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ABSTRACT
Considerable urinary excretion of dopamine metabolites indicates

that large amounts of dopamine are produced in unknown locations
of the body. This study assessed the contribution of mesenteric organs
(gastrointestinal tract, spleen, and pancreas) to the total body pro-
duction of dopamine in humans and examined the presence of the
rate-limiting enzyme for dopamine synthesis, tyrosine hydroxylase,
in gastrointestinal tissues. Blood sampled from an artery and portal
and hepatic veins in eight subjects and from arterial and renal venous
sites in other subjects was analyzed for plasma concentrations of
dopamine and its metabolites. The activity and distribution of ty-
rosine hydroxylase was also examined in tissue samples from the

stomach and duodenum. Higher concentrations of dopamine and its
metabolites in portal venous than arterial plasma indicated substan-
tial production of dopamine by mesenteric organs (12.0 nmol/min)
amounting to 42–46% of the renal removal of circulating dopamine
metabolites. Tissue samples showed immunoreactive tyrosine hy-
droxylase in nonneuronal cell bodies and detectable levels of tyrosine
hydroxylase enzyme activity. The results show that mesenteric or-
gans produce close to half of the dopamine formed in the body, most
of which is unlikely to be derived from sympathetic nerves but may
reflect production in a novel nonneuronal dopaminergic system.
(J Clin Endocrinol Metab 82: 3864–3871, 1997)

DOPAMINE (DA) in the gastrointestinal tract stimulates
exocrine secretions, inhibits gut motility, modulates

sodium absorption and mucosal blood flow, and is protective
against gastroduodenal ulcer disease (1–5). Thus, DA is more
than a metabolic intermediate in the formation of norepi-
nephrine (NE) and epinephrine and has distinct biological
actions of its own. This concept is supported by the presence
of DA receptors throughout the gastrointestinal tract (6–10).
However, a source of the DA agonist for these receptors,
other than from sympathetic nerves, has not been identified.

The existence of a peripheral DA system, independent of
the sympathoadrenal system, is suggested by the consider-
able DA formed in the body and not converted to other
catecholamines (11). Although originally thought to reflect
DA formation in the central nervous system, it is now clear
that the brain is a minor source of DA metabolites (12). The
origins of the large amounts of DA produced elsewhere in the
body are not established, but could reflect formation within
a putative dopaminergic system in the digestive tract.

The present study examined how much of the DA pro-
duced in the body, and not converted to NE, is derived from
mesenteric organs (i.e. the gastrointestinal tract, spleen, and
pancreas). For this, net rates of production of the DA pre-
cursor, dihydroxyphenylalanine (DOPA), and of DA and its
metabolites by mesenteric organs in patients undergoing

elective gastrectomy were compared with rates of renal elim-
ination of DA and its metabolites in other subjects studied
during cardiac catheterization. Comparisons with other data
(13, 14) established the proportions of DA produced at dif-
ferent sites that were converted to NE or catabolized to
inactive metabolites. Additionally, the study assessed
whether tyrosine hydroxylase, the enzyme responsible for
synthesis of DOPA and rate-limiting for subsequent produc-
tion of catecholamines, is located at sites in the digestive tract
other than sympathetic nerve endings. For this, the stomach
and duodenum were analyzed for the presence, distribution,
and activity of tyrosine hydroxylase by immunohistochem-
istry and enzyme assay. The aim of the study was to further
define the existence of a putative DA system within mesen-
teric organs by establishing the peripheral sources of DA and
the presence of tyrosine hydroxylase outside of sympathetic
nerve endings in tissues of the digestive tract.

