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Dopamine is a catecholamine neurotransmitter, which plays
an important role in the regulation of T cell functions. In acti-
vated T cells from normal volunteers, stimulation of D, and D,
dopamine receptors inhibit cell proliferation and cytokine
secretion. However, there is no report yet regarding the regula-
tory role of D, and D, dopamine receptors in abnormally prolif-
erating T cells. The present study investigates the expression
and effect of activation of these dopamine receptors in Jurkat
cells, a leukemic T cell line showing uncontrolled proliferation.
Like normal human T cells, in Jurkat cells, D, and D, dopamine
receptors are also expressed; however, unlike activated normal
T cells, stimulation of these dopamine receptors in Jurkat cells
fails to inhibit their T cell receptor-induced proliferation. This
alteration is due to failure of D; dopamine receptor-mediated
activation of cyclic AMP signaling and a missense mutation at
the third cytoplasmic loop of D, dopamine receptors affecting
inhibition of phosphorylation of ZAP-70, an important down-
stream protein transducing signal from the T cell receptor.
These results help to understand the biology of abnormal pro-
liferation of T cells in pathophysiological conditions where
dopamine plays an important role.

Dopamine (DA)? is one of the major neurotransmitters in the
brain. In the central nervous system, it regulates various impor-
tant functions like emotions, motivations, feelings of pleasure,
addiction, and movement (1, 2). In the periphery, it regulates
blood pressure, heart rate, gut motility, endocrine, and kidney
functions (3-5). Recent reports indicate that DA influences dif-
ferent functions of the immune effector cells, most importantly
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normal T lymphocytes (6-11). T lymphocytes can synthesize,
transport, and reuptake DA (12, 13). DA, in turn, modulates the
functions of these immune effector cells by acting through its
specific classes of receptors expressed in these cells.

The DA receptors are further subdivided into two categories,
the D, class consisting of D; and Dy subtypes, which, when
activated, increases intracellular cyclic AMP (cAMP) and the
D, class consisting of D,, D, and D, subtypes that inhibit intra-
cellular cAMP on stimulation (1). Human T cells express both
the D; and D, class of DA receptors (14—16). Changes in the
expression of DA receptors and their signaling pathways in T
cells are associated with altered immune functions in disorders
like schizophrenia (17), Parkinson disease (18), Alzheimer dis-
ease (19), attention-deficit hyperactivity disorder (20), migranes
(21), multiple sclerosis (22), and Tourette syndrome (23).

Our previous reports indicate that in activated normal
human T cells, stimulation of D; DA receptors inhibit cell pro-
liferation by elevating intracellular cAMP (24). Similarly, stim-
ulation of D, receptors in T cells has been shown to inhibit
activated T cell receptor (TCR)-induced cell proliferation and
secretion of IL-2, IFN-v, and IL-4 (25). Also, DA D, receptors
have a pivotal role in maintaining T cell quiescence (26). All of
these reports indicate that other than being an important reg-
ulator of immunity (10, 11), DA also plays a key role in the
regulation of normal human T cell functions (27, 28).

Therefore, it is interesting to find out the expression pro-
file of DA receptors and their regulatory role, if any, in
pathologically abnormal T cells with respect to their uncon-
trolled proliferation. Accordingly, to examine the role of
dopaminergic regulation in abnormally proliferating T cells,
acute T lymphoblastic leukemic cells (Jurkat) were selected
(29).

EXPERIMENTAL PROCEDURES

Cell Line—The acute lymphoblastic leukemia T cell line (Jur-
kat cells) was obtained from the American Type Culture Col-
lection. The cells were grown in RPMI 1640 medium with 1.5
mM L-glutamine, Earle’s salt, and sodium bicarbonate and sup-
plemented with 10% fetal bovine serum (29).

Isolation and Culture of Normal Human Lymphocytes—
Blood was collected from normal volunteers according to the
norms of Institutional Review Board. Resting T cells were iso-
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lated by Dynal T cell negative isolation kit II (Dynal Biotech,
Invitrogen) following manufacturer’s protocol (26).

