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Effect of tyrosine hydroxylase overexpression in lymphocytes
on the differentiation and function of T helper cells
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Abstract. The aim of the present study was to examine the
effect of the overexpression of tyrosine hydroxylase (TH), a
rate-limiting enzyme for the synthesis of catecholamines (CAs),
in lymphocytes on the differentiation and function of
T helper (Th) cells. A recombinant TH overexpression plasmid
(pEGFP-NI1-TH) was constructed and transfected into mesen-
teric lymphocytes using nucleofection technology. These cells
were stimulated with concanavalin A (Con A) for 48 h and then
examined for TH expression and CA content, as well as for the
percentage of Thl and Th2 cells, cytokine concentrations and
for the levels of signaling molecules. The lymphocytes overex-
pressing TH also expressed higher mRNA and protein levels of
TH, and synthesized more CAs, including norepinephrine (NE),
epinephrine (E) and dopamine (DA) than the mock-transfected
control cells. TH gene overexpression in the lymphocytes
reduced the percentage of interferon-y (IFN-y)-producing
CD4* cells and the ratio of CD4*TFN-y*/CD4*IL-4* cells, as
well as the percentages of CD4*CD26* and CD4*CD30* cells
and the ratio of CD4*CD26*/CD4*CD30* cells. TH over-
expression also reduced the secretion of IFN-y and tumor
necrosis factor (TNF) from lymphocytes. Moreover, NE
inhibited the Con A-induced lymphocyte proliferation and
decreased both cyclic adenosine monophosphate (cAMP) levels
and p38 mitogen-activated protein kinase (MAPK) expression
in the lymphocytes. Our findings thus indicate that TH gene
overexpression promotes the polarization and differentiation of
CD4* cells towards Th2 cells, and this effect is mediated by the
cAMP and p38 MAPK signaling pathways.
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Introduction

It is well known that tyrosine hydroxylase (TH), a rate-limiting
enzyme for the synthesis of catecholamines (CAs), is expressed
in neurons and endocrine cells. Over the years, studies have
demonstrated that immunocytes can synthesize and secrete
CAs, including dopamine (DA), norepinephrine (NE) and
epinephrine (E) (1-6). Therefore, the role of CAs is likely to
be more complex than previously thought. Endogenous CAs
in immunocompetent cells modulate many functions of the
immune system (7,8). We have also previously demonstrated
that lymphocytes express TH, and that the three types of CAs
exist in lymphocytes (9,10). Subsequently, we demonstrated
that lymphocyte-derived endogenous CAs inhibit lymphocyte
proliferation and interleukin (IL)-2 production, and accelerate
lymphocyte apoptosis (11,12). However, the role of endogenous
CAs synthesized and secreted by lymphocytes in immunomodu-
lation and the relevant mechanisms require further investigation.

Classically, CD4* T cells can be functionally differentiated
into T helper (Th)1 cells and Th2 cells. Thl cells are mainly
involved in the cellular immune response through the secre-
tion of cytokines, such as IL-2, interferon-y (IFN-y) and tumor
necrosis factor (TNF). Th2 cells mainly mediate the humoral
immune response and exert anti-inflammatory effects through
the secretion of IL-4, IL-5 and IL-10 (13). It has been reported
that a high expression of CD26 (also known as dipeptidyl
peptidase IV) correlates with the production of Thl-like cyto-
kines (14), whereas Del Prete ef al (15) suggested that human
CD4* Th2 cell clones express a higher amount of CD30, a
member of the TNF receptor superfamily. Moreover, since there
is a fine regulation of Thl- and Th2-type immune responses to
maintain the normal immune balance in the body (16), a Th1/
Th2 imbalance is associated with the onset and progression
of a number of autoimmune diseases, microbial infection and
tumors (17-20). It has been reported that exogenous CAs can
inhibit the secretion of pro-inflammatory cytokines and promote
the release of anti-inflammatory cytokines (21). Although there
is recent pharmacological evidence indicating that lymphocyte-
derived CAs induce a shift in the Th1/Th2 balance toward
Th2 polarization, that and a,-adrenoceptors (ARs) and [3,-ARs
are involved in mediating this effect (22,23), less is known
about the role of the AR-coupled signaling pathway.