Materials and Methods
Experimental subjects

Blood samples were obtained from 8 patients undergoing elective
upper abdominal surgery and 47 subjects undergoing cardiac catheter-
ization. Tissue samples were obtained from the wall of the stomach and
duodenum in another 5 subjects. Patients undergoing abdominal sur-
gery included 3 females and 5 males (age 47–77 yr, mean 64 yr). A gastric
adenocarcinoma provided the reason for surgery in 7 subjects, and a
pancreatic neoplasm was the reason for surgery in the other patient. No
signs of hepatic or distant metastases were found in any of the patients.
Subjects undergoing cardiac catheterization included 11 normal volun-
teers (all males; age 26–50 yr, mean 36 yr) and 36 patients with con-
gestive heart failure (7 females, 29 males; age 35–75 yr, mean 54 yr). Most
heart failure patients were in New York Heart Association functional
class III (n 5 30), the rest were in class II. Medications were withheld and
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subjects fasted and refrained from smoking cigarettes and consuming
caffeinated beverages for 12 h before studies. All subjects gave their
informed consent to participate in studies, which were approved by the
Ethics Committee at Sahlgrenska University Hospital and by the Office
of Human Subjects Research at the National Institutes of Health.

Procedures for regional blood sampling

In the eight patients undergoing abdominal surgery, anesthesia was
induced with sodium thiopental (3–5 mg/kg) and vecuronium bromide
(1.5 mg/kg) and maintained with enflurane (0.5–0.7 minimum alveolar
anesthetic concentration), fentanyl (2.5–3.0 mg/kg), and midazolam (1
mg as needed). Patients were intubated and mechanically ventilated
with 30% oxygen and 70% nitrous oxide. A catheter placed in a radial
artery was used to sample arterial blood. A catheter advanced under
fluoroscopic guidance to the right hepatic vein was used to sample
hepatic venous blood. Samples of portal venous blood were collected by
puncture of the portal vein using a fine-caliber needle. Hepatic arterial
and portal venous blood flows were estimated using ultrasound transit-
time flow probes positioned around the portal vein and hepatic artery
and connected to a HT207 dual channel flowmeter (Transonic Systems,
Ithaca, NY).

In subjects undergoing cardiac catheterization, a thermodilution cath-
eter was advanced under fluoroscopic guidance to the right renal vein
for blood sampling. Renal plasma flow was estimated from the total
body clearance and renal fractional extraction of iv infused para-
aminohippurate. A radial or brachial artery was catheterized for sam-
pling of arterial blood.

Blood samples (20 mL) were withdrawn simultaneously from arterial
and venous sites into prechilled syringes. All samples were transferred
into ice-cold tubes containing an anticoagulant (heparin or EDTA), and
stored on ice until centrifuged (4 C) to separate the plasma. Plasma
samples were stored at 280 C until assayed for concentrations of cat-
echolamines and their metabolites.

Rationale

Production of DA and its metabolites by mesenteric organs in anes-
thetized patients was compared with renal elimination of DA and its
metabolites in other subjects studied during cardiac catheterization.
Results from the 11 normal volunteers and 36 cardiac failure patients of
the latter group were examined separately to establish the range of renal
removal rates in subjects with wide differences in sympathetic function.
Comparisons of mesenteric organ production with renal removal rates
of DA and its metabolites provided an assessment of the contribution of
mesenteric organs to total body production of DA and its metabolites.

Comparisons with previously published data about mesenteric organ
production and renal removal of NE and its metabolites from the same
subjects (13) enabled assessment of the proportion of DA produced in
mesenteric organs or the whole body that was not converted to NE.
These data were compared with those previously published for the heart
(14), also derived from the same studies from which the present data are
derived.

Stomach and duodenal tissue samples were used to assess the activity
and tissue distribution of tyrosine hydroxylase, the rate-limiting enzyme
in the production of catecholamines.

Measurements of plasma catechols and metabolites

Catechols, including DOPA, DA, and the deaminated metabolite of
DA, 3,4-dihydroxy-phenylacetic acid (DOPAC), were quantified by liq-
uid chromatography with electrochemical detection (15). Plasma con-
centrations of the O-methylated metabolite of DA, methoxytyramine,
were quantified using another liquid chromatographic-electrochemical
detection method (16). Plasma concentrations of the DA metabolite,
homovanillic acid (HVA), were determined by gas chromatography
mass spectrometry (17).