DA Receptor Expression in Activated Normal and Leukemic T
Cells by Semiquantitative RT-PCR—Total RNA was extracted
from activated normal T cells and Jurkat cells by RNA isolation
kit following manufacturer’s protocol (Ambion, Inc.). Reverse
transcription followed by PCR was carried out in a DNA ther-
mal cycler (GeneAmp-9700; Applied Biosystems) with D; and
D, DA receptor primers. The sequence of primers for DA
receptors were as follows: DA D, receptor, 5'-CAGTCCACGC-
CAAGAATTGCC-3" and 5'-ATTGCACTCCTTGGAGATGG-
AGCC-3';and DA D, receptor, 5'-GCAGCCGAGCTTTCAGG-
GCC-3' and 5'-GCAGCCGAGCTTTCAGGGCC-3' (30).

Stimulation of D, or D, DA Receptors with TCR Activation—
Resting T cells and Jurkat cells were stimulated with plate-bound
anti-CD3 (Sigma-Aldrich) followed by the addition of soluble
anti-CD28 (eBioscience) (4 ng/ml each) in a 96-well plate
together with D; (SKF 82526, Sigma-Aldrich) or D, DA
receptor agonist (quinpirole hydrochloride, Sigma-Aldrich)
in different concentrations. From dose-response experi-
ments, the dose showing the highest proliferation inhibition
was selected for further experiments. In experiments where
phosphodiesterase inhibitor was used, CD3/CD28 activated
Jurkat cells were pretreated with 1 mm theophylline for 30
min followed by D, DA receptor agonist stimulation. The D,
DA receptor specific antagonist, SCH 23390 (100 uwm;
Sigma-Aldrich) when used, added 10 min before theophyl-
line, and followed thereafter by the D; DA receptor agonist
stimulation.

Cell Proliferation Assay—[*H]thymidine incorporation assay
was undertaken to measure cell proliferation. [*H]thymidine
was added 18 h before the termination of 72 h of culture of cells
(25).

Intracellular cAMP Assay—Intracellular cAMP was mea-
sured by a parameter ELISA kit (R&D Systems) following the
manufacturer’s protocol from CD3/CD28-stimulated and
D, agonist (SKF 82526, 1 um)-treated Jurkat cells pretreated
with or without theophylline (1 mm) in separate experi-
ments. To further determine the specificity of D; DA recep-
tor action on the elevation of cAMP, the D; DA receptor-
specific antagonist SCH 23390 (100 um) was used, and then
intracellular cAMP was measured. In addition, intracellular
cAMP also was measured in CD3/CD28-stimulated Jurkat
cells treated with or without the D, DA receptor-specific
agonist quinpirole (2 um) (31).

Western Blot Analysis of DA Receptors and Phosphorylated
ZAP-70 in Activated Normal T Cells and Jurkat Cells—For
Western blot analysis of DA receptors, equal amounts of pro-
teins from lysed activated T cells and Jurkat cells were im-
munoblotted with primary antibodies against DA receptors
(D,;and D,) (Santa Cruz Biotechnology). For phosphorylation
study, proteins from CD3/CD28-costimulated and D, agonist
(quinpirole, 2 um)-treated normal T cells and Jurkat cells were
immunoblotted against antiphospho-ZAP-70 (Upstate). Mem-
brane was reprobed against anti-ZAP-70 (Upstate) for total
protein expression (24, 25).

Genotyping of D, and D, DA Receptors in Jurkat Cells—Total
DNA was isolated from Jurkat cells by QlIAamp DNA mini kit
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FIGURE 1. Expression of D, and D, dopamine receptors in Normal and
Jurkat cells. A, semiquantitative reverse transcription-polymerase chain
reaction analysis of MRNA shows presence of D, and D, dopamine receptor
expression in normal activated T cells and Jurkat cells. 15 S rRNA expression is
the positive control. B, Western blot with specific antibodies against receptors
also revealed similar expression pattern of D, and D, dopamine receptor
proteins in normal and Jurkat T lymphocytes. Results are representative of six
separate experiments.

(Qiagen) according to the manufacturer’s protocol. The human
D, DA receptor gene (GenBank ™™ accession no. NC_000005.9)
is composed of two exons separated by a small intron (32),
whereas the DA D, receptor gene (GenBank™™ accession no.
NC_000011.9) consists of eight exons separated by seven in-
trons (33). PCR reactions were established with suitable
primers to produce overlapping products for D, (3488 bp)
and D, (65,575 bp) DA receptor genes. Bidirectional
sequencing reactions were performed for D; and D, DA
receptors in an automated sequencing platform (ABI 3730xl,
Applied Biosystems) using an energy transfer terminator.
Sequences were analyzed to identify single nucleotide poly-
morphisms (SNPs) by Polyphred and validated manually as
described previously (34, 35).