The present study was therefore undertaken to further
explore the effects of lymphocyte-derived CAs on the differen-
tiation and function of Th cells by inducing the overexpression
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of the TH gene in lymphocytes. We also aimed to elucidate
the possible signaling pathway mediating these effects. These
findings may provide a better understanding of the role of
endogenous CAs in the neuroimmune network and may lead to
advancements in the prevention and treatment of some autoim-
mune diseases.

Materials and methods

Cell separation and culture. The mesenteric lymph nodes
of ICR mice (Center of Experimental Animals, Nantong
University, Nantong, China) were harvested by celiotomy and
single cell suspensions were obtained by gently squeezing
the lymph nodes. The cells were then washed twice and
resuspended in RPMI-1640 medium supplemented with
10% heat-inactivated calf serum, 2.5x102 M HEPES, 1x10°* M
sodium pyruvate, 5x10° M mercaptoethanol and antibiotics
(100 U/ml penicillin, 100 U/ml streptomycin), at a final concen-
tration of 1x10° cells/ml. Concanavalin A (Con A; 5 pg/ml) was
added to the suspensions in the presence or absence of NE to
induce cell proliferation. The cultures were then incubated at
37°C in a moist atmosphere with 5% CO, for 48 h. The animal
experiments carried out in this study were in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of Nantong University.

Construction of recombinant plasmid. The pEGFP-N1
plasmid was kindly provided by the Department of Immunology
of School of Medicine, Nantong University. Standard molecular
biology techniques were used for the construction of the
pEGFP-N1-TH recombinant plasmid. The PCR product of
mouse TH fragment was restricted and inserted between the
Xhol and HindIII restriction sites in the pEGFP-N1-basic
vector. The forward and reverse primers used to amplify this
fragment were 5'-CCCAAGCTTATGCCCACCCCCAGCG
CCTC-3' and 5'-CCGCTCGAGTTAGCTAATGGCACTC
AGTG-3', respectively (NM_ 009377.1). The plasmid was
verified by restriction enzyme digestion by Xhol and HindIII
and DNA sequencing.

Transfection with TH overexpression vector. The constructed
plasmid, pEGFP-N1-TH (pEGFP-NI-TH group), or the empty
vector, pEGFP-N1 (mock group), were transfected into
the lymphocytes using nucleofection technology (Amaxa
Biosystems, Koln, Germany) according to the manufac-
turer's instructions. Briefly, following incubation with Con A
for 48 h, the lymphocytes were resuspended in 100 ul of
T cell nucleofector solution. The plasmid (4 ug) was added
to 100 ul of 5x10° lymphocyte suspension. The mixtures
were subsequently transferred to an electroporation cuvette
with aluminum electrodes and placed in the nucleofection
device (Amaxa Biosystems). The nucleofection of these cells
were accomplished using the X-001 program, and the samples
were immediately transferred to 12-well plates containing
2 ml pre-warmed medium. The transfection efficiency was
determined by the fluorescence-positive cells under a fluo-
rescence microscope (Leica, Wetzlar, Germany). The number
of GFP-labeled cells was approximately 50-70% (data not
shown).