Total concentrations of sulfate-conjugated and free compounds were
determined by each of the above procedures after subjecting subsets of
plasma samples to enzyme-catalyzed deconjugation by incubation with
saturating quantities of sulfatase (Sigma Chemical Co., St. Louis, MO).
The effectiveness of deconjugation was verified using the recovery of DA

from commercially available DA-sulfate (Calbiochem, La Jolla, CA)
added to samples of plasma before deconjugation.

Immunohistochemistry

Twelve-micrometer thick sections of fresh frozen tissue samples were
cut in a Frigocut E 2800 cryostat (Reichert, Heidelberg, Germany) and
mounted onto silanized slides. To decrease nonspecific staining, sections
were incubated for 30 min at room temperature in a solution containing
0.6% Triton X-100 and 1% normal serum in PBS (pH 7.4). Normal serum
was either goat or donkey (depending on the host of the secondary
antibody). Primary antibodies (18, 19) were applied to the sections either
for 1 h at room temperature or overnight at 4 C. After several rinses in
PBS, fluorescent secondary antibody was applied for 1 h at room tem-
perature in the dark, and the sections were rinsed, coverslipped, and
viewed with a Leitz Dialux 20 fluorescent microscope (Leitz, Wetzlar,
Germany). For double staining, the above procedure was used, then the
sections were incubated in the second primary antibody and processed
as described above. The second secondary antibody was conjugated to
a different fluorochrome than the first one. Controls included staining
with nonimmune rabbit serum, leaving out the primary antibody or the
secondary antibody and using several antibodies when possible to rec-
ognize the same antigen. In the double immunostaining procedures,
extra care was taken to avoid any possible cross-reactivity between the
different primary and secondary antibodies so that the second secondary
antibody did not recognize the first primary antibody. In addition, the
double stainings were always repeated reversing the order of the pri-
mary antibodies.

Tyrosine hydroxylase assay

The activity of tyrosine hydroxylase in biopsy samples from the
stomach and duodenum was assayed using a procedure developed for
sensitive measurements of enzyme activity in peripheral tissues (20).

Calculations

Net rates of production or removal of DOPA, DA, or the metabolites
of DA by the various organs (R) were estimated using the Fick equation

R 5 ~C0 2 Ci! z Q ~nmol/min!

where Co is the concentration of the compound in plasma leaving the
organ, Ci that in plasma entering the organ (picomoles per minute) and
Q is the plasma or blood flow (milliliters per minute), this depending on
the blood cell to plasma distribution of the particular compound as
described elsewhere (21).

The liver is supplied with blood from two sources; the hepatic artery
and the portal vein. Thus, concentrations of DA and metabolites in
plasma entering the liver (Ci) were calculated from both arterial and
portal venous concentrations, weighted according to hepatic arterial and
portal venous blood flows using the equation,

Ci 5
~Cha z Qha! 1 ~Cpv z Qpv!

Qha 1 Qpv
~nmol/mL!

where Cha is the concentration of metabolite or precursor amine in
hepatic arterial plasma, Cpv is that in portal venous plasma (nanomoles
per milliliter), Qha is the hepatic arterial blood flow, and Qpv is the portal
venous blood flow (milliliters per minute).

Statistical analyses

Results are expressed as means 6 sem. The significance of differences
in concentrations of compounds between inflowing arterial or portal
venous plasma and outflowing portal, hepatic, or renal venous plasma
was determined using the Wilcoxon signed-rank sum test. These anal-
yses also determined whether rates of production or removal of a com-
pound by a particular organ reached significance. A P value ,0.05
defined statistical significance.

