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Abstract
Cholangiocarcinoma is a devastating cancer of biliary origin with limited treatment options.
Symptoms are usually evident after blockage of the bile duct by the tumor, and at this late stage,
they are relatively resistant to chemotherapy and radiation therapy. Therefore, it is imperative that
alternative treatment options are explored. We have previously shown that serotonin metabolism is
dysregulated in cholangiocarcinoma leading to an increased secretion of serotonin, which has
growth-promoting effects. Because serotonin and dopamine share the degradation machinery, we
evaluated the secretion of dopamine from cholangiocarcinoma and its effects on cell proliferation.
Using 4 cholangiocarcinoma cell lines and human biopsy samples, we demonstrated that there was
an increase in mRNA and protein expression of the dopamine synthesis enzymes tyrosine
hydroxylase and dopa decarboxylase in cholangiocarcinoma. There was increased dopamine
secretion from cholangiocarcinoma cell lines compared to H69 and HIBEC cholangiocytes and
increased dopamine immunoreactivity in human biopsy samples. Furthermore, administration of
dopamine to all cholangiocarcinoma cell lines studied increased proliferation by up to 30% which
could be blocked by the pretreatment of the D2 and D4 dopamine receptor antagonists, whereas
blocking dopamine production by α-methyldopa administration suppressed growth by up to 25%.
Administration of α-methyldopa to nude mice also suppressed cholangiocarcinoma tumor growth.

*Address correspondence to: Sharon DeMorrow, Ph.D., Department of Internal Medicine, Scott and White Hospital and Texas
A&M Health Science Center, College of Medicine. Medical Research Building 702 SW H.K. Dodgen Loop, Temple, TX, 76504
Phone: 254-724-6240, Fax: 254-724-8070, demorrow@medicine.tamhsc.edu

NIH Public Access
Author Manuscript
Int J Cancer. Author manuscript; available in PMC 2011 May 1.

Published in final edited form as:
Int J Cancer. 2010 May 1; 126(9): 2112–2122. doi:10.1002/ijc.24909.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The data presented here represent the first evidence that dopamine metabolism is dysregulated in
cholangiocarcinoma and that modulation of dopamine synthesis may represent an alternative
target for the development of therapeutic strategies.
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INTRODUCTION
Cholangiocarcinoma arises from the neoplastic transformation of the epithelial cells or
cholangiocytes that line the bile ducts. It accounts for about 3% of all gastrointestinal
cancers and represent the second most common primary liver tumor after hepatocellular
carcinoma 1. Biliary tumors are extremely aggressive and display a poor prognosis 1-4. The
lack of therapeutic tools for such a devastating disease is due, at least in part, to the lack of
knowledge regarding the mechanisms regulating cholangiocarcinoma growth 2-4. However,
increasing evidence has shown that neuropeptides and neuroendocrine hormones are
amongst those factors that are able to affect cholangiocarcinoma biology, either promoting
or inhibiting its growth 1, 4-7.

We recently demonstrated that cholangiocarcinoma over-produces and secretes serotonin,
which has growth promoting effects in an autocrine manner 6. Specifically, compared to a
non-malignant human cholangiocyte cell line, cholangiocarcinoma cells express higher
levels of tryptophan hydroxylase 1, the rate-limiting enzyme in serotonin biosynthesis,
whereas there is a marked decrease in expression of monoamine oxidase A (MAO A), the
enzyme responsible for the degradation of various biogenic amines, including serotonin 6.
This pattern of expression was also confirmed in human biopsy samples. Furthermore,
treatment of cholangiocarcinoma cells with serotonin increased proliferation, whereas
inhibiting serotonin synthesis decreased proliferation in vitro and reduced tumor volume in
vivo. Because MAO A is also responsible for the degradation of dopamine 8, we wished to
determine the relative levels of dopamine in cholangiocarcinoma compared to non-
malignant tissue and to evaluate the consequences of these changes on cell growth.

