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Stimulation of T cells through the T-cell receptor results in the

activation of a series of signaling pathways that leads to the secretion

of interleukin (IL)-2 and cell proliferation. Influx of calcium (Ca21)

from the extracellular environment, following internal Ca21 store

depletion, provides the elevated and sustained intracellular calcium

concentration ([Ca21]i) critical for optimal T-cell activation. Our

laboratory has documented that exposure to the herbicide 3,4-

dichloropropionanilide (DCPA) inhibits intracellular signaling

events that have one or more Ca21 dependent steps. Herein we

report that DCPA attenuates the normal elevated and sustained

[Ca21]i that follows internal store depletion in the human leukemic

Jurkat T cell line and primarymouse T cells. DCPA did not alter the

depletion of internal Ca21 stores when stimulated by anti-CD3 or

thapsigargin demonstrating that early inositol 1,4,5-triphosphate–

mediated signaling and depletion of Ca21 stores were unaffected.

2-Aminoethyldiphenol borate (2-APB) is known to alter the store-

operated Ca21 (SOC) influx that follows Ca21 store depletion.

Exposure of Jurkat cells to either DCPA or 50mM 2-APB attenuated

the increase in [Ca21]i following thapsigargin or anti-CD3 induced

store depletion in a similar manner. At low concentrations, 2-APB

enhances SOC influx but this enhancement is abrogated in the

presence of DCPA. This alteration in [Ca21]i, when exposed to

DCPA, significantly reduces nuclear levels of nuclear factor of

activated T cells (NFAT) and IL-2 secretion. The plasma membrane

polarization profile is not altered byDCPA exposure. Taken together,

these data indicate that DCPA inhibits T-cell activation by altering

Ca21 homeostasis following store depletion.
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The herbicide 3,4-dichloropropionanilide (DCPA), com-

monly referred to as propanil, is applied predominantly on

rice fields for control against several broadleaf and grassy

weeds. Annual use of DCPA is estimated to be 7 million

pounds per year. The broad application and heavy use of this

herbicide underscores the importance of investigating its

immunotoxic effects.

In vivo administration of DCPA to mice results in decreased ex
vivo cytokine production by macrophages (interleukin [IL]-1b,

IL-6, and tumor necrosis factor [TNF]-a) and T cells (IL-2

and interferon-c) (Barnett et al., 1992; Zhao et al., 1998).

Lipopolysaccharide-stimulated macrophages demonstrated a de-

crease in intracellular calcium concentration ([Ca2þ]i) after

exposure to DCPA (Xie et al., 1997). Murine lymphoma T cell

(EL-4) and human Jurkat T cell lines exposed to DCPA show

decreased IL-2 production and IL-2 mRNA levels (Brundage

et al., 2004; Zhao et al., 1999). In addition, Jurkat cells exposed

to DCPA demonstrate decreased DNA binding ability of the

transcription factor, activating protein-1 (AP-1), and decreased c-

jun protein (Brundage et al., 2004).

Activation of T cells is initiated through recognition of

a peptide presented on the surface of an antigen presenting cell,

along with costimulatory interactions, which triggers a series of

events including phosphorylation of the TCR complex and

recruitment of kinases and adapter proteins to the plasma

membrane (PM). Subsequent activation of phospholipase-Cc1

results in the hydrolysis of phosphatidylinositol 4,5-bisphosphate

and the production of two second messengers, diacylglycerol

(DAG) and inositol 1,4,5-triphosphate (IP3) (Feske et al., 2003;

Panyi et al., 2004). DAG remains in the PM and activates

proteins such as protein kinase C. IP3 is released from the PM and

interacts with the IP3-receptor on the surface of the endoplasmic

reticulum (ER) resulting in the release of Ca2þ from the ER.

Depletion of ER Ca2þ stores activates store-operated Ca2þ

(SOC) channels located on the PM allowing for the influx of

Ca2þ from the extracellular environment. This results in an

increased and sustained [Ca2þ]i and activation, via calmodulin,

of calcineurin, which leads to the dephosphorylation of nuclear

factor of activated T cells (NFAT) and its translocation into the

nucleus. Once in the nucleus NFAT acts as a transcription factor

for the production of key cytokines (Feske et al., 2003). Ca2þ

also plays a role in the activation of the transcription factors

nuclear factor kappa B (NF-jB), and AP-1 (Lewis, 2001;
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Quintana et al., 2005). Cooperative binding of these three

transcription factors is required for optimal transcription and

production of IL-2, an essential early cytokine required for T-cell

proliferation and differentiation (Garrity et al., 1994).

The importance of calcium as a second messenger in T-cell

activation has been well established (Feske, 2007; Lewis,

2001; Quintana et al., 2005). Two coupled mechanisms exist

to provide the necessary [Ca2þ]i required for optimal T-cell

activation. The first mechanism involves an initial increase in

[Ca2þ]i through the IP3-mediated depletion of ER Ca2þ

stores. This transient increase is necessary but not sufficient

for optimal T-cell activation (Feske et al., 2006). Emptying of

the ER Ca2þ stores is coupled to the activation of Ca2þ-

release activated Ca2þ (CRAC) channels on the PM. Upon

ER store depletion STIM-1 (stromal interaction molecule-1)

redistributes into puncta on the ER and accumulates close to

the PM (Wu et al., 2006; Xu et al., 2006; Zhang et al., 2005).

Orai1 (also known as CRACM1) has recently been described

as an essential pore subunit of the CRAC channel (Prakriya

et al., 2006; Vig et al., 2006). During T-cell activation,

aggregation of STIM-1 on the ER induces clustering of Orai1

on the PM resulting in an influx of Ca2þ through the CRAC

channel (Xu et al., 2006). This increase in [Ca2þ]i through the

CRAC channels is essential for the activation of transcription

factors necessary for cytokine production. Defects in the

CRAC channel have been reported in patients with severe

combined immunodeficiency syndrome, underscoring the

importance of Ca2þ influx through CRAC channels in T-cell

activation (Feske et al., 2000, 2001, 2005).

Due to the importance of Ca2þ homeostasis in T-cell activation

and function, we investigated the effect of DCPA on [Ca2þ]i in T

cells, using primary mouse T cells and the Jurkat human T cell line.