Statistical Analysis—All data are expressed as the mean *
S.E. Statistical comparisons were performed using Student’s ¢
test. p < 0.05 was considered significant (25).

RESULTS

Expression of DA Receptors in T Cells from Normal Volun-
teers and Jurkat Cells—From RT-PCR and Western blot analy-
sis, it was evident that T lymphocytes from normal volunteers
expressed both D; and D, DA receptors (Fig. 1, A and B). Sim-
ilarly, considerable expressions of both D, and D, DA receptors
also were shown in Jurkat leukemic T cells (Fig. 1, A and B).
However, unlike normal T cells, very low expressions of D5, D,,
and D, DA receptors were observed in Jurkat T cells (data not
shown). Thus, D, and D, DA receptors were the predominant
DA receptor subtypes present in these cells.

Stimulation of D, and D, DA Receptors in Jurkat Cells Did
Not Inhibit the Proliferation of These Cells—As stimulation of
D, and D, DA receptors in activated T cells from normal vol-
unteers has been shown to negatively regulate their prolifera-
tion (24, 25) and because our present results indicate that D,
and D, are the predominant DA receptors expressed in Jurkat
cells, it was therefore interesting to determine the role of DA-
mediated regulation of cell proliferation through these recep-
tors in Jurkat cells. Following stimulation of D; DA receptors
with different concentrations (1 nm—6 um) of D, receptor-spe-
cific agonist SKF 82526, together with anti CD3/CD28, no sig-
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FIGURE 2. Effect of stimulation of D, and D, dopamine receptors on proliferation of activated normal T cells and Jurkat cells by [*H]thymidine
incorporation assay. Treated cells were cultured for 72 h, and radiolabeled thymidine was added 18 h before termination of experiments. Incorporated
radioactivity was measured as representative of cellular proliferation. Intracellular cAMP concentration also was measured from these treatment groups.
A, stimulation of D, dopamine receptors by its specific agonist (SKF, SKF 82526) in CD3/CD28-stimulated normal T cells showed significant dose-dependent
inhibition of proliferation with maximum inhibition found at a 1T um concentration. In contrast, no significant inhibition of proliferation was observed in
CD3/CD28-stimulated Jurkat cells following D, agonist treatment. B, CD3/CD28-stimulated normal T cells showed significant dose-dependent inhibition of
proliferation following stimulation of D, DA receptors by a specific D, agonist (Q, quinpirole hydrochloride), and maximum inhibition was found at 2 um
concentration, but no significant inhibition of proliferation was observed in Jurkat cells following D, DA receptor agonist treatment. Results are mean = S.E. of
six separate experiments (¥, p < 0.05). C, intracellular cAMP measured at different time points after D, agonist stimulation (1 um) showed a significantly elevated
level in normal activated T cells where the peak was reached at 5 h and then declined. But similar treatment failed to elevate intracellular cAMP pool of Jurkat
cells. D, stimulation of D, dopamine receptors could not inhibit the cAMP concentration in CD3/CD28-activated Jurkat cells. Results are mean = S.E. of six
separate experiments (¥, p < 0.05). Culture and treatment protocols are as described under “Experimental Procedures.”

nificant change in the proliferation of Jurkat cells was observed,
whereas CD3/CD28 costimulated and D, DA agonist-treated (1
nM—6 um) T cells from normal volunteers showed significant
dose-dependent cell proliferation inhibition with the maxi-
mum inhibition observed at a 1 um concentration (Fig. 24).
Similarly in CD3/CD28-costimulated Jurkat cells, no signifi-
cant inhibition of proliferation was observed following treat-
ment with a specific D, DA receptor agonist, quinpirole hydro-
chloride, in different concentrations (1 nM—6 uMm). In contrast,
CD3/CD28 co-stimulation-induced proliferation of T cells
from normal volunteers was inhibited significantly in a dose-
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dependent manner with maximum inhibition observed when
treated with 2 um quinpirole (D, DA receptor agonist) (Fig. 2B).