GASTROINTESTINAL DOPAMINE PRODUCTION 3865

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/82/11/3864/2866142 by guest on 20 August 2022



Results
Regional plasma concentrations of DA and its metabolites

Concentrations of DA and its deaminated metabolite,
DOPAC, were consistently and considerably higher (P ,
0.02) in portal venous plasma than in arterial plasma (Fig. 1).
There was also a significant (P , 0.02) but proportionally
much smaller 8% increase in concentrations of HVA from
arterial to portal venous plasma (Table 1). However, the
absolute increase in plasma HVA across the portal circula-
tion was higher than that of DA and DOPAC. Concentrations
of the sulfate-conjugated DA metabolites (DA-sulfate,
DOPAC-sulfate, and methoxytyramine-sulfate) were also
higher (P , 0.05) in portal venous than arterial plasma.

Substantial decreases in concentrations of DOPA, DA, and
DOPAC from inflowing arterial and portal venous plasma to
outflowing hepatic venous plasma indicated active removal
of these compounds by the liver (Table 1). Absence of in-
creases in plasma concentrations of DA metabolites across
the hepatic circulation indicated no significant DA produc-
tion by the liver.

There were significant (P , 0.001) arterial-venous in-
creases in plasma concentrations of DA across the kidneys in
patients with heart failure (Table 1). However, concentra-
tions of DOPA and most metabolites of DA were lower (P ,
0.01) in renal venous than in arterial plasma, reflecting their
removal from the circulation for elimination in urine.
Methoxytyramine was the exception with higher (P ,.0.01)
concentrations in renal venous than in arterial plasma.

Regional production and removal rates of DA and its
metabolites

DOPA, DA, and all major metabolites of DA were pro-
duced in significant and detectable quantities by mesenteric
organs (Table 2). Methoxytyramine, present at very low
plasma concentrations, was the only DA metabolite not re-
leased into the portal circulation in detectable quantities.
However, methoxytyramine-sulfate was produced by mes-
enteric organs in reasonable quantities, indicating its active
conjugation before entry into the portal circulation. DOPAC
and HVA were produced in the largest quantities by mes-
enteric organs, together accounting for 80% of the DA and its
metabolites produced by mesenteric organs.

In contrast to mesenteric organs, which produced DOPA
and DA metabolites, the kidneys actively removed most of
these compounds from the circulation (Table 2). The excep-
tions were DA and methoxytyramine, which showed signif-
icant overflow into renal venous plasma. All other metabo-
lites of DA were removed from the circulation in significant
quantities, but removal of HVA accounted for most (76%)
removal of total DA metabolites.

There was little difference in net rates of renal removal of
DA metabolites between control subjects and heart failure
patients (Table 2) despite considerable differences in plasma
concentrations of most of these metabolites (Table 1).

Comparisons of mesenteric organ production of DA me-
tabolites with their rates of removal from the circulation by
the kidneys revealed rates of production of sulfate-conju-
gates by mesenteric organs that were similar to their rates of
removal by the kidneys. The sum of the mesenteric organ

production rates of DA and all its metabolites (12.0 nmol/
min) was 42–46% of the total renal removal rate of DA
metabolites in either control subjects (26.2 nmol/min) or
heart failure patients (28.7 nmol/min).

Comparisons of regional DA and NE production or removal

Comparison of the present data about renal removal of DA
and its metabolites with previously published data from the
same subjects about renal NE removal (13) indicated that the
total rate of renal removal of DA metabolites was similar to
that for the renal removal of NE metabolites (Fig. 2, top).
Similarly, mesenteric organ production of DA and its me-
tabolites was close to that for NE and its metabolites (Fig. 2,
middle). In contrast, comparisons from previously published
data about cardiac production rates of NE and DA (14)
showed much smaller cardiac production of DA metabolites
than of NE and its metabolites (Fig. 2, bottom).