The human Jurkat T cell line has been used as a model for human

T-cell signaling for over two decades (Abraham and Weiss, 2004).

In this report, we define more clearly the mechanism of the

effect of DCPA on T cells. Our experiments indicate that DCPA

inhibits T-cell activation by attenuating increases in [Ca2þ]i

following the depletion of internal Ca2þ stores.

MATERIALS AND METHODS

Cell lines. Experiments were performed using the human T-cell leukemia

cell line, Jurkat clone E6-1, obtained from the American Tissue Culture

Collection (Manassas, VA). Jurkat cells were maintained in complete Roswell

Park Memorial Institute (RPMI) 1640 media (Mediatech, Inc., Herndon, VA)

supplemented with 10% heat inactivated fetal bovine serum (vol/vol) (FBS)

(Hyclone, Inc. Logan, UT), 100 units/ml penicillin (Bio Whittaker, Walkersville,

MD), 100 lg/ml streptomycin (Bio Whittaker), 20mM glutamine (Bio Whittaker),

and 50lM 2-mercaptoethanol (Sigma, St Louis, MO). The cultures were kept at

37�C in 5% CO2. During the course of the experiments, no significant change in cell

viability was observed in cells treated with vehicle control or 50-200 lM DCPA.

Mice. Female BALB/c mice (8–10 weeks old) were purchased from

Charles River Labs (Wilmington DE). Mice were housed in the vivarium at

West Virginia University Health Sciences Center under the care of a full time

veterinarian and professional staff. They were given access to food and water

ad libitum and allowed to acclimate to the facility for at least 1 week prior to

use. Experiments were conducted in accordance with all federal and

institutional guidelines for animal use and were approved by the West Virginia

University Institutional Animal Care and Use Committee.

Isolation of mouse T cells. Spleens from BALB/c mice were removed

aseptically, pooled and made into a single cell suspension. Red blood cells were

lysed using Tris–NH4Cl and resuspended in sorting buffer (phosphate buffered

saline [PBS], 0.5% bovine serum albumin [BSA], and 2mM disodium

ethylenediamine tetraacetate [EDTA]) at 2.5 3 105 cells/ml. An enriched (>

90% by flow cytometry) population of T cells was isolated through negative

selection using the Pan T cell isolation kit (Miltenyi Biotech, Auburn, CA).

Briefly, spleen cells were incubated at 4�C for 10 min with a cocktail of biotin-

conjugated monoclonal antibodies specific for CD14, CD16, CD19, CD36,

CD56, CD123, and Glycophorin A, as described in the manufacturer’s protocol

(Miltenyi Biotec). Next, monoclonal anti-biotin antibody-conjugated magnetic

microbeads were added to the sample and incubated for 15 min at 4�C.

Cells were washed with sorting buffer and resuspended at 1 3 108 cells in

500 ll of cold buffer. Cells were then loaded onto autoMACS columns

(Miltenyi Biotec) and purified T cells were collected through a negative

selection process. Purified T cells were stimulated using anti-CD3 (BD

Biosciences, San Diego, CA) and goat anti-Armenian hamster antibody

(Jackson ImmunoResearch, West Grove PA) to crosslink the anti-CD3 as

previously described (Kubo et al., 1989).

Fluorescence measurement of [Ca2þ]i. Jurkat cells or splenic mouse T cells

were loaded with the calcium-indicator dye fluo-3 AM (Invitrogen, Carlsbad, CA)

as previously described (Grynkiewicz et al., 1985). Briefly, cells were harvested

and resuspended to a concentration of 5 3 106 cells/ml and incubated for 30 min

(37�C in 5% CO2) in complete RPMI 1640 media (1.5% FBS, vol/vol) containing

0.1lM fluo-3 AM in the presence of 0.02% pluronic F-127 (Invitrogen) and

2.5mM probenecid (Sigma). Cells were then washed twice in Ca2þ and Mg2þ-free

Hanks Balanced Salt Solution (HBSS) (Mediatech, Inc.) containing 10mM N-(2-

hydroxyethyl)-piperazine-N’-2-ethanesulfonic acid (HEPES), pH 7.4, 2% FBS

and 2.5mM probenecid, resuspended to a concentration of 1 3 106 cells/ml and

incubated 30 min at room temperature. Because the addition of 2% FBS is essential

for cell viability the media contains a nominal concentration of Ca2þ (2.5lM).

Samples were kept at room temperature and protected from light until ready for

analysis. 2 3 106 cells were placed in a quartz cuvette and the fluorescence was

measured using a PTI QM-2000-4 spectrofluorometer (Photon Technology

International [PTI], Birmingham, NJ) with constant stirring. The fluorescence of

the fluo-3 dye was measured with excitation at 490 nm and emission at 525 nm.

Stock solutions of DCPA (ChemServices, West Chester, PA) and 2-amino-

ethyldiphenol borate (2-APB) (CalBioChem, San Diego, CA) were diluted in

absolute ethanol (AAPER Alcohol and Chemical Company, Shelbyville, KY).

Vehicle samples were treated with an equivalent concentration (0.1% vol/vol) of

ethanol. The fluorescence was measured and digitized at 1 Hz using the software

program FeliX 1.42b (PTI). Experiments using Jurkat cells were treated as follows:

approximately 45 s after starting data collection, 2.0ll of DCPA, 2-APB or vehicle

was added to the cuvette, and stimulated immediately with mouse anti-human

CD3 antibody at a final concentration of 5.0lg/ml (UCHT1) (BD Biosciences, San

Diego, CA). Experiments using splenic mouse T cells were treated with DCPA or

vehicle control and stimulated immediately with anti-CD3 (BD Bioscience) and

goat anti-Armenian hamster antibody (Jackson ImmunoResearch, West Grove PA)

to crosslink the anti-CD3 as previously described (Kubo et al. 1989). When the

fluorescence returned to background levels, CaCl2 (Fluka, Switzerland) was added

(final concentration 2.5mM) to the media to provide an external source of Ca2þ.