Evaluation of the Functions of D, and D, DA Receptors in
Jurkat Cells—Activation of D, and D, DA receptors has
shown to inhibit normal activated T cell proliferation by
elevating intracellular cAMP and down-regulating expres-
sion of important signaling intermediates of TCR activation
pathway, respectively (24, 25). Our present results showed
that unlike normal T cells, D; and D, DA receptor stimula-
tion did not show any inhibitory effect in Jurkat cell prolif-
eration. Therefore, we evaluated whether in these abnor-
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mally proliferating cells, stimulation of D; and D, DA
receptors were able to generate respective proliferation
inhibitory signaling events like that of activated normal T
cells. When D, DA receptors, which are G, protein-coupled
receptors, were stimulated with a specific D, receptor ago-
nist, SKF 82526 (1 umM, the inhibitory concentration selected
from a dose-response curve; Fig. 2A4) in activated normal T
cells, CAMP started to increase within 5 min and reached to
peak in 5 h (Fig. 2C) and thereafter, started to decline (Fig.
2C). On the contrary, no significant alteration in intracellu-
lar cAMP pool was observed in Jurkat cells following similar
D, DA receptor stimulation, suggesting cAMP, the second
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FIGURE 3. Effect of stimulation of D, dopamine receptors on ZAP-70
phosphorylation in activated normal T lymphocytes and Jurkat cells.
A, phosphorylation of ZAP-70, an important signaling protein in T cell activa-
tion was abrogated following stimulation of D, dopamine receptors by spe-
cific agonist (Q, quinpirole hydrochloride; 2 um) in CD3/CD28-activated nor-
mal T cells. However, similar D, agonist treatment failed to inhibit ZAP-70
phosphorylation in activated Jurkat cells. Protein loading was verified by
reblotting the membrane by anti-ZAP-70, which showed that total ZAP-70
expression remained unchanged. Results are representative of six separate
experiments. B, chromatogram of DNA from PCR product amplified from D,
dopamine receptor of Jurkat cells shows a nonsynonymous mutation (C—G
transversion). Base change to guanine at the indicated position of codon 311
results in substitution of amino acid cysteine and functional alteration of D,
receptor activity in Jurkat cells.

TABLE 1

D, and D, Dopamine Receptors and Jurkat Cells

messenger, could not effectively accumulate in these prolif-
erating T cells (Fig. 2C).

As stimulation of D, DA receptors in normal activated T cells
inhibited intracellular cAMP (1), the function of D, DA recep-
tors in Jurkat cells was determined in respect to their ability to
inhibit intracellular cAMP accumulation. Unlike normal acti-
vated T cells, stimulation of D, DA receptors in Jurkat cells with
a specific agonist, quinpirole (2 uM, the inhibitory concentra-
tion selected from a dose-response curve), did not show any
effect on intracellular cAMP level (Fig. 2D).

Furthermore, as stimulation of D, DA receptors inhibits the
TCR stimulation pathway (25), to examine D, DA receptor
function in Jurkat cells, we chose to study the phosphorylation
status of ZAP-70, an important signaling intermediate of the
TCR-activated mitogenic pathway leading to cytokine release
and subsequent cell proliferation (36). Stimulation of D, DA
receptors by its specific agonist, quinpirole (2 um, Fig. 2B), sig-
nificantly inhibited phosphorylation of ZAP-70 in activated
normal T cells (Fig. 34), but stimulation of D, DA receptors
failed to show any significant inhibitory effect on ZAP-70 phos-
phorylation in CD3/CD28-stimulated Jurkat cells (Fig. 3A).
Total ZAP-70 expression remained unchanged (Fig. 34).

Mutation Screening of D , and D, DA Receptor Genes in Jurkat
Cells Showed Synonymous and Nonsynonymous SNPs—The pres-
ent results reveal that unlike normal T cells, stimulation of D; and
D, DA receptors in Jurkat cells failed to show any inhibitory effect
on Jurkat cell proliferation. Therefore, it is rational to screen these
two DA receptor genes in Jurkat cells for any possible mutation
altering their functions. Whole gene sequence analysis of D; and
D, DA receptors revealed several SNPs both at exon and intron
regions (Tables 1 and 2), which were reported previously in the
SNP database (www.ncbi.nlm.nih.gov/projects/SNP). Polymor-
phisms at exon of D; DA receptor were found to be synonymous in
nature. This mutation, including the intronic mutations of D; and
D, DA receptors, however, were not sufficient to significantly alter
the function of these receptors.