Dopamine is synthesized mainly by nervous tissue and adrenal glands, first by the enzymatic
conversion of tyrosine to DOPA ( 3 , 4-dihydroxyphenylalanine) by tyrosine hydroxylase
(TH) and then by the decarboxylation of DOPA by Dopa decarboxylase (DDC) 8. The
dopamine receptors (DR) are a class of metabotropic G protein-coupled receptors and, to
date, there are 5 types; D1-D5 9. Activation of these receptors has differing effects on signal
transduction pathways. For example, the D1DR interacts with the Gs complex to activate
adenylyl cyclase, whereas the D2DR interacts with Gi to inhibit cAMP production9. As with
serotonin, dopamine is rapidly cleared from the extracellular space by a dopamine specific
re-uptake transporter where it is then degraded, predominantly by MAO A8.

Several opposing effects of dopamine on tumor growth have been reported. Lung carcinoma
patients have 5-fold more circulating dopamine levels, which, it is speculated, may inhibit
the proliferation, and cytotoxicity of specific T-cells via a D1DR-mediated mechanism,
thereby assisting in the malignant process 10, 11. Conversely, dopamine levels are depleted
in malignant colon tissue 12 and gastric cancer tissue 13. In addition, modulation of
dopamine receptors is being proposed as a possible treatment of pituitary tumors due to the
suppressive effects of dopamine on prolactin secretion 14. It may also have a role in the
treatment of neuroblastoma cells, where D1DR agonists have a toxic effect on cell
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proliferation which appears to be neuronal specific 15. To date, nothing is known about the
involvement of dopamine in the neoplastic transformation and growth of
cholangiocarcinoma.

In the present study, we show a dysregulation of the cellular machinery responsible for the
metabolism of dopamine in cholangiocarcinoma cell lines and human samples, which results
in an increased production and secretion of dopamine from cholangiocarcinoma.
Furthermore, we show that the increased secretion of dopamine has growth-promoting
effects on cholangiocarcinoma cells and that inhibiting dopamine synthesis significantly
blocks cholangiocarcinoma cell proliferation in vitro and in vivo.

METHODS
In vitro

Cell Lines—We used four human cholangiocarcinoma cell lines (Mz-ChA-1, HuCC-T1,
CCLP1, and SG231) with different origins. Mz-ChA-1 cells, from human gallbladder 16
were a gift from Dr. G. Fitz (University of Texas Southwestern Medical Center, Dallas, TX).
CCLP-1 17, HuCC-T1 18 and SG231 19 all from intrahepatic bile ducts were a kind gift
from Dr AJ Demetris (University of Pittsburg, PA) and were cultured as described 17-19.
The human immortalized, nonmalignant cholangiocyte cell line, H69 (from Dr. G.J Gores,
Mayo Clinic, Rochester, MN), was cultured as described 20. In addition, the primary human
intrahepatic cholangiocyte cell line (HIBEC) was purchased from Sciencell (Carlsbad, CA)
and cultured according to the manufacturer’s instructions.

Real time PCR—RNA was extracted from all cell lines using the RNeasy Mini Kit
(Qiagen Inc, Valencia, CA) according to the instructions provided by the vendor and reverse
transcribed using the Reaction Ready™ First Strand cDNA synthesis kit (SA Bioscience,
Frederick, MD). These reactions were used as templates for the PCR assays using a SYBR
Green PCR master mix (SA Bioscience, Frederick, MD) in the real-time thermal cycler
(ABI Prism 7900HT sequence detection system) using commercially available primers
designed against human TH, DDC and the specific dopamine receptor subtypes (SA
Bioscience, Frederick MD). A ΔΔCT analysis was performed using the normal
cholangiocytes as the control sample. Data are expressed as relative mRNA levels ± SEM
(n=3).