Addition of ionomycin (final concentration 200lM) (Sigma) provided evidence that

the cells were loaded evenly and that the dye remained in the cytosol. Cell

membranes were lysed with 0.1%, vol/vol Triton X-100 (Fisher Scientific, Hampton,

NH) to measure the maximum fluorescence (Fmax) parameter for calculation of

[Ca2þ]i, to monitor compartmentalization of the dye and ensure the amount of dye

was not a limiting factor. Ethylene glycol-bis(b-aminoethyl ether)-N,N,N#,N#-
tetraacetic acid tetrasodium salt (EGTA) (Sigma) was added to a final concentration

of 50mM (pH 7.5) to lower the free Ca2þ to a nominally Ca2þ-free level (Fmin).
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Fluorescence values were converted to [Ca2þ]i using the following equation:

free
�
Ca2þ

�
i
¼ KD

��
F � Fmin

�
=
�
Fmax � F

��
;

where KD (360nM) is the dissociation constant of the Fluo-3/Ca2þ complex,
F is the measured fluorescence intensity, Fmin is the minimum fluorescence at
very low [Ca2þ]i (fluorescence after the addition of 50mM EGTA) and Fmax is
the fluorescence measured at high [Ca2þ]i (fluorescence after the addition of
Triton X-100) (Grynkiewicz et al., 1985). The background fluorescence
obtained from unloaded cells over a 3-min time period was subtracted from all
data points before [Ca2þ]i was calculated.

Measurement of IL-2 production. Jurkat cells were cultured in complete

RPMI 1640 media or RPMI 1640 media without Ca2þ at 5 3 105 cells/well in

48-well plates (Costar, Corning, NY) coated with mouse anti-human CD3

antibody (10 lg/ml) (BD Bio Sciences, San Diego, CA). Cells were treated with

25, 50, 100, 125, or 200lM DCPA, or vehicle control. DCPA solutions were

diluted in absolute ethanol and vehicle control samples were given an equivalent

amount of absolute ethanol (0.1% vol/vol). Cells were also simultaneously

stimulated with anti-CD28 antibody (2 lg/ml) (BD PharMingen, San Diego,

CA). Cells were incubated at 37�C in 5% CO2 for 48 h after which supernatants

were collected and placed at �20�C. IL-2 production was determined using the

sandwich enzyme-linked immunosorbent assay (ELISA) method and following

the manufacturer’s protocol (BD PharMingen). All cultures and ELISA analyses

were performed in triplicate and the experiment was repeated three times.

Nuclear extracts. Jurkat cells were cultured to 1 3 106 cells/ml in complete

RPMI 1640 and stimulated with 10 ng/ml phorbol myristate acetate (PMA)

(Sigma-Aldrich) and 1 lg/ml A23187 (Sigma-Aldrich). Cells were treated with

0.1% vol/vol ethanol (vehicle control), 100lM DCPA, or received no treatment.

After a 1, 2, 4, and 6 h exposure, cells were harvested and centrifuged at 330 3 g

for 8 min at 4�C. Nuclear extracts were prepared as previously described

(Schreiber et al., 1989). Briefly, cells were resuspended in 1 ml of PBS, pelleted,

resuspended in cold buffer A (10mM HEPES pH 7.9, 10mM KCL, 0.1mM

EDTA, 0.1mM EGTA, 1mM DTT [dithiothreitol], and 0.5mM PMSF [phenyl-

methanesulfonyl fluoride]) and incubated on ice for 15 min. After incubation,

25 ll of a 10% solution of Nonidet NP-40 was added, vortexed and centrifuged for

30 s at 14,000 3 g. Supernatants, containing the cytoplasmic fraction of the cells,

were frozen at –70�C. The nuclear pellet was resuspended in cold buffer C (20mM

HEPES pH 7.9, 0.4M NaCl, 1mM EDTA, 1mM EGTA, 1mM DTT, and 1mM

PMSF) and incubated on ice for 15 min with vortexing every 5 min. Samples were

centrifuged for 5 min at 14,000 3 g and the supernatants containing the nuclear

fraction were stored at �70�C. The protein concentrations of the nuclear extracts

were determined using Coomassie plus protein assay reagent kit following the

manufacturer’s protocol (Pierce, Rockford, IL).

Western blots. A 30-lg aliquot of each nuclear extract was boiled for 5 min to

denature the proteins and electrophoresed through an 8% Tris polyacrylamide gel

with a 4% stacking gel at 25 mA for 18 h. Proteins were transferred onto Hybond-P

membranes (Amersham Pharmacia, Piscataway, NJ) at 0.1 A for 20 h. Blots were

washed in TBS for 5 min at room temperature, blocked for 1 h in Tris Buffered

Saline (TBS) þ 0.1% Tween 20 (TBS/T) plus 5% dry milk at room temperature

and then washed three times in TBS/T. Blots were incubated overnight at 4�C with

primary antibodies specific for total NFATc2 (Santa Cruz Santa Cruz, CA) or

b-actin (Santa Cruz) in TBS/T plus 5% BSA. The next day, blots were washed

three times in TBS/T, incubated for 1 h at room temperature with anti-biotin (Cell

Signaling Technology, Inc., Danvers, MA) and either a goat anti-mouse IgG-

horseradish peroxidase (HRP) (Santa Cruz) or a rabbit anti-goat IgG-HRP (Sigma-

Aldrich). Finally, the blots were washed three times in TBS/T and developed using

Phototope-HRP detection kit for Western blots (Cell Signaling Technology, Inc.)

and bands were visualized on X-Ray film (BioMax MR, Eastman Kodak

Company). Densitometric analysis was performed using Optimus software (Media

Cybernetics, Silver Spring, MD) and nuclear NFAT protein levels were

normalized to actin protein levels for each sample.

Measurement of membrane potential. The membrane potential of Jurkat

cells was measured using the membrane potential-sensitive DiBAC4(3) dye

(Invitrogen). This bis-oxonol dye produces an excitation maximum at

approximately 490 nm. As the cell depolarizes increasing amounts of dye enters

the cell where it binds to intracellular proteins or membranes and exhibits

enhanced fluorescence. Conversely, hyperpolarization is indicated by a decrease

in fluorescence. DiBAC4(3) is excluded from mitochondria because of its overall

negative charge, allowing measurement of the PM potential (Wolff et al., 2003).