In addition to these mutations, interestingly, one nonsyn-
onymous SNP change also was detected at the exon region of
only D, DA receptors in Jurkat cells (Table 2). Further anal-
ysis revealed that this mutation (C — G nucleotide transver-
sion) is present in the heterozygote pattern in D, DA recep-
tors of Jurkat cells (Fig. 3B). This substitution is reported at
the NCBI Single Nucleotide Polymorphism database (http://
www.ncbi.nlm.nih.gov/projects/SNP) as S311C (NCBI SNP

D, DA receptor allele of Jurkat cells with detected SNP positions in chromosome

Allele type Position on chromosome Adjacent sequence Accession no. Type Mutation type and amino acid change
A/G 174803508 GGAAGTGGGC (C/T) GCCGCCGCCT rs265981 Intron
C/G 174803379 CTCAACGTTT (C/G) GGAGCCGCTG Novel Intron
C/T 174802756 TTCCCTGCTT (G/A) GGAACTTGAG rs4532 Intron
C/T 174801446 CAGCCCTATC (A/G) GTCATATTGG rs155417 Exon Synonymous (Ser — Ser)
AlIG 174801306 TGCTCTGGGG (C/T) TTGCTATTAA rs686 Intron
A/G 174800505 AAAAATTTAA (A/G) AAAGTATAGC rs4867798 Intron
TABLE 2
D, DA receptor allele of Jurkat cells with detected SNP positions in chromosome
Allele type Position on chromosome Adjacent sequence Accession no. Type Mutation type and amino acid change
G/C 112788694 CCCGACCCGT (G/C) CCACCATGGT rs1801028 Exon Nonsynonymous (Ser — Cys)
T/A 112800208 GCTTTTACCA (T/A) TGAGTTTCCT rs12808482 Intron
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FIGURE 4. Inhibition of phosphodiesterase activity, together with stimulation of D, dopamine receptors in
Jurkat cells, is associated with significant elevation in intracellular cAMP level and inhibition of cell prolifer-
ation. A, the D, DA receptor agonist (SKF, SKF 82526) induced dose-dependent inhibition of proliferation with 1 um
concentration, showing the maximum inhibition observed in CD3/CD28-stimulated Jurkat T cells when pretreated
with phosphodiesterase inhibitor (Theo, theophylline; 1 mm), but not in CD3/CD28-stimulated Jurkat cells similarly
treated with D, agonist alone. Results are based on [*H]thymidine incorporation assay. Results are mean = S.E. of six
separate experiments (¥, p < 0.05). B, inhibition of phosphodiesterase activity by theophylline (1 mm) or stimulation
with D, DA receptor-specific agonist (1 um) separately was not sufficient to inhibit the CD3/CD28-induced Jurkat T
cell proliferation, but stimulation of D, DA receptors with specific agonist (1 um) together with inhibition of phos-
phodiesterase activity (theophylline; 1 mm) significantly inhibited proliferation of these cells as evident from [*Hlthy-
midine incorporation assay. Inhibition of D, DA receptor activity by specific D, DA receptor antagonist (SCH, SCH
23390; 100 um) abrogated this above-mentioned proliferation inhibition in Jurkat, suggesting the functional com-
petence of D, DA receptors, and both inhibition of phosphodiesterase activity and D, receptor stimulation are
required for effective inhibition of proliferation in Jurkat cells. G, significant increase in intracellular CAMP observed
in CD3/CD28-stimulated Jurkat cells treated with phosphodiesterase inhibitor (theophylline; 1 mm) and D, DA
receptor agonist (SKF 82526; 1 um), when compared with only theophylline-treated (1 mm) or D, DA receptor
agonist (SKF 82526; 1 um)-treated groups which showed little or no increase of cCAMP, respectively. Inhibition of D,
DA receptor activity by D, DA receptor-specific antagonist (SCH 23390; 100 um) and then treatment with theophyl-
line (1 mm) and D, DA receptor agonist (SKF 82526; 1 um) also showed only negligible increase in intracellular cCAMP
in Jurkat cells. Results are mean = S.E. of six separate experiments (¥, p < 0.05). Culture and treatment protocols are
as described under “Experimental Procedures.”
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ID rs1801028) (37), resulting in an
important change at 311th amino
acid position (serine — cysteine) in
D, DA receptor variants present in
Jurkat cells. In addition, analysis with
bioinformatics tools revealed that this
substituted amino acid cysteine is at
the third cytoplasmic loop of the
human D, DA receptor, which is
responsible for effective signal
transduction by these receptors.