HUANG et al: EFFECT OF TH OVEREXPRESSION IN LYMPHOCYTES ON Th CELLS

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the lymph node cells which had been
transfected and incubated for 48 h, with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer's instructions. This process was followed by reverse
transcription into cDNA using M-MLV reverse transcriptase
(Promega, Madison, WI, USA). Real-time PCR for the
detection of TH was performed in a Rotor-Gene 3000 Real-
Time Cycler (Corbett Research, Sydney, Australia) and the
detection was made by measuring the binding of the fluor-
escence dye SYBR-Green I (Molecular Probe, Invitrogen,
Eugene, OR, USA) to double-stranded DNA. Each 20 pul of
reaction mixture contained 2 ul of cDNA, 2 ul PCR buffer,
3.0 mM MgCl,, 0.2 mM of each dNTP, 0.2 uM of each pair of
oligonucleotide primers, and 1 unit TagDNA polymerase. The
sequences of oligonucleotide primers for the amplification of
specific TH gene (130 bp, NM_009377.1) were 5'-CGGAAGC
TGATTGCAGAGAT-3' (sense) and 5'-GGGTAGCATAGAG
GCCCTTC-3' (antisense). The reaction procedures were as
follows: an initial step at 95°C for 5 min, 40 cycles of 94°C for
15 sec, 60°C for 20 sec and 72°C for 20 sec. Analysis was
performed by the standard curve method. To verify the
specificity of the amplification reaction, melting curve analysis
was performed. The relative expression level of TH was
expressed as a ratio relative to the value of 3-actin, the house-
keeping gene. The primer sequences for the f-actin gene
(218bp,NM_007393)were5'-CTGTCCCTGTATGCCTCTG-3'
(sense) and 5'-ATGTCACGCACGATTTCC-3' (antisense).

Western blot analysis. Total protein was extracted from the
lymph node cells which were transfected with the plasmid
pEGFP-N1-TH or treated with NE (10 M; Sigma-Aldrich,
St. Louis, MO, USA) for 48 h. The cells were homogenized in
lysis buffer and the supernatants were collected by centrifuga-
tion at4°C at 12,000 x g for 15 min. The supernatants containing
20 pg of total cellular protein were mixed with loading
buffer and boiled for 10 min. The proteins were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto PVDF membranes (Pall,
Port Washington, NY, USA) using a wet transfer apparatus. After
blocking non-specific binding with 5% (w/v) non-fat dry milk,
the membranes were probed with mouse monoclonal antibodies
specific for TH (MAB318, 1:500; Millipore Co., Billerica,
MA, USA), or with rabbit monoclonal antibodies specific for
p38 mitogen-activated protein kinase (MAPK; 4511P, 1:1,000)
and p-CREB (9198S, 1:1,000) (both from Cell Signaling
Technology Inc., Beverly, MA, USA) at 4°C overnight, followed
by incubation with a fluorescent-conjugated affinity purified goat
anti-mouse IgG (610-130-121) or goat anti-rabbit IgG (611-132-
122) (1:5,000; Rockland Immunochemicals Inc., Gilbertsville,
PA, USA) for 1 h at room temperature and visualization by a
Odyssey laser scanning system (LI-COR Biosciences, Lincoln,
NE, USA). The blots were reprobed with monoclonal mouse
anti-B-actin antibody (ab6276, 1:1,000; Sigma-Aldrich) to
confirm equal protein loading. The molecular weight and rela-
tive quantity of the protein bands were determined by an image
analysis system (Odyssey 3.0 software).

High performance liquid chromatography with electrochem-
ical detection (HPLC-ED) assay of CAs. For the detection
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of CAs in the cultured lymphocytes which were transfected
with the TH overexpression vector, the cultures were centri-
fuged and the cell pellet was resuspended in 0.15 ml of 0.1 N
perchloric acid and disrupted by ultrasonication. The mixture
was then supplemented with 0.15 ml of 0.8 N perchloric acid
and centrifuged for 15 min at 12,000 x g at 4°C. The superna-
tants were recovered, filtered and stored at -80°C until analysis.
For the detection of CAs in the supernatants of the lymphocyte
cultures, the culture supernatants were collected after the
cultures were centrifuged. To prevent electrochemical interfer-
ence in the HPLC-ED by unidentified compounds, CAs in the
cell supernatants were subjected to alumina-extraction. Briefly,
2 ml of cell supernatant were added to 40 mg of alumina, and
2 ml of 0.5 M Tris buffer, and gently shaken for 15 min at
room temperature in the dark. The samples were centrifuged
at 1,500 x g for 5 min. The supernatant was discarded and
the alumina was washed 3 times with cold deionized water.
Finally, CAs was eluted into 0.5 ml of 0.5 M perchloric acid by
continuously vortexing for 10 min. Each extract of 20 ul was
injected into a HPLC apparatus equipped with a reverse-phase
column (Altantis™ dC18, 5 ym, 100 A; Waters, Milford, MA,
USA) to quantify NE, E and DA. The mobile phase was pumped
at a flow rate of 1.0 ml/min. NE, E and DA in the samples was
quantified by using the peak areas of a standard curve.