Membrane potential experiments were carried out in a time course similar to the

fluo-3 experiments. Briefly, 1 3 106 cells/ml of Jurkat cells were suspended in

Ca2þ and Mg2þ-free HBSS (Mediatech, Inc.) containing 10mM HEPES, pH 7.4

and 2% FBS containing 20nM DiBAC4(3). Samples were kept at room

temperature and protected from light until ready for analysis. A 1.0 ml (1 3

106 cells) aliquot of loaded cells was placed in a tube and the fluorescence was

measured using a FACSCalibur flow cytometer (Becton Dickson, Franklin Lakes,

NJ). Each recorded time point consisted of 10,000 cells. At t ¼ 0 a background

fluorescence was recorded after which DCPA, or vehicle control was added,

followed immediately by anti-CD3 antibody at a final concentration of 5.0 lg/ml

(BD Biosciences). Fluorescence measurements were recorded immediately

following treatment and anti-CD3 addition (t ¼ 1 min) and again at t ¼ 3 min

and t ¼ 5 min. External Ca2þ, in the form of CaCl2, (Fluka, Switzerland) was

subsequently added (final concentration 2.5mM) to the cells to provide an external

source of Ca2þ. Fluorescence measurements were collected at three time points

following addition of external Ca2þ (t¼ 5.5, 6.5, and 9.5 min). Addition of 40 ll

of KCl (final concentration 100mM) completely depolarized the cell and

fluorescence values were recorded at t ¼ 10, 12, and 14 min. Background

fluorescence of unloaded cells was subtracted from all data points before the net

change in fluorescence was calculated. The fluorescence was represented as the

net change in the fluorescence signal as a percent of the initial background

fluorescence (F0) of the T cells at rest as described byDF/F0 ¼ (Ft – F0) 3 100/F0

(where Ft is the fluorescence at each time point) (Wolff et al., 2003).

Statistical analysis. All data were analyzed using MS Excel 2003

(Redmond, WA) and Sigma Stat 3.1 (Port Richmond, CA). The area under the

curve (AUC) is an indirect measurement of the increase of [Ca2þ]i over a selected

time period. The AUC includes all data points from the time the external Ca2þ

was added until the [Ca2þ]i reached a plateau and was calculated using Sigma

Stat 3.1. The peak [Ca2þ]i was calculated by determining the highest [Ca2þ]i

between addition of CaCl2 and addition of ionomycin. ANOVA with a Student-

Newman-Keuls post hoc test was used to analyze the AUC and peak [Ca2þ]i in

DCPA-treated cells (Fig 1 and 3). ANOVA was used to determine statistical

significance in IL-2 production. A t-test was used to determine statistical

significance for membrane potential experiments and fluorescence experiments

in Fig 2 and 3. An alpha value of < 0.05 was considered significant.

RESULTS

Effect of DCPA on [Ca2þ]i in anti-CD3 Stimulated Jurkat
Cells

T-cell activation and proliferation requires a cascade of

signaling events mediated by two Ca2þ sensitive mechanisms.

The first involves the IP3-mediated depletion of Ca2þ stores in the

ER and is coupled to the second mechanism, the activation of

CRAC channels and the influx of Ca2þ. Stimulation of Jurkat

T cells with anti-CD3 results in activation of membrane proximal

responses that includes release of IP3, binding to the IP3 receptor

on the ER, and release of ER Ca2þ stores enabling activation of

CRAC channels. To determine the effect of DCPA on early

[Ca2þ]i signaling events Jurkat cells, loaded with fluo-3 in

a nominally Ca2þ-free (2.5lM) HBSS solution, were treated with

25, 50, 100, 200lM DCPA or vehicle (ethanol) control and

stimulated with anti-CD3. At this time, there is no data available
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that correlates in vitro exposure concentrations with measured

in vivo tissue concentrations in mice exposed to DCPA. The

range of DCPA was selected based on published concentrations

that correspond to immune effects (Brundage et al. 2004; Corsini

et al. 2007). We determined that DCPA and ethanol, hereafter

referred to as the vehicle, did not interfere with the fluorescence

of the fluo-3 dye (data not shown). There was no significant

difference between cells stimulated with anti-CD3 or cells that

were exposed to vehicle and stimulated with anti-CD3 (data not

shown). As shown in Figure 1, addition of DCPA or vehicle

followed by stimulation with anti-CD3, in a nominally Ca2þ-free

environment, resulted in an equivalent small, transient increase in

fluorescence (t¼50-335 s). This increase in the [Ca2þ]i represents

the depletion of IP3-sensitive Ca2þ stores and its subsequent

removal out of the cell by activated Ca2þ-adenosine triphospha-

tases (ATPases) or its sequestration within the cell. DCPA and

vehicle treated cells exhibited similar changes in [Ca2þ]i

indicating that DCPA does not affect the early IP3-mediated

signaling pathway or the depletion of internal Ca2þ stores.

In T cells, optimal activation of several transcription factors

requires a sustained and elevated [Ca2þ]i that is maintained by

Ca2þ influx through CRAC channels following internal Ca2þ

store depletion. To determine if DCPA alters [Ca2þ]i following

store depletion we added Ca2þ to the media following anti-

CD3 induced store depletion (Fig. 1A t¼337-440 s). Figure 1B

is an expanded view of the change in [Ca2þ]i following store

depletion (t=337-440 s from Fig. 1A) represented as a [Ca2þ]i.