Role of Phosphodiesterase in
cAMP Metabolism in Jurkat Cells—
Present results reveal that stimula-
tion of Jurkat cell D; DA receptors,
which are G, protein-coupled re-
ceptors, did not generate intracellu-
lar cAMP. Increased cAMP produc-
tion was shown to correlate strongly
with the inhibition of activated nor-
mal T cell proliferation (24). Further-
more, mutation screening of the D,
DA receptor gene in Jurkat cells dem-
onstrated changes in the intron
regions and a synonymous change
at an exon, which are of little signif-
icance in terms of alteration of
receptor function (Table 1). There-
fore, it was pertinent to look into
other important factors regulating
metabolism of cAMP pathway in
Jurkat cells like activity of phospho-
diesterase (PDE) responsible for
cAMP breakdown.

Therefore, in the present investiga-
tion, it is rational to study whether
higher PDE activity is related to fail-
ure in intracellular ;CAMP elevation in
Jurkat cells even after G, protein-
coupled D; DA receptor stimula-
tion. CD3/CD28-stimulated Jurkat
cells were pretreated with 1 mm of
the PDE inhibitor theophylline
and stimulated with different con-
centrations of the D; DA receptor
agonist SKF 82526 (5 nM—6 um).
Treatment resulted in significant
dose-dependent inhibition of cell
proliferation, as evident from [*H]thy-
midine incorporation in Jurkat cells
(Fig. 4A). Among different concen-
trations of SKF 82526, a 1 um con-
centration showed maximum pro-
liferation inhibition (Fig. 4A) and
was associated with a significant
rise in intracellular cAMP (Fig. 4C).
However, in experiments where
CD3/CD28 co-stimulated Jurkat cells
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were treated with theophylline (1 mwm) alone, proliferation (Fig.
4B) as well as intracellular cAMP (Fig. 4C) did not change sig-
nificantly. However, pretreatment with D, DA antagonist (SCH
23390, 100 um) abrogated this theophylline and D; DA agonist-
mediated cAMP accumulation (Fig. 4C) and inhibition of pro-
liferation (Fig. 4B). Therefore, the failure of D; DA receptor
stimulation to elevate intracellular cAMP was not due to the
functional defect of these receptors, but due to high PDE activ-
ity in these cells, which in turn inhibited intracellular cAMP.

DISCUSSION

The present investigation demonstrates that among the
DA receptors, D, and D, DA receptors were predominantly
expressed in Jurkat cells, and the expression of other subtypes
of DA receptors (D, D,, and D,) were very low in comparison
to normal T cells. Thus, it was prudent to investigate the func-
tional role of these D, and D, DA receptors, which, when stim-
ulated in activated normal T cells, have been reported to show
proliferation inhibition (24, 25). However, activation of these
D, and D, DA receptors by their specific agonists failed to
inhibit proliferation of Jurkat cells. Therefore, the DA-medi-
ated proliferation regulation through D; and D, DA receptors
as observed in activated normal T cells, was lost in Jurkat cells.
As intracellular cAMP accumulation following G, protein-cou-
pled receptor D, DA stimulation resulted in proliferation inhi-
bition in normal activated T cells, nonresponsiveness to D; DA
receptor-mediated dopaminergic regulation in Jurkat cells was
evaluated in relation to intracellular second messenger cAMP
accumulation following D; DA receptor stimulation. Interest-
ingly, no significant increase in intracellular cAMP was ob-
served in Jurkat cells following D; DA receptor stimulation.
Therefore, to find out whether the failure of D; DA receptor
mediated increase of its second messenger cAMP in Jurkat cells
is due to structural alteration in these DA receptors, the
full-length gene of D; DA was sequenced and analyzed for
structural changes. Mutation analysis of the D; DA receptor
gene sequence of Jurkat T cells revealed synonymous poly-
morphisms at the exon region or nonfunctional intron
regions, which suggest no functional significance of these alter-
ations to failure of D; DA receptors to generate its second mes-
senger, CAMP.

In addition, as we had shown previously that D; DA receptor
stimulation inhibited activated normal T cells through cAMP
production (24), it is rational to conclude from the present
experiment that this absence of D; DA receptor activity in Jur-
kat cells might be due to the alteration in cAMP metabolism
in these cells (38 —40) because our present results indicate that
pharmacological inhibition of PDE activity with theophylline
along with D; DA receptor stimulation resulted in robust
cAMP accumulation with concomitant inhibition of prolifera-
tion in Jurkat T cells. It is thus logical to interpret from our data
that failure of D; DA receptor-mediated inhibition of prolifer-
ation of Jurkat cells was due to high catabolic activity of the PDE
enzyme resulting in hydrolysis of intracellular cAMP in these
leukemic T cells. This observation corroborates well with other
findings where high PDE activity was observed in Jurkat cells
(38, 39), and thereby, cAMP hydrolysis was found to be signif-
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icantly higher in these abnormally proliferating cells than nor-
mal T cells (40).