Immunoblotting—Following trypsinization, all cell lines (1×106 cells) were resuspended
in lysis buffer 21 and sonicated. Immunoblots to detect TH, DDC and β-actin were
performed as previously described22 using specific antibodies against each protein (Santa
Cruz Biotechnology, Santa Cruz, CA). Data are expressed as fold change (mean ± SEM) of
the relative expression after normalization with β-actin.

Dopamine secretion—All cell lines were trypsinized and the resulting cell pellet was
resuspended in Hank’s-buffered saline buffer (1 × 107 cells/mL). Cells were then incubated
for 6 hr at 37°C and the amount of dopamine released into the media was assayed using a
commercially available dopamine ELISA kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions.

MTS cell proliferation assays—Cell lines were seeded into 96 well plates (10,000 cells/
well) in a final volume of 200 μl of growth medium and allowed to adhere to the plate
overnight. Cells were serum-starved for 24 hr prior to stimulation with dopamine (10-9 M to
10-5 M) or L-(-)-α-methyldopa (a specific DDC inhibitor; 10-6 M to 10-8 M; Ki = 39.3 μM;
23) for 48 hours. In parallel experiments, cells were pretreated with commercially available
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specific dopamine receptor antagonists all at 10 nM (D1DR antagonist, LE 300 24; D2DR
antagonist, L-741,626 25; D3DR antagonist, NGB 2904 26; D4DR antagonist L-745,870
trihydrochloride 27, all purchased from Tocris Bioscience., (Ellisville, MI), for 1 hr prior to
the addition of dopamine (10-7 M). Cell proliferation was assessed using a colorimetric cell
proliferation assay (CellTiter 96 AQueous; Promega Corp., Madison, WI) and absorbance
was measured at 490 nm by a microplate spectrophotometer (Versamax; Molecular Devices,
Sunnyvale, CA). In all cases, data were expressed as the fold change of treated cells
compared to vehicle-treated controls.

Bromodeoxyuridine (BrdU) incorporation assays—BrdU assays were performed as
described previously 22 using Mz-ChA-1 cells stimulated with dopamine (100 nM) and α-
Methyldopa (10-6 M) for 48 hr. The number of BrdU-positive nuclei was counted and
expressed as a percentage of total cells in 5 random fields for each treatment group. Data is
average ± SEM of 5 fields in 3 independent experiments.

Animal Model
Nude mice treatment—In vivo experiments were performed as described previously 28.
Male balb/c 8-week-old nude (nu/nu) mice were kept in a temperature-controlled
environment (20-22°C) with a 12-hour light-dark cycle with free access to drinking water
and to standard mouse chow. Mz-ChA-1 cells (5 × 106) were suspended in 0.25 mL of
extracellular matrix gel and injected subcutaneously in the left back flank of these animals.
After the establishment of the tumors, mice received α-Methyl dopa (100 mg/kg/day ip 29,
30) injected 3 times per week. Tumor parameters were measured twice a week by an
electronic calliper and volume determined as: tumor volume (mm3) = 0.5 × [length (mm) ×
width (mm) × height (mm)]. After approximately 2 months, mice were anesthetized with
sodium pentobarbital (50 mg/kg ip) and sacrificed according to institutional guidelines.
Serum was collected and AST and ALT levels were measured using a Dimension® RxL
Max Integrated Chemistry system (Dade Behring Inc., Deerfield IL) by the Scott & White
Hospital’s, Chemistry Department.

Tumor tissues were excised from the flank of these mice, fixed in formalin, and embedded
in paraffin. Tumor protein selectively expressed by cholangiocytes was evaluated after
CK-19 immunohistochemical staining. The local levels of dopamine were assessed by
immunohistochemical staining using a dopamine-specific antibody. Proliferating cell
nuclear antigen (PCNA) immunoreactivity in tumor sections was also evaluated and in
parallel, PCNA mRNA expression was evaluated in tumor tissue by real time PCR.