Tyrosine hydroxylase immunoreactivity and enzymatic
activity

In stomach mucosa, many cells stained positive with the
tyrosine hydroxylase antibody (Fig. 3). A large proportion

FIG. 1. Plasma concentrations of DA (upper) and DOPAC (lower) in
inflowing arterial plasma and outflowing portal venous plasma for
eight individual subjects from whom blood samples were taken during
abdominal surgery. Horizontal bars show mean concentrations in
inflowing and outflowing plasma. Consistent and large arterial-
venous increases in plasma concentrations of DA and DOPAC across
portal circulation indicate considerable production of DA by mesen-
teric organs.
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of these also immunostained with an antibody that rec-
ognizes the proton pump, a unique feature of parietal cells.
There were also a population of epithelial cells that were
not positive for the proton pump, but did stain for tyrosine
hydroxylase. In addition, many nonepithelial (lamina pro-
pria) cells were also immunopositive for the tyrosine hy-
droxylase antibody. In duodenal tissue samples, there

were numerous tyrosine hydroxylase-positive lamina pro-
pria cells, but no immunopositive epithelial cells (data not
shown).

Detectable levels of tyrosine hydroxylase activity were
present in all tissue samples, but were nearly 2-fold higher
in samples from the stomach than from the duodenum (69 6
15 vs. 38 6 10 pmol/g tissue per min).

TABLE 1. Concentrations of DOPA, DA, and metabolites of DA in plasma flowing into and out of mesenteric organs, liver, and kidneys

Anesthetized patients Normal volunteers Heart failure

Mesenteric organs Liver Kidneys

DOPA
In 7.40 6 0.71 8.33 6 0.78 6.24 6 0.24 8.59 6 0.35
Out 8.76 6 0.84 7.28 6 0.56 1.65 6 0.10 2.48 6 0.17
D 1.36 6 0.33a 21.05 6 0.27b 24.59 6 0.17b 26.11 6 0.30b

DA
In 0.32 6 0.06 0.74 6 0.13 0.10 6 0.04 0.11 6 0.02
Out 0.93 6 0.17 0.23 6 0.03 0.12 6 0.02 0.18 6 0.02
D 0.61 6 0.13a 20.51 6 0.13b 0.02 6 0.02 0.07 6 0.01a

DOPAC
In 10.3 6 1.2 14.9 6 1.5 6.9 6 0.3 9.8 6 0.7
Out 16.9 6 1.7 9.3 6 1.7 2.5 6 0.2 3.5 6 0.3
D 6.6 6 0.9a 25.7 6 1.3b 24.4 6 0.2b 26.3 6 0.5b

MTY
In 0.05 6 0.01 0.07 6 0.01 0.03 6 0.01 0.04 6 0.01
Out 0.07 6 0.01 0.08 6 0.03 0.07 6 0.02 0.08 6 0.01
D 0.02 6 0.01 0.01 6 0.02 0.04 6 0.01a 0.04 6 0.01a

HVA
In 108.4 6 15.3 114.1 6 15.5 40.8 6 2.4 76.5 6 8.4
Out 116.8 6 15.7 111.2 6 14.8 20.6 6 1.6 40.8 6 5.5
D 8.7 6 1.9a 22.9 6 2.9 220.2 6 1.9b 235.7 6 3.3b

DA-SO4
In 13.4 6 2.2 15.1 6 2.3 9.7 6 1.0 23.1 6 3.8
Out 15.9 6 2.5 15.5 6 2.6 8.0 6 0.9 18.3 6 3.3
D 2.5 6 0.7a 0.4 6 0.7 21.7 6 0.2b 24.8 6 0.7b

DOPAC-SO4
In 3.5 6 0.6 4.3 6 0.7 3.3 6 0.4 2.4 6 0.5
Out 4.7 6 0.8 3.3 6 0.5 1.7 6 0.4 1.1 6 0.4
D 1.2 6 0.6a 21.0 6 0.5 21.6 6 0.4b 21.3 6 0.2b

MTY-SO4
In 5.1 6 0.6 5.6 6 0.7 2.8 6 0.2 5.6 6 0.6
Out 5.8 6 0.7 4.6 6 0.7 2.4 6 0.1 4.4 6 0.6
D 0.7 6 0.2a 21.0 6 0.7 20.4 6 0.1b 21.3 6 0.2b