The [Ca2þ]i was calculated, using the fluorescence from Figure

1A, based on the equations described in Materials and

Methods. A decrease in the [Ca2þ]i, following store depletion

was observed in Jurkat cells exposed to all four DCPA

concentrations, when compared with the vehicle control

FIG. 1. The concentration dependent effect of DCPA on [Ca2þ]i in anti-CD3 stimulated Jurkat cells. Jurkat cells were loaded with fluo-3 in a nominally Ca2þ-

free solution. At 50 s, anti-CD3 was added simultaneously with 25, 50, 100, or 200lM DCPA or vehicle control and changes in (Ca2þ)i were recorded with

a spectrofluorometer. At 335 s, the external [Ca2þ] concentration was increased to 2.5mM with CaCl2. Starting at 442 s, ionomycin, Triton X-100 and EGTA were

sequentially added to the cell media at the times indicated. (A) A representative experiment of the complete fluorescence curve in the absence and presence of

DCPA at increasing concentrations. (B) Conversion of the fluorescence intensity from part (A) to a [Ca2þ]i for t ¼ 320–442 s. (C) Statistical analysis of the AUC

for DCPA and vehicle control from three separate experiments. (D) Statistical analysis of the peak [Ca2þ]i for DCPA and vehicle control from three separate

experiments. Error bars reflect the ± SD and asterisks (*) indicates statistically significant results, p < 0.05. Statistical analysis was performed using an ANOVA

with a Student-Newman-Keuls post hoc test.
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(Figs. 1A and 1B). Cells were further treated with ionomycin

and Triton X-100 to monitor compartmentalization and ensure

that the amount of available dye was not a limiting factor. In

addition, Triton X-100 and EGTA provided maximum and

minimum fluorescence values, respectively, to calculate the

[Ca2þ]i. (see ‘‘Material and Methods’’). Similar fluorescent

levels after addition of ionomycin, Triton X-100 and EGTA

were seen independent of treatment (Fig. 1A).

To further quantify the attenuation of the [Ca2þ]i following

store depletion the AUC, peak [Ca2þ]i, and time to peak, were

calculated. The AUC was calculated for each sample to

determine the relative amount of free Ca2þ in the cytosol over

a 103-s time period (t ¼ 337–440 s). The AUC and peak

[Ca2þ]i data for cells exposed to increasing concentrations of

DCPA and stimulated with anti-CD3 are shown in Figures 1C

and 1D. Exposure of cells to 200lM DCPA resulted in

a significant decrease (79%) in the AUC and the peak [Ca2þ]i

(78%). A 56% decrease in the AUC and a 52% decrease in the

peak [Ca2þ]i was observed in cells treated with 100lM. Cells

treated with 25 and 50lM DCPA also resulted in decreases in

AUC and peak [Ca2þ]i. In addition, the time to reach peak

[Ca2þ]i, following addition of external Ca2þ, increased with

increasing concentration of DCPA exposure. Vehicle control

cells reached a peak [Ca2þ]i after approximately 65 s.

Treatment of cells with 25, 50, 100, and 200lM DCPA

resulted in a peak [Ca2þ]i at approximately 75, 81, 93, and 108

s, respectively. Using ANOVA, with a Student-Neuman-Keuls

post hoc test, reveals a concentration-dependent effect in cells

treated with increasing concentrations of DCPA. Increasing

treatment of cells from 100 lM to 200 lM DCPA did not

significantly decrease [Ca2þ]i so 100lM was used for all other

experiments. Taken together, these results demonstrate that

exposure to DCPA decreases [Ca2þ]i following anti-CD3

induced store depletion in a concentration dependent manner.

The Effect of DCPA on Thapsigargin Stimulated Jurkat Cells

To determine if exposure to DCPA affected the early IP3-

induced signaling pathway, the SERCA pump inhibitor

thapsigargin was used. Thapsigargin depletes ER Ca2þ stores

and prevents refilling, thereby activating Ca2þ influx through

CRAC channels independent of IP3 production (Bergling et al.,
1998). The addition of 100lM DCPA or vehicle control

followed by 2lM thapsigargin resulted in an equivalent small,

transient increase in fluorescence, similar to that observed with

anti-CD3 stimulation (Fig. 2A). However, the normal increase

in [Ca2þ]i, following internal Ca2þ store depletion, is

significantly decreased in DCPA-treated cells, compared with

the vehicle control cells (Figs. 2A and 2B). Cells treated with

thapsigargin and exposed to 100lM DCPA exhibited a signif-

icant decrease in the AUC and peak [Ca2þ]i similar to that

observed with anti-CD3 stimulation (Figs. 2C and 2D). During

a 70-s time period (t ¼ 360–430 s) DCPA-exposed cells

exhibited an approximately 50% decrease in the AUC and an

FIG. 2. DCPA does not affect early IP3-mediated signaling or depletion of

ER Ca2þ stores. Jurkat cells were loaded with fluo-3 in a nominally Ca2þ-free

solution. At 50 s, thapsigargin was added simultaneously with 100lM DCPA

or vehicle control and changes in (Ca2þ)i were recorded with a spectrofluo-

rometer. At 375 s, the external [Ca2þ] was raised to 2.5mM with CaCl2.

Starting at 430 s, ionomycin, Triton X-100 and EGTA were sequentially added

to the cell media at the times indicated. (A) A representative experiment of the

complete fluorescence curve of vehicle control (dashed line) and 100lM

DCPA-treated cells (solid line). (B) Conversion of the fluorescence intensity

from part A to [Ca2þ]i for t ¼ 360–430 s. (C) Statistical analysis of the AUC for

DCPA and vehicle control from three separate experiments. (D) Statistical

analysis of the peak [Ca2þ]i for DCPA and vehicle control from three separate

experiments. Error bars reflect the ± SD and asterisks (*) indicates statistically

significant results, p < 0.05. Statistical analysis was performed using a t-test.
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approximate 55% decrease in the peak [Ca2þ]i. This data

indicates that early IP3-induced signaling events and depletion

of ER Ca2þ stores were not affected by the exposure of Jurkat

cells to DCPA. However, the addition of extracellular Ca2þ

following store depletion resulted in an overall decrease in the

available free cytosolic Ca2þ.

The Effect of DCPA and 2-APB on [Ca2þ]i

To further characterize the effect of DCPA on [Ca2þ]i, we

compared DCPA-induced inhibition with that seen with

2-APB, a known inhibitor and enhancer of Ca2þ influx through

CRAC channels (Prakriya and Lewis, 2001). At low concen-

trations (< 5lM) 2-APB enhances Ca2þ influx through CRAC

channels but at higher concentrations (> 10lM) it inhibits

Ca2þ influx (Prakriya and Lewis, 2001). Because 2-APB has

been shown to alter Ca2þ influx following store depletion we

compared the effects of 2-APB on [Ca2þ]i to that of DCPA.

