Res. 28:307-315, 1971.

197. WEINSHILBOUM, R. M., AND AXELROD, J.: Reduced
plasma dopamine-beta-hydroxylase activity in familial
dysautonomia. N. Engl. J. Med. 385:938-942, 1971.

198. WEINSHILBOUM, R. M., DUNNETTE, J., RAYMOND, F.,
AND KLEINBERG, F.: Erythrocyte catechol-O-methyl-
transferase and plasma dopamine-S-hydroxylase in hu-
man umbilical cord blood. Experientia (Basel) 34:310-
311, 1978.

199. WEINSHILBOUM, R. M., KVETNANSKY, R., AXELROD, J.,
AND KoPIN, L. J.: Elevation in serum dopamine-S-
hydroxylase after forced immobilization. Nature New
Biol. 230:287-288, 1971.

200. WEINSHILBOUM, R. M., RAYMOND, F. A., ELVEBACK, L.
R, AND WEIDMAN, W. H.: Dopamine-S-hydroxylase
activity in serum. In Frontiers in Catecholamine Re-
search, ed. by E. Usdin and S. H. Snyder, pp. 1115-
1121, Pergamon Press, New York, 1973.

201. WEINSHILBOUM, R. M., RaymonD, F. A,, ELVEBACK, L.
R., AND WEIDMAN, W. H.: Serum dopamine-f-hydrox-
ylase activity: Sibling-sibling correlation. Science 181:
943-945, 1973.

202. WEINSHILBOUM, R. M., ScarorT, H. G., RAYMOND, F.
A, WEIDMAN, W. H,, mnmmacx.LR. Inherit-
ance of very low serum dopamine-S- activ-
ity. Amer. J. Hum. Genet. 27:573-585, 1975.

203. WEINsHILBOUM, R. M., THOA, N. B, JonnsoNn, D. G,
KorIN, 1. J., AND AXELROD, J.: Proportional release of
norepinephrine and dopamine-g-hydroxylase from
sympathetic nerves. Science 174:1348-1351, 1971.

204. WETTERBERG, L., ABERG, H., Ross, S. B., AND FRUODEN,
O.: Plasma dopamine-g-hydroxylase activity in hyper-
J. Clin. Lab. Invest. 30:283-289, 1972.

205. WETTERBERG, L., GusTavsoN, K.-H., BAcksTrOM, M.,
Ross, S. B., AND FrODEN, O.: Low dopamine-8-hy-
droxylase activity in Down’s syndrome. Clin. Genet. 3:
152-153, 1972.

206. WHITE, R. P, SEALERY, J., REIDENBERG, M., STENZEL,
K. H,, SuLLivan, J. F,, Davip, D. S, LARAcH, J. H,,
AND RuBIN, A. L.: Mechanism of blood pressure con-
trol in anephrics: Plasma renin and dopamine-g-hy-
droxylase activity. Trans. Amer. Soc. Artif. Intern.
Organs 31:420-424, 1976.

207. WINER, N., AND CARTER, C.: Effect of cold pressor stim-



166

ulation on plasma norepinephrine, dopamine-g-hy-

droxylase and renin activity. Life Sci. 20:887-804, 1977.

208. WINKLER, H., AND Smrts, A. D.: Catecholamines in
phaeochromocytoma. Lancet 1:793-796, 1968.

209. Wise, C. D.: A sensitive assay for dopamine-S-hydrox-
ylase. J. Neurochem. 37:883-888, 1976.

210. WoOTEN, G. F., AND CARDON, P. V.: Plasma dopamine-
B-hydroxylase activity: Elevation in man during cold
pressor test and exercise. Arch. Neurol. 28:103-106,
1973.

211. WoorteN, G. F., ELDRIGE, R., AXELROD, J., AND STERN,
R.: Elevated plasma dopamine-S-hydroxylase activity
in autosomal dominant torsion dystonia. N. Engl. J.

WEINSHILBOUM

Med. 288:284-287, 1973.

212. WooOTEN, G., HANSON, T., AND LAMPRECHT, F: Elevated
serum dopamine-8-hydroxylase activity in rats with
inherited diabetes insipidus. J. Neural Transm. 36:
107-112, 1975.

213. ZACUR, A. A, TYs0N, J. E,, ZIRGLER, M. G., AND LAKE,
C. R: Plasma dopamine-g-hydroxylase nnd norepi-
nephrine levels during the human menstrual cycle.
Amer. J. Obstet. Gynecol. 130:148-151, 1978.

214. Z1EGLER, M. G, Laxz, C. R, AND KoPIN, . J.: Deficient
sympathetic nervous response in familial dysauton-
omia. N. Engl. J. Med. 294:630-633, 1976.