Values represent mean 6 SEM inflowing (In), outflowing (Out), and differences (D) between inflowing and outflowing plasma concentrations,
expressed as picomoles per milliliter. Abbreviations: MTY, methoxytyramine; DA-SO4, sulfate-conjugated dopamine; DOPAC-SO4, sulfate-
conjugated dihydroxyphenylacetic acid; MTY-SO4, sulfate-conjugated methoxytyramine.

a Denotes a higher (P , 0.05) concentration in outflowing than inflowing plasma; b denotes a lower (P , 0.05) concentration in outflowing
than inflowing plasma.

TABLE 2. Blood flows and net rates of production or removal of DOPA, DA, and metabolites of DA by mesenteric organs and kidneys

Mesenteric organs
Kidneys

Normal volunteers Heart failure

Blood flow (mL/min) 739 6 20 1428 6 68 864 6 54
Net rates of production or removal

(nmol/min)
DOPA 0.65 6 0.15a 23.58 6 0.23b 22.95 6 0.17b

DA 0.29 6 0.05a 0.01 6 0.01 0.03 6 0.01a

DOPAC 4.12 6 0.48a 23.38 6 0.18b 22.89 6 0.14b

MTY 0.01 6 0.01 0.02 6 0.01a 0.02 6 0.01a

HVA 5.43 6 1.06a 220.02 6 1.69b 221.97 6 1.54b

DA-SO4 1.18 6 0.31a 21.34 6 0.20b 22.21 6 0.40b

DOPAC-SO4 0.60 6 0.28a 21.14 6 0.31b 20.61 6 0.11b

MTY-SO4 0.33 6 0.08a 20.34 6 0.08b 20.55 6 0.11b

Total (excluding DOPA) 11.95 6 1.70a 226.22 6 1.74b 228.69 6 1.77b

Values represent mean 6 SEM rates.
a Denotes a significant (P , 0.05) net production; b denotes a significant (P , 0.05) net removal.
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Discussion

Despite demonstration that several gastrointestinal
functions are modulated by DA, the source and presence
of the DA subserving these functions has not been estab-
lished. This study shows that mesenteric organs (gastro-
intestinal tract, spleen, and pancreas) produce substantial
amounts of DA. The nature of this production and the
cellular distribution of the rate-limiting enzyme for syn-
thesis of DA, tyrosine hydroxylase, suggest the presence

of a novel nonneuronal dopaminergic system within the
gastrointestinal tract.

The existence of a peripheral dopaminergic system, inde-
pendent of the sympathoadrenal system, is suggested by the
considerable urinary excretion of DA metabolites that ap-
proaches or exceeds that of the metabolites of NE and epi-
nephrine (11, 22). Thus, much of the DA formed in the body
is not metabolized to other catecholamines. This is illustrated
in this study by the similar renal removals of circulating DA
and NE metabolites indicating that half of the DA formed in
the body is not converted to NE.

Renal removal rates of HVA, DOPAC and DA-sulfate, the
major endproducts of DA metabolism, were similar to pre-
viously reported rates of their excretion in urine (11, 23). This
supports the present use of rates of renal extraction of cir-
culating DA metabolites as indices of their production in the
body. The exception is free DA, which is eliminated in the
urine in significant quantities (24). However, urinary DA is
formed largely from DOPA extracted from the circulation by
the kidneys and converted there to DA by aromatic amino
acid decarboxylase (25). The renal extraction of circulating
DOPA estimated in this study (3–3.6 nmol/min) is entirely
sufficient to account for the urinary excretion of free DA (1.5
nmol/min) estimated in previous studies (24).