Jurkat cells were stimulated with anti-CD3 and the change in

[Ca2þ]i was measured in cells treated with vehicle control,

100lM DCPA, 2.5lM 2-APB, 50lM 2-APB, or a mixture of

100lM DCPA and 2.5lM 2-APB (Fig. 3A). As expected there

was no change in the release of Ca2þ from internal stores

regardless of treatment, except for the cells exposed to 50lM 2-

APB (data not shown). High concentrations of 2-APB have

been reported to affect IP3-mediated signaling in addition to

inhibiting Ca2þ influx but IP3 signaling is not affected at lower

enhancing concentrations of 2-APB (Prakriya and Lewis,

2001). Figure 3A shows the changes in [Ca2þ]i following store

depletion and the subsequent addition of external Ca2þ. Cells

treated with 2.5lM 2-APB demonstrated a significant increase

in [Ca2þ]i compared with the vehicle control whereas 50lM

2-APB abrogates the increase in the [Ca2þ]i (Fig. 3A). When

cells were simultaneously treated with 100lM DCPA and

2.5lM 2-APB the enhanced effect of 2-APB was abrogated.

Cells treated with DCPA or 50lM 2-APB revealed

significant decreases in the AUC and the peak [Ca2þ]i, as

compared with the vehicle control (Figs. 3B and 3C). The AUC

and peak [Ca2þ]i were significantly increased (30%) in cells

treated with 2.5lM 2-APB (Figs. 3B and 3C). Cells treated

simultaneously with 100lM DCPA and 2.5lM 2-APB

exhibited a 30% decrease in the AUC and peak [Ca2þ]i when

compared with the enhanced influx of 2.5lM 2-APB (Figs. 3B

and 3C). Together these results provide further evidence that,

following SOC depletion, DCPA-exposed cells decrease

[Ca2þ]i in a similar manner as 2-APB and DCPA interferes

with the ability of 2-APB to enhance Ca2þ influx through

CRAC channels.

FIG. 3. The effect of DCPA and 2-APB on [Ca2þ]i. Jurkat cells were

loaded with fluo-3 in a nominally free Ca2þsolution. Anti-CD3 was added

simultaneously with 100lM DCPA, 2.5lM 2-APB, 50lM 2-APB, a mixture of

100lM DCPA, and 2.5lM or vehicle control. Fluorescence changes in (Ca2þ)i

was recorded with a spectrofluorometer and converted to a [Ca2þ]i.

(A) A representative experiment of the conversion of the fluorescence intensity

to a [Ca2þ]i from t ¼ 300 to 420 s for DCPA and vehicle control. (B) Statistical

analysis of the AUC for DCPA, 2-APB (2.5 and 50lM), 100lM DCPA plus

2.5lM 2-APB and vehicle control from three separate experiments. (C)

Statistical analysis of the peak [Ca2þ]i for DCPA, 2-APB (2.5 and 50lM),

100lM DCPA plus 2.5lM 2-APB, and vehicle control from three separate

experiments. Error bars reflect the ± SD and asterisks (*) indicates statistically

significant change compared with vehicle control, p < 0.05. Statistical analysis

was performed using a t-test.
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The Effect of DCPA on Membrane Potential

It is well known that changes in the membrane potential of

T cells can alter Ca2þ influx (Sarkadi et al., 1990). To determine

if the effect on [Ca2þ]i seen in DCPA-exposed cells was due to

alterations in the membrane potential Jurkat cells were loaded

with the membrane potential-sensitive dye, DiBAC4(3). As the

cell depolarizes increasing amounts of the DiBAC4(3) dye

enters the cell membrane resulting in an increased fluorescence

signal whereas a decrease in the fluorescence signal indicates

hyperpolarization. Jurkat cells were exposed to 100lM DCPA

or vehicle control and stimulated with anti-CD3 in a nominally

Ca2þ-free buffer. Changes in the fluorescence signal using flow

cytometry are depicted in Figure 4. The background resting

T-cell fluorescence was recorded at t ¼ 0. Fluorescence

measurements were taken immediately following the simulta-

neous addition of the treatment and anti-CD3 (t ¼ 1 min), then

again at t ¼ 3 min and t ¼ 5 min. External Ca2þ was then added

and fluorescence measurements were taken immediately at t ¼
5.5 m, t ¼ 6.5, and t ¼ 9.5 m. Addition of 50mM KCl at t ¼ 10

min depolarized the cell and demonstrated that the dye responds

to this depolarization. Further fluorescence measurements were

also taken at t ¼ 12 and 14 min. This data demonstrates that the

DCPA-induced attenuation of [Ca2þ]i following store depletion

is not due to changes in the membrane potential.

Effect of DCPA on IL-2 Secretion in Jurkat Cells

A reduction in the elevated [Ca2þ]i following store depletion

has direct downstream affects on Ca2þ-dependent pathways. In

order to establish a functional consequence of exposure to

DCPA we assessed its effect on IL-2 secretion. IL-2 is an

essential early cytokine required for T-cell proliferation and

differentiation. The activation of transcription factors NF-jB,

NFAT, and AP-1, depend, to varying degrees, on the [Ca2þ]i

and are important in the production of IL-2. Jurkat cells were

stimulated with anti-CD3 and anti-CD28 and exposed to 25,

50, 100, or 200lM DCPA or vehicle control. In order to obtain

optimal IL-2 production Jurkat cells require costimulation with

both anti-CD3 and anti-CD28. After 48 h in culture, IL-2 levels

in the supernatant were assayed via a sandwich ELISA. The

results of a representative experiment are shown in Table 1. In

the presence of 2.5mM extracellular Ca2þ, DCPA decreased

IL-2 production in a concentration-dependent manner, with no

detectable IL-2 production when exposed to 200lM DCPA.

Exposure of Jurkat cells to 100lM DCPA inhibited IL-2

production by 72%. In experiments performed with the same

DCPA and vehicle control concentrations but with nominal

extracellular Ca2þ (� 2.5lM), no detectable levels of IL-2

were measured (data not shown).

Effect of DCPA on Nuclear Translocation of NFAT

In order to establish a direct mechanistic consequence of

DCPA on the inhibition of Ca2þ-dependent signaling events

we examined the Ca2þ-dependent transcription factor NFAT.