In each case, sections were counterstained with hematoxylin prior to analysis. Light
microscopy and immunohistochemistry observation were performed on the BX-40 light
microscope (Olympus, Tokyo, Japan) with a videocam (Model No U-PMTVC; Olympus,
Tokyo, Japan) and processed with Image Capturing Software (DP2-BSW Olympus, Tokyo,
Japan). Three pathologists independently performed the analysis in a blind manner.

Human studies
Cholangiocarcinoma tissue analysis—Immunoreactivity for dopamine, TH, and DDC
was assessed in commercially available Accumax tissue arrays (Isu Abxis Co, LTD, Seoul,
Korea) and in a limited number (n=6) of cholangiocarcinoma tissues compared to the
surrounding non-cancerous liver tissue containing normal cholangiocytes by
immunohistochemistry as described 6 using specific antibodies. The tissue arrays contain 48
well-characterized cholangiocarcinoma biopsy samples from a variety of tumor
differentiation grades as well as 4 control liver biopsy samples. Semi-quantitative analysis
was performed by three independent observers, in a blind fashion, using the following
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parameters. Staining intensity was assessed on a scale from 1-4 (1=no staining, 4= intense
staining) and the abundance of positively stained cells was given a score from 1 to 5 (1= no
cells stained, 5 = 100% stained). The staining index was then calculated by the staining
intensity multiplied by the staining abundance that gave a range from 1 to 20.

Dopamine secretion—Serum samples were obtained from cholangiocarcinoma patients
and age-matched controls and were stored at -80°C until further analysis. Hepatic bile also
was collected aseptically from T-tube drainage during post-operative day 1-3 from patients
with intrahepatic stones or gallstones in association with common bile duct stones (n=25)
and from cholangiocarcinoma patients (n=22). Bile samples were immediately frozen at
-80°C until analysis for dopamine content via EIA kits as outlined above.

Statistical Analysis—All data are expressed as mean ± SEM. Differences between
groups were analyzed by the Student unpaired t-test when two groups were analyzed and
ANOVA when more than two groups were analyzed, followed by an appropriate post hoc
test. A p value of less than 0.05 was used to indicate statistical significance. For the human
studies, power analysis was performed using the G*Power3 software31.

RESULTS
In vitro studies

Expression of metabolic enzymes for dopamine is dysregulated in
cholangiocarcinoma—The de novo synthesis of dopamine is via the sequential reactions
catalyzed by TH and DDC. The expression of TH mRNA was significantly upregulated
(from 2 to 7 fold) in 3 out of 4 cholangiocarcinoma cell lines when compared to the non-
malignant H69 and HIBEC cell lines (Figure 1A). This trend was confirmed by TH protein
expression as demonstrated by immunoblotting (Figure 1A). Similarly, the mRNA
expression of DDC was significantly increased (from 4 to 20 fold) in all cholangiocarcinoma
cell lines studied when compared to non-malignant H69 and HIBEC cell lines (Figure 1B),
which was paralleled in DDC protein expression as demonstrated by immunoblotting
(Figure 1B). Considering the increase in expression of dopamine synthesis enzymes and
decrease in the degradation enzyme MAO A shown previously 6, it would be reasonable to
expect an overall increase in dopamine production and secretion from cholangiocarcinoma
cells. Indeed, the secretion of dopamine was increased in all cholangiocarcinoma cell lines
(Figure 1C).