Intracellular cytokine staining. Intracellular cytokine
staining was quantified as previously described (24) with
modifications. In brief, following 48 h of transfection with
TH overexpression vector, the lymphocytes were stimulated
with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml) and
ionomycin (1 yM) (both from Sigma-Aldrich) in the pres-
ence of GolgiStop (BD Pharmingen, San Diego, CA, USA)
at the concentration recommended by the manufacturer for
5 h. Following stimulation, the cells were harvested and
stained with fluorescein isothiocyanate (FITC)-conjugated
anti-CD4 (eBioscience, San Diego, CA, USA) and with
phycoerythrin (PE)-conjugated anti-IFN-y or PE-labeled
anti-IL-4 antibodies (all from BD Phamingen) following fixa-
tion and permeabilization. The stained cells were analyzed
using a FACSCalibur flow cytometer with CellQuest soft-
ware (BD Biosciences, San Jose, CA, USA).

Three-color flow cytometry. Briefly, the cells, having been
transfected and incubated for 48 h, were harvested and washed
twice with ice-cold phosphate-buffered saline (PBS) containing
1% bovine serum albumin and subsequently 10° cells/test were
incubated with anti-CD4-FITC antibody for 30 min on ice.
After washing, the cells were treated with peridinin chlorophyll
protein complex with cyanin-5.5 (PerCP-Cy5.5)-conjugated
anti-CD26 or PE-conjugated anti-CD30 antibodies (all anti-
bodies were from eBioscience) for a further 30 min on ice.
After final washing, the expression of cell surface markers was
analyzed on a FACSCalibur flow cytometer.

Cytometric bead array (CBA) immunoassay. Following trans-
fection with TH overexpression vector, the supernatants of the
lymphocyte cultures were collected for cytokine measurements.
A mouse Th1/Th2 cytokine CBA kit (BD Biosciences) was
used to measure the IL-2, IFN-y, TNF, IL-4 and IL-5 levels.
The procedure was carried out according to the manufacturer's
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instructions. Briefly, 50 ul of test samples and the provided
standard cytokines were added to the premixed capture beads.
After the addition of 50 ul of a mixture of PE-conjugated
antibodies against the cytokines, the mixture was incubated for
2 h in the dark at room temperature. The mixture was then
washed and centrifuged at 500 x g for 5 min and the pellet
was resuspended in 300 ul of wash buffer. The flow cytom-
eter (BD Pharmingen) was calibrated with setup beads and
5,000 events were acquired for each sample. The results were
analyzed using BD CBA analysis software (BD Biosciences).

Cell proliferation assay. MTT assay was used to measure cell
proliferation quantitatively. The lymphocytes were incubated
with 5 ug/ml Con A in the absence or presence of NE (107 or
10°° M) at 37°C in a moist atmosphere with 5% CO, for 48 h.
The MTT (Sigma-Aldrich) solution of 5 mg/ml was added to
the cultures (10 ul MTT solution/100 ul medium) and the cells
were cultured for an additional 4 h. Subsequently, the cells
were lysed using dimethylsulfoxide (Sigma-Aldrich). When
the formanzan crystals were completely dissolved, the optical
density (OD) was measured at 570 nm using a microplate
reader (Bio-Tek, Winooski, VT, USA).