A sustained [Ca2þ]i via Ca2þ influx results in the calmodulin-

stimulated activation of the protein phosphatase, calcineurin

(Lewis, 2001; Feske et al., 2003; Quintana et al., 2005).

Calcineurin dephosphorylates cytoplasmic NFAT allowing its

translocation into the nucleus where is acts as a transcription

factor for many genes, including IL-2. To assess the effect of

DCPA on NFAT we measured the levels of nuclear NFAT at

various time points after T-cell stimulation. Jurkat cells were

treated with vehicle control, 100lM DCPA or no treatment and

stimulated with PMA and A23187. After 1, 2, 4, or 6 h

FIG. 4. DCPA does not alter the membrane potential of anti-CD3

stimulated Jurkat cells. Jurkat cells were loaded with DiBAC4(3) in a nominally

Ca2þ free solution and analyzed via flow cytometry. Open circles are DCPA-

treated cells and closed triangles are vehicle control cells. At t ¼ 0 the

background resting potential was recorded. Fluorescence measurements were

taken immediately following addition of anti-CD3 and treatment (t ¼ 1 min),

then again at t ¼ 3 min and t ¼ 5 min. External Ca2þ (2.5mM CaCl2) was then

added and fluorescence measurements were recorded at t ¼ 5.5 min, t ¼ 6.5,

and t ¼ 9.5 min. Fifty millimolar KCl was added to depolarize the cells and

fluorescence measurements were taken at t ¼ 10, 12, and 14 min. Error bars

reflect the ± SD from three experiments. Statistical analysis was performed

using a t-test.

TABLE 1

Effects of DCPA on IL-2 Production

Treatment IL-2 % Control

No treatment 3420 ± 272 97.4

Vehicle control 3510 ± 564 100.0

25lM DCPA 2720 ± 169 77.5

50lM DCPA 2262 ± 312 64.4

100lM DCPA 968 ± 245 27.6

125lM DCPA 1171 ± 137 33.4

200lM DCPA < 32a

Note. IL-2 is measured in lg/ml ± SD.
aBelow the level of detection.
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incubations nuclear extracts were made and the level of nuclear

NFAT was determined by western blot. Cells exposed to

100lM DCPA exhibited decreases in nuclear NFAT at all time

points (Figs. 5A and 5B). Densitometric analysis of the

decrease in nuclear NFAT in DCPA-treated Jurkat cells

indicated that 100lM DCPA decreased nuclear NFAT approx-

imately 30% compared with the vehicle control (Fig. 5C).

Because NFAT is a Ca2þ-dependent transcription factor, this

data demonstrates a direct mechanism linking the decrease in

[Ca2þ]i observed in DCPA-treated cells to decreased IL-2

production.

Effect of DCPA on Primary Mouse T Cells

In order to establish that the DCPA-induced attenuation of

[Ca2þ]i was not unique to the Jurkat cell line, we assayed the

effect of DCPA on [Ca2þ]i levels in primary mouse T cells.

Splenic T cells were isolated from female BALB/c mice by

FIG. 5. DCPA decreases nuclear NFAT levels. Nuclear extracts from

Jurkat cells were stimulated and exposed to 100lM DCPA at various time

points. (A) A representative blot indicating the bands that represent different

forms of NFAT (top blot). The bands in the bottom blot are b-actin levels used

as a loading and transfer control. (B) The ratio of NFAT protein to b-actin

protein using densitometry of the bands in (A). (C) The percent of control based

on the differences between the NFAT:b-actin ratio of the vehicle and the DCPA

treated samples at the indicated time points. Dotted line represents 100% of the

control at each time point.

FIG. 6. The effect of DCPA on [Ca2þ]i in primary mouse T cells. Purified

mouse splenic T cells were loaded with fluo-3 in a nominally Ca2þ-free

solution. Anti-CD3 was added simultaneously with 100lM DCPA or vehicle

control and changes in Ca2þ fluorescence was recorded with a spectrofluorom-

eter. At 567 s, the external [Ca2þ] was raised to 2.5mM with CaCl2. Starting at

620 s, ionomycin, Triton X-100 and EGTA were sequentially added to the cell

media at the times indicated. (A) A representative experiment showing the

[Ca2þ]i for 560–620 s in the presence of vehicle control (solid line) or 100lM

DCPA (dashed line). (B) Statistical analysis of the AUC for DCPA and vehicle

control. Error bars reflect the ± SD from two experiments and analysis was

performed using a student t-test, p < 0.05.
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negative selection and magnetic sorting. The T cells were

loaded with fluo-3 and the effect of 100lM DCPA on [Ca2þ]i

was assayed as described previously. DCPA exposure did not

affect the anti-CD3 induced release of Ca2þ from internal

stores (data not shown). However, there was a significant

decrease in [Ca2þ]i following store depletion and addition of

external Ca2þ (Fig. 6). There were not enough data points to

assess the change in peak [Ca2þ]i but the AUC (t ¼ 517–616 s)

was significantly decreased (16%) in the DCPA-treated cells

(Fig. 6B). Altogether, these results demonstrate that the effect

of DCPA on Ca2þ influx following store depletion is not

limited to the human Jurkat T cells.

DISCUSSION

DCPA is a widely used herbicide that is heavily applied on

rice crops. Its recent registration for use on turf may further

increase not only its application but the likelihood of human

exposure to DCPA (Edwards, 2006). The U.S. Environmental

Protection Agency conducted an exposure risk assessment for

workers involved in mixing, loading and applying DCPA

(Edwards, 2006). The results from this assessment indicate that

workers using maximal protection, including closed mixing

and loading systems and enclosed cockpit, cabs or trucks, are at

risk for exposure to DCPA (Edwards, 2006). Workers entering

treated areas 12 h after application were also at risk being

exposed to levels above stated limits (Edwards, 2006). In

determining risk levels, the EPA considers workers at risk if

they have a margin of exposure (MOE) value less than 300.

This value is used to determine how close a worker comes to

the no observed adverse effects level (NOAEL). Workers

entering treated areas 12 hours after application had MOE

values as low as 4 and were therefore considered at risk to

exposure to DCPA(EPA 2006). In addition, there have also

been reports of nonoccupational exposure, including a child

under the age of 6 (Edwards, 2006). These conclusions

emphasize the need to investigate the effects of human

exposure to DCPA.