Increased local dopamine secretion has implications on cholangiocarcinoma
cell growth in vitro—The potential implications of the increased local dopamine
secretion were explored in vitro using the cholangiocarcinoma cell lines. Treatment of
human cholangiocyte cell lines, H69 and HIBEC, with various concentrations of dopamine
had no significant impact on cell proliferation (Figure 2), whereas treatment of all of the
cholangiocarcinoma cell lines with dopamine (10-5 to 10-9 M) caused a significant increase
in cell proliferation after 48 hr as demonstrated by MTS cell proliferation assays (Figure 2).
Every dopamine receptor subtype is expressed in both cholangiocytes and
cholangiocarcinoma cells, the relative levels of which are summarized in Table 1. The
proliferative effects of dopamine could be blocked by pretreatment with D2 and D4
dopamine receptor inhibitors (Figure 3). In contrast, blocking dopamine synthesis using α-
Methyl dopa, a specific DDC inhibitor, markedly inhibited cholangiocarcinoma cell
proliferation, at concentrations from 10-6 M to 10-8 M (Figure 4). Once again, no effect was
observed in H69 or HIBEC cells. These data were confirmed using a BrdU incorporation
assay as an indication of cell cycle progression. Further, dopamine treatment increased BrdU
incorporation, while α-Methyl dopa decreased BrdU incorporation (Figure 5). Taken
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together, these data indicate that the increased dopamine secretion from cholangiocarcinoma
cells may have a growth promoting effect on tumor progression.

Animal model of cholangiocarcinoma
Inhibition of dopamine synthesis inhibits cholangiocarcinoma tumor growth
in vivo—By treating an in vivo xenograft model of cholangiocarcinoma tumors with the
DDC inhibitor, we significantly suppressed tumor growth (Figure 6A). In addition, the
latency of tumor growth (i.e., time taken for tumor volume to increase to 150% of the
original size) was increased after α-Methyl dopa treatment compared to vehicle treatment
(Figure 6B). Analysis of liver enzymes in the serum revealed that there was no significant
difference in AST (Vehicle, 93.3 ± 13.5 vs α-Methyl dopa, 102.0 ± 12.6) and ALT levels
(Vehicle, 27.0 ± 12.6 vs α-Methyl dopa, 31.3 ± 4.6) between α-Methyl dopa-treated and
vehicle-treated animals, both of which fell within normal range, suggesting that the α-
Methyl dopa treatment was well tolerated and did not cause liver damage.

Histological analysis of the excised tumors revealed that all cells within tumors from α-
Methyl dopa-treated and vehicle-treated animals were CK-19 positive, indicating
cholangiocyte phenotype (Figure 7). As expected, α-Methyl dopa treatment significantly
decreased the dopamine immunoreactivity (Figure 7). Using PCNA immunoreactivity as a
marker of proliferative capacity, α-Methyl dopa treatment decreased the number of PCNA
positive nuclei compared to vehicle treatment (Figure 7). This decrease in PCNA expression
was confirmed by real time PCR analysis of RNA extracted from the excised tumors (Figure
7).

Human studies
Dopamine secretion is increased in cholangiocarcinoma—Immunohistochemical
analysis of human liver biopsy samples (tissue arrays) indicated an increased TH
immunoreactivity in cholangiocarcinoma samples compared to controls as assessed by three
independent observers (Figure 8A; data not shown). We acknowledge that these
commercially available tissue arrays are limited in the number and appropriateness of the
control samples; therefore we also performed a parallel pilot study in a limited number of
cholangiocarcinoma sections that also contained surrounding non-cancerous liver cells as
the control. Once again, TH immunoreactivity was increased in cholangiocarcinoma tissue
compared to that in normal cholangiocytes in the surrounding non-cancerous liver (Figure
8A). Similarly, immunohistochemical analysis of human liver biopsy samples from both the
tissue arrays and the cholangiocarcinoma sections indicated that there is also increased DDC
immunoreactivity in cholangiocarcinoma samples compared to control as assessed by three
independent observers (Figure 8B; data not shown).