Immunoassay for cAMP content. Following incubation with
NE (10 M) for 48 h, the lymphocytes were washed with cold
PBS, adjusted to a concentration of 1x107 cells/ml, treated
with 1 N HCI at room temperature for 10 min and centrifuged
at 600 x g for 10 min at 4°C. The supernatants were neutral-
ized with 1 N NaOH. Cell lysate was used to measure cAMP
levels using the cAMP immunoassay kit (R&D Systems, Inc.,
Minneapolis, MN, USA) according to the manufacturers'
instructions. Briefly, after washing with wash buffer, the
streptavidin-coated microplate was incubated with biotinylated
primary antibody to cAMP for 1 h at room temperature. After
washing, cCAMP conjugated to horseradish peroxidase was
added to the wells immediately. The cell lysates or standards
were then added to the wells and incubated for 2 h at room
temperature. Tetramethylbenzidine with hydrogen peroxide
was added to each well after washing, followed by incuba-
tion for 30 min at room temperature away from light. The
action was terminated with stop solution. The absorbance was
determined with a microplate reader (Bio-Tek) at 450 nm. The
cAMP concentrations were calculated by comparing with a
curve derived from the standards provided with each kit.

Statistical analysis. Data are expressed as the means =+ stan-
dard deviation (means + SD). Statistical analysis was performed
with the Statistical Package for Social Science (SPSS 16.0). The
data were subjected to one-way analysis of variance (ANOVA),
followed by the Student-Newman-Keul's test to compare the
data of all groups between each other. Differences were consid-
ered statistically significant at p<0.05.

Results

Transfection of lymphocytes with TH gene overexpression
plasmid increases TH expression and the CA content in these
cells. The plasmid, pEGFP-N1-TH, was constructed and then
transfected into lymphocytes that had been activated by Con A.
The mRNA and protein expression of TH in the lymphocytes
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Figure 1. Effects of tyrosine hydroxylase (TH) gene overexpression on TH expression and catecholamine (CA) synthesis in lymphocytes. (A) TH mRNA expres-
sion in lymphocytes after transfection was determined by RT-qPCR. (B) TH protein expression in lymphocytes after transfection was measured by western
blot analysis. (C) Contents of intracellular and supernatant CAs, including norepinephrine (NE), epinephrine (E) and dopamine (DA) in the lymphocytes were
detected by HPLC-ED. The data shown are the means = SD from 3 or 4 or 5 repeated experiments. ‘p<0.05 and “p<0.01 vs. the mock-transfected control cells.

transfected with the TH overexpression plasmid was markedly
upregulated compared to that of the mock-transfected control
cells (Fig. 1A and B). Moreover, the contents of intracel-
lular and supernatant CAs, including NE, E and DA in the
Con A-activated lymphocytes were significantly increased by
TH gene overexpression compared with those of the control
cells (mock-transfected cells) (Fig. 1C). These data indicated
that transfection with the TH gene overexpression plasmid led
to an evident enhancement of TH expression and CA synthesis
in the Con A-activated lymphocytes.

Effect of TH overexpression in lymphocytes on Thl/Th2
differentiation. To further confirm that CAs regulate Th1/Th2
differentiation in vitro, we examined IFN-y- and IL-4-producing
CD4* T cells in Con A-activated lymphocytes transfected with
TH overexpression vector using intracellular cytokine staining.
TH gene overexpression in lymphocytes markedly decreased the
percentage of IFN-y-producing CD4* T cells when compared
with the mock-transfected cells, indicating that CAs suppressed
Thl cell differentiation (Fig. 2A). However, TH overexpression
did not significantly alter the percentage of IL-4-producing
CD4* cells. Therefore, the ratio of CD4*IFN-y*/CD4*IL-4* was
notably lower in the lymphocytes transfected with the TH gene
overexpression vector than in the mock-transfected control
cells (Fig. 2C).

Furthermore, TH gene overexpression in the lymphocytes
markedly decreased both the percentage of CD4*CD26* T cells
and the percentage of CD4*CD30* T cells (Fig. 2B). The ratio
of CD4*CD26*/CD4*CD30* was also significantly lower in
the lymphocytes transfected with the TH gene overexpression
vector than in the mock-transfected control cells (Fig. 2C).
These results indicated that an increase in the CA content
promoted a shift in Th1/Th2 differentiation toward Th2.