The effects of DCPA in the rodent model have been well

established. In a mouse model, exposure to DCPA results in

thymic atrophy, depressed Natural Killer cell (NK) and

macrophage functions, altered cytotoxic T-cell response, and

decreased CD4þ T cells (Barnett and Gandy, 1989; Sheil et al.,
2006; Ustyugova et al., 2007; Zhao et al., 1995). The number

of reports on the effect of DCPA on human immune cells is

limited. Human macrophages exposed to DCPA produce

reduced levels of TNF-a, reactive oxygen species and reactive

nitrogen species (Ustyugova et al., 2007). Human T cells

exposed to DCPA exhibit decreased IL-2 production and

decreased binding of transcription factor AP-1 to DNA

(Brundage et al., 2004). Although DCPA does not disrupt

the overall lipid bilayer fluidity in stimulated Jurkat cells there

is a small spectral component (less mobile) observed by

electron spin resonance spectroscopy. These data suggest that

DCPA increased the number of probes in the restricted

motional environment following cell stimulation without

affecting the motional properties of the particular lipids

(Brundage et al., 2003). Finally, Corsini et al. (2007) examined

agricultural workers exposed to DCPA and reported alterations

in leukocyte cytokine production.

Because the sustained and elevated influx of Ca2þ, following

store depletion, is necessary for T-cell activation and pro-

liferation, we examined the effects of DCPA on [Ca2þ]i. Our

experiments using Jurkat and mouse splenic T cells demon-

strate that DCPA attenuates the increased [Ca2þ]i following

store depletion in a concentration dependent manner. Anti-CD3

or thapsigargin induced store depletion in DCPA-exposed

Jurkat cells did not affect IP3-mediated release of Ca2þ nor

the depletion of ER Ca2þ stores. The reduced nuclear NFAT

levels and IL-2 production is likely a consequence of this

attenuation.

2-APB is widely used as both an inhibitor and enhancer of

Ca2þ influx through CRAC channels (Prakriya and Lewis,

2001, 2006). Low concentrations of 2-APB (� 5.0lM)

enhances Ca2þ influx through CRAC channels following store

depletion but do not affect IP3-mediated release of Ca2þ from

the ER (Prakriya and Lewis, 2001). High concentrations of

2-APB (� 50lM) block Ca2þ influx through CRAC channels

(Prakriya and Lewis, 2001). We used 2-APB to further

investigate the inhibitory role of DCPA in Ca2þ signaling.

Jurkat cells exposed to a mixture of 100lM DCPA and 2.5lM

2-APB abrogated the enhanced Ca2þ influx seen with 2.5lM 2-

APB. This data suggests that T cells exposed to DCPA prevent

the increased influx of Ca2þ seen at low concentrations of 2-

APB by inhibiting events surrounding CRAC channel

activation.

Both voltage-gated and Ca2þ-activated potassium (Kþ)

channels are PM channels involved in regulating the

polarization state of T cells and modulating the rate of Ca2þ

influx through CRAC channels (Lewis, 2001; Panyi et al.,
2004; Quintana et al., 2005). Alterations in Kþ channels can

change the polarization state and impact Ca2þ influx (Panyi

et al., 2004). Depolarization of the cell can inhibit Ca2þ influx

whereas hyperpolarization increases the driving for force of

Ca2þ into the cell. Our experiments indicate that DCPA does

not alter the membrane potential of T cells (Fig. 4) and

therefore DCPA is unlikely to affect these channels.

In T cells, the plasma membrane Ca2þ-ATPase (PMCA)

pump is considered the primary Ca2þ extrusion mechanism.

Modulation of PMCA activity can occur in response to an

influx of Ca2þ through CRAC channels and results in long

term stability of the Ca2þ signal (Feske et al., 2005). Because

we have demonstrated that DCPA-treated cells attenuate the

increase in [Ca2þ]i following store depletion it may be possible

that DCPA enhances PMCA activity and thereby reduces the

apparent amount of cytosolic Ca2þ. However, this mechanism

appears unlikely because PMCA activity could also result in
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a decrease [Ca2þ]i during the initial IP3-mediated release of

Ca2þ from internal stores. Figures 1A, 2A, and 3A demonstrate

no change in [Ca2þ]i during the initial IP3-mediated release of

Ca2þ from internal stores in DCPA-treated cells. However,

without direct evidence of the target(s) for DCPA, this

mechanism cannot be definitively ruled out.

The mitochondria also play an important role in Ca2þ

homeostasis (Parekh, 2003; Quintana et al., 2005). Mitochon-

dria can act as a Ca2þ sink and sequester large amounts of Ca2þ

quickly and release it slowly after Ca2þ influx subsides

(Parekh, 2003). Expression of a uniporter in the mitochondrial

inner membrane and a Naþ/Ca2þ exchanger allow for Ca2þ

uptake and release, respectively (Parekh, 2003). Alterations in

the activity of the uniporter, Naþ/Ca2þ exchanger or altered

membrane potential of the mitochondrial membrane could

result in an apparent decrease in Ca2þ influx. Any increased

function of Ca2þ uptake by the mitochondria would also result

in an apparent decrease the initial IP3-mediated release of Ca2þ

from internal stores, which was not observed in DCPA-

exposed T cells. However, because we have not investigated

the effects of DCPA directly on the mitochondria function, this

mechanism is still possible.

Our data indicates that DCPA alters Ca2þ homeostasis in

human and murine T cells. Specifically, DCPA is able to

attenuate the increase in [Ca2þ]i following store depletion. The

ability of DCPA to abrogate the enhanced Ca2þ influx produced

by 2.5lM 2-APB through CRAC channels provides some

evidence that DCPA is acting on mechanisms involved in the

activation or regulation of CRAC channels. This decrease in

[Ca2þ]i has significant downstream consequences on nuclear

NFAT levels and secretion of IL-2. From the studies reported

herein, it is clear that the decrease in [Ca2þ]i results in a functional

consequence to human T cells. The data also demonstrates that

exposure to DCPA alters [Ca2þ]i in murine and human Jurkat T

cells which may result in immunosuppression with serious

consequences on human health.
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