Analysis of serum samples from cholangiocarcinoma patients versus age-matched controls
revealed no significant difference in dopamine levels (data not shown), which is not
surprising given that the normal tissue surrounding the tumor presumably has normal
degradation machinery (i.e., MAO A expression) and would possibly take up the excess
dopamine and metabolize it. We then performed a pilot study with a limited number of bile
samples taken from cholangiocarcinoma patients. As controls, we used bile samples
collected from patients affected by intrahepatic cholelithiasis (e.g. nonmalignant disease).
Analysis of these treatment groups revealed an increase in dopamine levels in
cholangiocarcinoma patients compared to “controls” (p<0.05, Figure 9A). In addition,
dopamine immunoreactivity was also increased in the cholangiocarcinoma tissue compared
to the control sections from both the commercially available tissue arrays as well as the
cholangiocarcinoma sections as assessed by 3 independent observers (Figure 9B and data
not shown).
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DISCUSSION
The major findings presented here relate to the dysregulation of dopamine metabolism in
cholangiocarcinoma. We demonstrated that the expression of the dopamine synthesis
enzymes TH and DDC are markedly increased in cholangiocarcinoma, which together with
the suppression of the degradation machinery shown previously 6, results in an increased
dopamine production in cholangiocarcinoma cell lines and tumor tissue, and increased
dopamine in the bile of cholangiocarcinoma patients. Treatment of cholangiocarcinoma cell
lines with dopamine increased cell proliferation in vitro, and inhibition of dopamine
synthesis decreased cell proliferation in vitro and in an in vivo xenograft model of
cholangiocarcinoma. These data suggest that the dysregulation of dopamine metabolism
may be a key feature associated with the progression of cholangiocarcinoma, and that the
modulation of this metabolic pathway may be targeted for the development of effective
adjunct therapies to treat this deadly disease.

In support of the observations that dopamine metabolism is dysregulated in
cholangiocarcinoma, increased dopamine production and secretion can be found in a number
of other tumors. There is an increased circulating level of dopamine in lung tumors, which
seems to play a protective role by inhibiting cytotoxic t-cell proliferation thereby preventing
their ability to mount an adequate attack on the tumor cells 10, 11. Furthermore, dopamine
secretion is increased in some cases of the rare malignancy, pheochromocytoma 32-34 and
in carcinoid tumors 35, although the consequences of this secretion on tumor growth or
progression is unclear. However, agents such as dexamethasone that increase
pheochromocytoma dopamine content also increase cell proliferation36, suggesting that
there may be a causal link between increased dopamine content and cell proliferation in
these tumor cells. Conversely, dopamine levels are depleted in malignant colon tissue 12 and
gastric cancer tissues 13, whereas dopamine treatement slows tumor growth, presumably by
decreasing the expression of vascular epithelial growth factor and subsequent angiogenesis
13, 37. We have previously shown that cholangiocarcinoma, while not strictly classified as a
carcinoid tumor, displays many features of a neuroendocrine phenotype, such as
Chromogranin A, neuron specific enolase expression, and enhanced serotonin secretion 6.
Because some carcinoid tumors also produce higher levels of dopamine 35, our observations
of increased dopamine production and secretion are conceivable. Serotonin and dopamine
have been shown to interact in both an antagonistic38, 39 and synergistic40 manner. We
have clearly demonstrated both serotonin and dopamine are overproduced in
cholangiocarcinoma and subsequently exert growth-promoting effects, however, whether
both dopamine and serotonin interact in a synergistic manner in this tumor type is largely
unknown and will be a topic of future research in our laboratory.

The expression of TH and DDC mRNA in blood or bone marrow has been shown to be
higher in patients with neuroblastoma, which can be correlated with poor prognosis of this
disease 41. Furthermore, increased TH expression can also be demonstrated in
pheochromocytomas and midgut carcinoid tumors 42. The data presented here support the
notion that the expression of dopamine synthesizing enzymes may be involved in the
process of tumor progression, and perhaps in controlling cell proliferation.