TH gene overexpression in lymphocytes reduces Thl cytokine
secretion. To determine the effects of TH overexpression
in lymphocytes on Th cell function, cytokines relevant to
the different Th subsets were quantified in the supernatant.
Specifically, IL-2, TNF, IFN-v, IL-4 and IL-5 were quantified.
No significant differences were observed in the concentrations
of IL-2, IL-4 and IL-5 (Fig. 3), whereas the concentrations of
IFN-y and TNF were significantly decreased in the culture
supernatants of lymphocytes transfected with the TH overex-
pression vector compared with those of the mock-transfected
control cells (Fig. 3). These data indicated that TH gene overex-
pression in lymphocytes reduced Thl cytokine secretion.

NE inhibits proliferation and downregulates the cAMP levels
and p38 MAPK expression in lymphocytes activated by Con A.
The MTT OD values of the lymphocytes treated with NE at
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Figure 2. Effects of tyrosine hydroxylase (TH) gene overexpression on the percentage of interferon-y (IFN-y)-producing CD4* T cells and interleukin-4 (IL-4)-
producing CD4* T cells, and on the percentage of CD4*CD26* cells and CD4*CD30* cells. (A) Representative FACS images and statistical graph of cytokine
profiles showing the percentage of IFN-y- and IL-4-producing CD4* T cells. The number in the upper right quadrant of each dot plot represents the percentage of
Thl cells (CD4*TFN-y*) or Th2 cells (CD4*IL-4*). The isotype controls were tested in preliminary experiments and did no differ from unstained samples (data not
shown). Thus, unstained samples were used to set the quadrant. (B) Representative FACS image and statistical graph for 3 independent experiments is shown. The
numbers indicate the percentage of CD4*CD26" cells or CD4*CD30* cells in the respective quadrants within viable lymphocytes. (C) Denotes the ratio in number
of CD4"TFN-y*/CD4*IL-4* and in number of CD4*CD26* cells to CD4*CD30* cells. "p<0.035, “p<0.01 and ““p<0.001 vs. the mock-transfected control cells.

10-% or 10> M were markedly reduced when compared with
those of the control cells not treated with NE (Fig. 4A). These
findings indicate an attenuating effect of NE on Con A-induced
lymphocyte proliferation.

To further determine the signal transduction pathway
involved in the effects of CAs on lymphocytes, intracellular
cAMP was measured by immunoassay. As shown in Fig. 4B,

in the Con A-stimulated lymphocytes exposed to NE (10° M),
the content of cAMP was lower than that of the control cells.

Exposure of the Con A-stimulated lymphocytes to
NE (10° M) elicited a reduction in the expression of p38 MAPK
compared to the control (Fig. 4C and D). However, NE did not
significantly affect CREB activation (Serl33 phosphorylation,
p-CREB) compared with the control (Fig. 4).
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Figure 3. Effects of tyrosine hydroxylase (TH) gene overexpression on the
secretion of Thl- and Th2-type cytokines by lymphocytes. Concentrations
of interleukin (IL)-2, interferon-y (IFN-y), tumor necrosis factor (TNF), IL-4
and IL-5 were assessed in the culture supernatants of lymphocytes by cyto-
metric bead array (CBA) immunoassay. Data are shown as the means + SD
from 6 separate experiments. ‘p<0.05 compared with the mock-transfected
control cells.