The renal DOPA-DA system described above represents
the one peripheral nonneuronal dopaminergic system that is
reasonably well characterized, where the DA functions as an
intrarenal natriuretic hormone (26). A similar function has
been proposed in the gastrointestinal tract, where DA mod-
ulates jejunal sodium transport (2). DA is formed from ex-
ogenous DOPA in a heterogeneous pattern along the diges-
tive tract (27), and it has been suggested that extrarenal
dopaminergic systems may also synthesize DA from circu-
lating DOPA (22). However, the results of the present study
in which there was net mesenteric organ release not extrac-
tion of DOPA, showed that the quantity of DA produced by
mesenteric organs is far too large to be derived from circu-
lating DOPA.

Comparisons of the amounts of DA and its metabolites
formed in mesenteric organs with amounts removed by the
kidneys indicate that up to 46% of the DA formed in the body
and not metabolized to NE is derived from the gastrointes-
tinal tract, pancreas, and spleen. Because of the different
subject groups from which data are drawn, some caution
must be exercised in making these comparisons. Neverthe-
less, our similar results in swine (21), where comparisons
were within animals, supports the validity of the present
conclusion that mesenteric organs also represent a major site
of DA production in humans. No other tissues in the body
show such large and consistent arterial-venous increases in
plasma concentrations of DA and its metabolites. The in-
creases in DA are particularly unusual. In most other organs,
venous plasma concentrations of DA are lower than arterial
concentrations because of active extraction. The kidneys are
an exception, but even here the arterial-venous increases in
plasma DA are less consistent and much smaller than for
mesenteric organs.

Consistent arterial-venous increases in the sulfate-conju-
gates of DA and its metabolites across mesenteric organs
represent another unusual finding. Although most biogenic

FIG. 2. Rates of renal removal (upper), mesenteric organ production
(middle), and cardiac production (lower) of DA and its metabolites
(solid bars) or NE and its metabolites (hatched bars). Comparison of
rates of renal removal of DA and its metabolites with rates of renal
removal of NE and its metabolites indicate that only half (52 6 2%)
of DA produced in body is converted to NE (upper). A similar pattern
to above is observed for mesenteric organs where 55 6 5% of DA is
converted to NE (middle). In contrast, for heart most (88 6 1%) DA
is converted to NE (lower). Data for heart were derived from previ-
ously published results (14) of cardiac production of DA, NE and their
metabolites in 57 normal volunteers, or patients with angina studied
in cardiac catheterization laboratory.
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amines and their metabolites are to some extent sulfate-
conjugated, this pathway is particularly important for DA
and its O-methylated metabolite, methoxytyramine. For
these compounds, plasma concentrations of the sulfate-con-
jugates are 50- to 200-fold higher than those of the free un-
conjugated compounds. This compares with less than 3-fold
higher plasma concentrations of sulfate-conjugated than free
NE and epinephrine (13). The present findings answer a
long-standing question about the source and significance of
sulfate-conjugated DA (28). Similar rates of mesenteric organ
production and renal removal of the sulfate-conjugates of
DA and its metabolites indicate a major source of these com-
pounds from mesenteric organs. Sulfate-conjugation there-
fore represents an important mechanism for inactivation of
DA within the gastrointestinal tract. The above conclusion is

consistent with other recent findings that that the gastroin-
testinal tract is rich in the sulfotransferase isoenzyme, mono-
amine-sulfating phenolsulfotransferase, responsible for sul-
fate conjugation of biogenic amines (29). Lack of this
isoenzyme in liver (29) is consistent with the lack of hepatic
production of sulfate-conjugates found in this and other
studies (13, 30).