In our study, we demonstrated an antiproliferative effect of α-Methyl dopa on
cholangiocarcinoma cell growth. Chronic treatment of mice bearing cholangiocarcinoma
tumors decreased the amount of dopamine produced by the tumor cells and slowed tumor
growth over the period of time studied. The notion of targeting dopamine synthesis as an
anticancer treatment is not without precedent. Treatment of small cell lung carcinoma cells
and pulmonary carcinoid cells with another DDC inhibitor caused a selective cytotoxicity
43.
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In conclusion, the data presented here indicate a dysregulated dopamine metabolic pathway
in cholangiocarcinoma compared with nonmalignant cholangiocytes. Specifically, there is
an increase in the expression of TH and DDC, the enzymes responsible for dopamine
synthesis. This leads to an increased accumulation and secretion of dopamine from
cholangiocarcinoma and an increase in dopamine in the bile from cholangiocarcinoma
patients. Specific inhibition of dopamine production leads to a suppression of tumor growth
in a xenograft model of cholangiocarcinoma, which suggests that agents that modulate the
metabolism of dopamine may be useful therapeutic tools for the treatment of this devastating
cancer.
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Abbreviations

CK-19 Cytokeratin19

DDC Dopa decarboxylase

DR Dopamine receptor

HIBEC human intrahepatic biliary epithelial cells

MAO A monoamine oxidase A

PCNA proliferating cell nuclear antigen

TH tyrosine hydroxylase
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Figure 1.
Enzymes responsible for dopamine synthesis are upregulated in cholangiocarcinoma cells in
vitro. TH (A) and DDC (B) expression was assessed by real time PCR and immunoblotting
in four cholangiocarcinoma cell lines as well as the non-malignant cholangiocyte cell lines
H69 and HIBEC. In each case, data are expressed as average ± SEM (n=3). Asterisk denotes
significance (p<0.05) compared with expression in H69 cells. Dopamine levels were also
assessed in the supernatant of cell suspensions of cholangiocarcinoma cell lines and the non-
malignant cholangiocyte cell lines H69 and HIBEC by EIA after 6 hr (C). Data are
expressed as average dopamine concentration (ng/mL left axis and nMol, right axis) ± SEM
(n=3). Asterisk denotes significance (p<0.05) compared with dopamine levels secreted from
H69 cells.
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Figure 2.
Dopamine increases cholangiocarcinoma cell proliferation in vitro. Cholangiocarcinoma
cells and the non-malignant cholangiocyte cell lines, H69 and HIBEC, were treated with
various concentrations of dopamine (10-9 M to 10-5 M) for 48 hr. Cell proliferation was
assessed using an MTS cell proliferation assay. Data are expressed as fold change in
proliferation (average ± SEM, n=7) and the asterisk denotes p<0.05 compared to basal
treatment within each cell line.
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Figure 3.
Specific dopamine receptor antagonists inhibit the growth-promoting effects of dopamine.
Mz-ChA-1 cells were pretreated with specific antagonists of the dopamine receptors
indicated (all at 10 nM), prior to the addition of dopamine (100 nM) for 48 hr. Cell
proliferation was assessed using an MTS cell proliferation assay. Data are expressed as fold
change in proliferation (average ± SEM, n=7) and the asterisk denotes p<0.05 compared to
antagonist alone.
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Figure 4.
Inhibition of dopamine synthesis decreases cholangiocarcinoma cell proliferation in vitro.
Cholangiocarcinoma cells and the non-malignant cholangiocyte cell lines, H69 and HIBEC,
were treated with various concentrations of α-methyl dopa (10-6 M to 10-8 M) for 48 hr. Cell
proliferation was assessed using an MTS cell proliferation assay. Data are expressed as fold
change in proliferation (average ± SEM, n=7) and the asterisk denotes p<0.05 compared to
basal treatment within each cell line.
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Figure 5.
BrdU labeling of cholangiocarcinoma cells indicates changes in cell cycle progression after