Discussion

Previous studies, including those from our laboratory, have
shown that lymphocytes express TH and synthesize and secrete
CAs (1,9). Antigen or mitogen stimulation can increase the
synthesis and secretion of CAs by lymphocytes (9,10,25,26).
Therefore, in the present study, Con A was used to activate
lymphocytes and to increase the basal levels of CAs. We found
that TH overexpression elevated the expression of TH and the
synthesis of CAs in the Con A-activated lymphocytes. These
results reveal that the process of CA synthesis catalyzed by TH
also exists in lymphocytes and show the effectiveness of TH
gene overexpression on the elevation of CA synthesis.
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The overexpression of the TH gene in lymphocytes
induced a decrease in the percentage of IFN-y-producing
CD4* T cells and in the ratio of CD4*IFN-y*/CD4*IL-4*, and
in the percentages of CD4*CD26* and CD4*CD30* cells and
the ratio of CD4*CD26*/CD4*CD30" cells. It is well known
that IFN-y-producing and IL-4-producing CD4* T cells
represent Thl and Th2 cells, respectively. In IFN-y-producing
CD4* T cells, CD26 expression is higher (14), whereas in
T cells producing Th2-type cytokines, CD30 expression
is increased (15). Accordingly, our present results strongly
indicate that TH gene overexpression suppresses Thl
differentiation, but enhances Th2 differentiation. It has been
reported that Thl cells exert their effects via the production
of cytokines, such as IL-2 and IFN-y, and Th2 cells imple-
ment their functions via the production of cytokines, such as
IL-4 and IL-10 (13). The present study demonstrated that the
concentrations of IFN-y and TNF in the culture supernatants
of Con A-activated lymphocytes transfected with the TH gene
overexpression vector were significantly lower than those of the
control, although no significant differences were observed in
the IL-2, IL-4 and IL-5 concentrations. The concentrations of
cytokines in culture supernatants represent secreted levels by
lymphocytes. Thus, the reduction of Thl-type cytokines, IFN-y
and TNF, indicates an attenuation of Thl function. These
results reveal that TH gene overexpression in lymphocytes
promotes a functional bias towards Th2 cells, suggesting that
lymphocyte-derived CAs can promote Th cell function towards
Th2 polarization. The present data extend our recent findings
showing that a-methyl-p-tyrosine (a-MT), an inhibitor of TH,
upregulates the expression of T-bet and IFN-y, but downregu-
lates the expression of GATA-3 and IL-4 in lymphocytes and
that pargyline, an inhibitor of monoamine oxydase that degrades
CAs, has the opposite effects to those of a-MT (22), supporting
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Figure 4. Effect of norepinephrine (NE) on the Con A-induced lymphocyte proliferation, as well as cyclic adenosine monophosphate (cAMP) levels and
p38 MAPK expression. (A) MTT assay was used to measure the proliferative response of the lymphocytes to Con A. NE inhibited the proliferative response of
the lymphocytes to Con A. “p<0.05 and “p<0.01, compared with the zero point (without NE). (B) Immunoassay was employed to measure the cAMP content in
lysates of cells. NE reduced the cAMP levels in lymphocytes. “p<0.05 vs. the control not treated with NE. (C) The protein expression of p-CREB and p38 MAPK
was detected by western blot analysis. NE downregulated the protein expression of p38 MAPK in the Con A-activated lymphocytes. “p<0.01 vs. the control not
treated with NE. The data shown are the means + SD from (A and C) 6 or (B) 5 separate experiments.
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the viewpoint that lymphocyte-endogenous CAs regulate the
Th1/Th2 balance and promote Th2 polarization. It has been
reported that CAs derived from neurons and endocrine cells
suppress the cellular immunity and shift the Th1/Th2 cytokine
balance towards the Th2 profile (21,27-29). These effects of
exogenously added CAs are similar to the present findings of
endogenous CAs from lymphocytes. Therefore, we suggest that
the effects of exogenous CAs also probably represent an action
of endogenous CAs, as they can be secreted out of lymphocytes
into extracellular fluid to exert their modulatory effects through
autocrine/paracrine pathways (25,30,31). Furthermore, our
present findings of the role of lymphocyte-derived CAs in the
modulation of the Th1/Th2 balance extend the knowledge on
neuroimmunomodulation by CAs. The immunoregulation by
endogenous CAs derived from lymphocytes is probably more
important than that by exogenous CAs arising from neurons or
endocrine cells, as lymphocyte-derived endogenous CAs have
closer and more direct contact with immune cells.