What is the source of the DA and its metabolites produced
in mesenteric organs? A previous suggestion that circulating
DOPAC and HVA are primarily derived from DA produced
in sympathetic nerves (11) is inconsistent with the present
comparisons of DA relative to NE production within mes-
enteric organs and the heart. In the heart, 88% of the DA is
translocated into storage vesicles and converted to NE. This
high rate of conversion is consistent with findings showing

FIG. 3. Coronal (A, B, and C) and transversal areas (D, E, and F) of a 12-mm thick section of fresh frozen human gastric mucosa. Tyrosine
hydroxylase immunoreactivity is shown in green (fluorescein isothiocyanate-labeled secondary antibody) and proton-pump immunoreactivity
(a specific marker for parietal cells) is shown in red (CY3-labeled secondary antibody). Same section was stained for both markers, and different
fluorescent filters were used to take a picture of individual stainings. A double exposure (green and red overlaid) of A and B is shown in C, and
a double exposure of D and E is shown in F. Epithelial cells that express both markers showed up orange/yellow in double-exposed images. There
are tyrosine hydroxylase immunoreactive cells that were not positive using parietal cell marker, some of these are pointed out with wavy arrows.
These cells are in lamina propria and are most likely a subset of immune cells. There are also some epithelial cells that were tyrosine hydroxylase
positive but proton-pump negative (short straight arrows). These are likely to be enterochromaffin cells. Bar: 50 mm.
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that over 90% of the transmitter in the sympathetic axoplasm
is translocated into storage vesicles, leaving less than 10% to
be metabolized intraneuronally (14). A sympathoneuronal
source of the 46% of DA formed in mesenteric organs and not
metabolized to NE is inconsistent with the high efficiency of
conversion of DA to NE within sympathetic nerves.

It is possible that some DA produced by gastrointestinal
tissues may be derived from the diet, but this is unlikely in
this study given the fasted state of the patients before sur-
gery. As discussed above, production of DA from circulating
DOPA is also excluded. Existing dogma that tyrosine hy-
droxylase is located exclusively to catecholaminergic neu-
rons in the brain, sympathetic nerves, and chromaffin tissue
is now challenged by application of sensitive in situ hybrid-
ization and immunohistochemical methods for the cellular
localization of DA and the transcription and translation
products for tyrosine hydroxylase. Using these techniques,
we and others have shown the presence of DA and tyrosine
hydroxylase messenger RNA and immunoreactivity in non-
neuronal cell bodies of the pancreas (10, 31) and intestine (32)
and in immunocytes and other cells of the gastric mucosa
(33, 34).

The present demonstration of immunoreactive tyrosine
hydroxylase in gastric mucosa extend previous findings in
experimental animals to humans. The immunohistochemical
distribution of tyrosine hydroxylase indicates a nonneuronal
location, and tyrosine hydroxylase assays indicate the pres-
ence of functional activity. Based on the distribution of ty-
rosine hydroxylase immunoreactivity, many epithelial cells
in the human stomach (including parietal cells), are capable
of producing DA. Lower down in the digestive tract, tyrosine
hydroxylase-positive epithelial cells were not detected; how-
ever, numerous lamina propria cells were positive for ty-
rosine hydroxylase. This suggests that immune cells
throughout the human gastrointestinal tract might also be
capable of producing DA. Such a possibility is consistent
with recent reports that immune cells have the capacity to
synthesize catecholamines (35, 36). Other findings that chem-
ical sympathectomy substantially decreases gastrointestinal
or pancreatic tissue concentrations of NE but has less impact
on tissue DA or the activity of tyrosine hydroxylase also
suggest the presence of a nonneuronal source of DA in the
digestive tract (10, 37).

The above considerations therefore support the possibility
that the considerable amounts of DA produced in mesenteric
organs might partly reflect synthesis in nonneuronal cells of
a dopaminergic paracrine system in the gastrointestinal tract.
Such a system could be responsible for the many actions of
DA in the digestive tract from regulating the secretion of
bicarbonate in the duodenum and stomach (1) to stimulating
exocrine secretions in the pancreas (8) and controlling so-
dium transport in the lower intestine (2). The present study
helps establish the presence of this system by localizing, for
the first time in humans, a major source of DA production to
the gastrointestinal tract, pancreas, and spleen. The finding
that most of the sulfate conjugates of DA and its metabolites
originate from mesenteric organs indicate that measure-
ments of these compounds in plasma or urine may provide
a means to study clinically the activity of this relatively
inaccessible dopaminergic system.
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