treatment with dopamine and α-methyl dopa. Mz-ChA-1 cells were treated with dopamine
(10-7M) and CPA (10-6M) for 48 hr and BrdU uptake was determined. The number of
BrdU-positive cells was expressed as a percentage of total cells. Data was expressed as the
average ± SEM from 5 random fields from 3 independent experiments. Asterisk denotes
significance (p<0.05) when compared to basal treatment.
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Figure 6.
Inhibition of dopamine synthesis decreases tumor growth in an in vivo xenograft model of
cholangiocarcinoma. Mz-ChA-1 cells were injected into the flank of athymic mice. After
tumors were established, mice were treated with 100 mg/kg/day (ip) α-methyl dopa, three
days per week for 70 days and tumor volume assessed (A). Tumor latency was assessed as
the time taken for the tumor to grow to 150% of the original size (B). Data are expressed as
average latency (days ± SEM) and the asterisk denotes significance (p<0.05) from vehicle-
treated tumors.
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Figure 7.
Immunohistological analysis of tumors. Immunohistochemistry on tumors from vehicle- (A,
C, E) and α-methyl dopa-treated mice was performed using specific antibodies against
CK-19 (A, B), dopamine (C, D) and PCNA (E, F). Representative photomicrographs of the
immunoreactivity are shown (magnification X40). Semi-quantitative analysis of PCNA
immunoreactivity was performed and data was expressed as average (± SEM) PCNA
positive nuclei per field (G) and the asterisk denotes significance (p<0.05) compared to
vehicle-treated tumors. PCNA expression in the tumors was also assessed by real time PCR
(H). Data are expressed as average ± SEM (n=3). Asterisk denotes significance (p<0.05)
compared to vehicle-treated tumors.
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Figure 8.
Enzymes responsible for dopamine synthesis are upregulated in cholangiocarcinoma tumor
biopsy samples. TH (A) and DDC (B) immunoreactivity was assessed in biopsy samples
from 48 cholangiocarcinoma patients and 4 healthy controls by immunohistochemistry
(upper panel) and in paraffin-embedded sections containing cholangiocarcinoma and the
surrounding non-malignant liver tissue (n=6; lower panel). Representative photomicrographs
of the TH (A) and DDC (B) immunoreactivity are shown (magnification X40). Staining
intensity was assessed as described in the methods. P values and the power analysis values
are shown in parentheses.
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Figure 9.
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Dopamine secretion in cholangiocarcinoma. Dopamine levels in bile samples from
cholangiocarcinoma patients and patients with intrahepatic cholelithiasis were determined
by EIA (A). Data are expressed in a scatter plot of dopamine concentration (ng/mL left axis
and nMol right axis). Dopamine immunoreactivity was assessed in biopsy samples from 48
cholangiocarcinoma patients and 4 healthy controls by immunohistochemistry (upper panel)
and in paraffin-embedded sections containing cholangiocarcinoma and the surrounding non-
malignant liver tissue (n=6; lower panel). Representative photomicrographs of the dopamine
immunoreactivity are shown (B; magnification X40). Staining intensity was assessed as
described in the methods. P values and the power analysis values are shown in parentheses.
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Table 1

Fold change in dopamine receptor subunit expression in cholangiocarcinoma compared to H69 cholangiocyte
cells

Receptor Mz-ChA-1 HuCCT-1 SG231 CCLP-1

D1DR 5.43 ± 1.25* 0.66 ± 0.11* 0.85 ± 0.08 0.48 ± 0.05*

D2DR 3.92 ± 0.72* 2.14 ± 0.21* 0.16 ± 0.03* 3.13 ± 0.21*

D3DR 2.87 ± 0.76* 1.01 ± 0.03 0.79 ± 0.03 0.49 ± 0.03*

D4DR 0.38 ± 0.06* 0.49 ± 0.02* 0.27 ± 0.02* 0.76 ± 0.04*

D5DR 2.45 ± 0.71* 0.27 ± 0.03* 0.49 ± 0.05* 0.18 ± 0.02*

● p<0.05 compared to non -malignant cholangiocytes (H69)

● significant increases is shaded in purple, significant decrease are shaded in gray, no shading indicates no significance.
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