Because inhibition of PDE activity followed by stimulation of
D, DA receptors in Jurkat cells resulted in increased level of
intracellular cAMP, which in turn inhibited their proliferation,
the failure of D; DA receptor-mediated inhibition of Jurkat cell
proliferation in our study was not as the result of defect in
coupling of this receptor with G protein and its downstream
signaling but was due to high PDE activity in these cells. How-
ever, inhibition of PDE activity in these cells alone was not
sufficient to elevate cCAMP in these cells to inhibit their prolif-
eration. Our results indicate that not only inhibition of higher
PDE activity but D; DA receptor-mediated elevation of intra-
cellular cAMP level also is important for the inhibition of pro-
liferation of these leukemic T cells.

D, DA receptors are G; protein-coupled receptors, and stim-
ulation of these receptors inhibit intracellular cAMP accumu-
lation (1). In our study, we observed that unlike normal acti-
vated T cells, stimulation of D, DA receptors failed to inhibit
Jurkat cell proliferation. Also, no significant change in intracel-
lular cAMP level was observed in these cells treated with the
specific D, DA receptor agonist quinpirole. These data there-
fore indicate a defect in the downstream signaling pathway of
these receptor subtypes in these leukemic T cells. Furthermore,
although stimulation of D, DA receptors in activated normal T
cellsinhibited their proliferation by down-regulating phosphor-
ylation of ZAP-70, an important downstream signaling mole-
cule that follows TCR activation in normal T cells (36), in con-
trast, no such effect was shown in Jurkat cells, thereby
suggesting a defect in the signal transduction mechanism of D,
DA receptors in these cells.

Therefore, the D, DA receptor gene was sequenced to reveal
any structural change responsible for this functional abnormal-
ity. Results revealed that other than mutation at intron, one
nonsynonymous SNP change was present at coding region of
the D, DA receptor allele of Jurkat cells, which resulted in sub-
stitution of cysteine in place of serine at 311th amino acid posi-
tion. This S311C mutation (NCBI SNP ID rs1801028) (37) is
present at third cytoplasmic loop of the human D, DA receptor,
which is responsible for effective signal transduction of these
receptors (41, 42). It is further reported that D, DA receptor
S311C allelic variants do not severely affect ligand binding of
the receptor and its coupling with the G protein; rather, the
receptor variant becomes significantly less effective than the
wild type in relation to lower efficiency in activating the a sub-
unit of the G protein heterotrimer to transduce downstream
signals (41, 42).This mutation in the human D, DA receptor
also has been reported to be associated with wide range of cel-
lular dysfunctions (43—47). These data thus explain the failure
of the D, DA receptors to down-regulate ZAP-70 phosphory-
lation and inhibition of TCR-activated proliferation in Jurkat
cells.

Finally, Jurkat T cells are well characterized abnormal T cells
with uncontrolled proliferation (48). Among several regulators
of proliferation, neurotransmitter DA is an important modula-
tor of normal activated T cell proliferation, mainly acting
through its D, and D, receptors present on T cells (24, 25).
However, our present investigation reveals that in pathologi-
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cally abnormal T cells with uncontrolled proliferation, stimu-
lation of these D, and D, DA receptors have no significant
effect on proliferation inhibition. While investigating the fail-
ure of DA mediated proliferation regulation in Jurkat cells, we
observed that altered cAMP metabolism in these cells affected
D, DA receptor-mediated inhibition of cell proliferation, and a
missense mutation in D, DA receptor abrogated its effect on
inhibition of ZAP-70 phosphorylation, a critical down stream
signaling pathway necessary for T cell receptor-induced cell
proliferation and cytokine release (36).

We report here for the first time that abnormal T lympho-
cytes, which lack proliferation regulatory mechanisms, also are
associated with disrupted DA receptor signaling, thereby sug-
gesting that this neurotransmitter has an important role in T
cell homeostasis (10, 11). The absence of inhibitory dopamin-
ergic effects on T cells by these two major DA receptors in
Jurkat cells may thus indicate the role of this neurotransmitter
in abnormal T cell functions reported in many pathological
conditions (17-23).
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