In addition, the present study demonstrated that TH
overexpression promoted CA synthesis in Con A-activated
lymphocytes, not only at the intracellular level, but also in the
supernatant; among the three types of CAs, NE was the most
effective. To confirm that the influence of TH overexpression on
the function of lymphocytes may be related to NE, our studies
employed NE to explore the effects and reveal the possible
mechanisms. The effect that NE inhibited the proliferation of
lymphocytes is similar to the present finding that TH overex-
pression attenuated the differentiation and function of Th1 cells.
Recently, we demonstrated that the CA effect of promoting
Th2 polarization was mediated by a,-AR and [3,-AR, but not
by a,-AR or 3;-AR by using respective AR antagonists (23),
suggesting that both o,-AR and f3,-AR are involved in the role
of CAs. Canonically, the stimulation of a,-AR activates the
PLC-PKC signaling pathway and the stimulation of §,-AR
activates the cAMP-PK A signaling pathway. In addition, it
has been reported that NE stimulation of the PAR/Gs/PKA
pathway activates p38 MAPK and leads to changes in T cell
dynamics (32), suggesting that p38 MAPK is involved in 3-AR
signaling. Dissimilarly, the present results show that NE simu-
lation of lymphocytes decreases cAMP/p38 MAPK signaling.
This inconsistency may be explained by a mutual regulation
between a,-AR and f,-AR. It has been presented that PKC and
PKA may cause the phosphorylation of 3,-AR, which results in
the receptor desensitization and represents a negative feedback
loop (33-36). For example, the stimulation of a,-AR causes the
phosphorylation of 3,-AR in the human prostate, most likely by
G protein-coupled receptor kinase 2, which may result in the
desensitization of ,-AR and the enhancement of o,-AR (37).
On the other hand, the phosphorylation of 3-AR decreases
its affinity for Gs, whereas it increases Gi binding (38,39).
Therefore, the reduced cAMP/p38 MAPK signaling in lympho-
cytes by NE in this study suggests a possibility of negative
regulation of 3,-AR signaling by a,-AR activation.

The Th1/Th2 balance is crucial to maintain the func-
tional homeostasis of the immune system. Once the balance
is broken, it leads to the onset and progression of autoim-
mune diseases. A number of autoimmune diseases, such as
rheumatoid arthritis (RA), experimental autoimmune encepha-
lomyelitis (EAE), autoimmune thyroiditis and systemic lupus
erythematosus, have been confirmed to be associated with
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a Th1/Th2 imbalance. In most states of these diseases, the
balance is skewed towards Thl cells and an excess produc-
tion of pro-inflammatory cytokines, whereas the production
of anti-inflammatory cytokines is deficient (40-43). Studies
have proven that polarizing autoimmune Th1 cells toward Th2
directions (44,45) leads to the suppression of the clinical and
pathological manifestations of EAE. Accordingly, the shifts
of Th1/Th2 balance towards Th2 polarization by lymphocyte-
derived CAs presented in this study imply the possible way,
through which CAs alleviate autoimmune diseases. Moreover,
the present results, together with those of our recent study (23),
imply that the cAMP/p38 MAPK signaling pathway may be
implicated in mediating Th cell differentiation and function.
Therefore, the signal transduction mechanisms of CAs related
to Th differentiation and function provides a basis for the thera-
peutic strategy of autoimmune diseases.

In conclusion, TH gene overexpression in lymphocytes
by transfection results in an upregulation of TH expression
and an elevation of CA synthesis. Simultaneously, TH gene
overexpression facilitates a shift in Th cell differentiation
and function towards Th2 cell polarization. These findings
further confirm that lymphocyte-derived CAs regulate the
differentiation and function of Th cells, promoting a shift in the
Th1/Th2 balance towards Th2 predominance. Furthermore,
NE inhibited Con A-induced lymphocyte proliferation and
decreased both the cAMP level and p38 MAPK expression
in lymphocytes. Accordingly, we hypothesize that the cAMP/
p38 MAPK signaling pathway may be implicated in mediating
the differentiation and function of Th cells induced by the
lymphocyte-derived CAs.
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