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Abstract
Signal Transducer and Activator of Transcription (STAT)-6 is a transcriptional factor activated
mainly through the cytokines IL-4 and IL-13 leading to the Th2 cell differentiation. Th2 cells play
a role in the etiology and pathogenesis of allergic disease. Histamine alters the Th1/Th2 cytokine
balance towards the Th2 cytokine profile and consequently plays a role in the allergic diseases and
asthma. This study was designed to investigate the effects of histamine on the STAT6
phosphorylation. C57/BL6 splenocytes were pre-treated with different concentrations of histamine
(10−4 M to 10−13 M) followed by stimulation with PMA + ionomycin or IL-4. The phosphorylated
and total basal STAT6 levels were assessed by employing the immunoblotting technique. Histamine
caused the hyper- phosphorylation of STAT-6. H1 receptor antagonist pyrilamine reversed the effect
of histamine on STAT6 phosphorylation. However, H2 receptor antagonist ranitidine and H3/H4
receptor antagonist thioperamide did not affect the histamine mediated hyper-phosphorylation of
STAT6. Furthermore, H1 receptor agonist betahistine enhanced the phosphorylation of STAT6
whereas H2 receptor agonist amthamine did not affect the phosphorylation STAT6. Furthermore,
tyrosine kinase inhibitor, tyrphostin, inhibited the histamine mediated phosphorylation of STAT6
when stimulated with PMA + ionomycin. The effects of histamine on the STAT6 phosphorylation
were indirect since they were blocked either by the antibodies to IL-4 and IL-13 or in IL-4 knock
out mice in the presence of IL-13 antibody. These observations suggest that histamine indirectly
affected the STAT6 phosphorylation via its effects on the secretion of cytokines (IL-4) and H1
receptor played a role in this process.
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Introduction
Asthma is a chronic inflammatory disorder of airways [1] and is manifested by airway
hyperresponsiveness [2] and airflow obstruction. Histamine mediates allergic diseases and
asthma via its effects on T regulatory cells and cytokines [3–5]. Th2 cytokines, IL-4, IL-5,
IL-9, IL-10 and IL-13, are associated with the allergic disease and asthma [6–8]. The effects
of histamine on cytokines are mediated by histamine type I and type II receptors. The
expression of H1 and H2 receptors is ubiquitous. Whereas, histamine type III and type IV
receptors have more selective distribution. Histamine affects the Th1/Th2 cytokine balance by
altering their composition. Histamine affects the secretion of the Th1 and Th2 cytokines in
various immune cells including the dendritic cells, macrophages and T lymphocytes. Most of
the data in the literature points to histamine as an inhibitor of Th1 cytokines including IFN-γ,
IL-2, and IL-12 and stimulator of Th2 cytokines including IL-4, IL-5, IL-10, and IL-13 in the
various cell types [9–17]. However, according to one report histamine H1 receptor enhances
the Th1 responses whereas Th2 responses are down-regulated via the H2 receptors [18]. The
different signaling pathways of the different histamine receptor subtypes could play an integral
role in understanding histamine effects on cytokine secretion.

Cytokines mediate their effects via the Signal Transduction and Activator of Transcription
(STAT) factors [19]. The activation of STAT6, one of the seven STATs, causes the
differentiation of Th2 cells and plays a role in the allergic disease [20,21]. STAT6 is activated
primarily by IL-4 [22–24] and IL-13 [25,26]. STAT6 plays an important role in Th2
differentiation and STAT6 deficient mice shows a lack of Th2 responses [27–29]. Since
activation of STAT6 regulates the Th2 differentiation and histamine affects the Th1/Th2
balance [30] this study was designed to evaluate the effects of histamine on the STAT6
phosphorylation.

Histamine exerts its biological effects through its cell surface receptors H1, H2, H3 [31] and
H4 [32]. H1 receptors are expressed in a wide variety of human tissues including airway smooth
muscles, mammalian brain, gastrointestinal tract, cardiovascular system, adrenal medulla and
lymphocytes [33]. H3 receptors are expressed predominantly in the CNS [34] whereas H4
receptors are expressed in hematopeotic cells, mast cells and eosinophils [35].

We have reported the effects of histamine on phosphorylation of STAT1 [36] and STAT4
[37]. STAT1 and STAT4 play a role in the T cell differentiation leading to Th1 differentiation.
Activated STAT1 has been seen in airways of asthmatic patients [38] whereas STAT4 signaling
pathways have been reported to play a role in airway inflammation and structural modifications
[39] suggesting role of both STAT1 and STAT4 in the pathogenesis of asthma. The studies
demonstrated that histamine augmented the phosphorylation of STAT1. The effects of
histamine on the STAT1 phosphorylation were mediated through both H1 and H2 receptors.
This suggested a cross talk between the two histamine receptors mediated kinases PKC and
PKA in the phosphorylation of STAT1 and that the PKC-Ca2+ pathways were dependent on
the PKA for the STAT1 phosphorylation [36]. Histamine also elevated the STAT4
phosphorylation [37]. However only H1 receptors were involved in the histamine mediated
effects on phosphorylation of STAT4 and PKC pathways were involved [37]. The signaling
pathways involved in the histamine mediated phosphorylation of STAT1 and STAT4 could be
possible therapeutic targets for the intervention in asthma.

Since STAT6 has been implicated in Th2 mediated disorders including asthma and histamine
plays an integral role in these disease states, understanding the mechanism by which histamine
could regulate the activation of these transcriptional factors would prove significant in the
treatment of asthmatic disease.
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We hypothesize that histamine affects the hyper-phosphorylation of STAT6 via H1 receptors.
This is an indirect effect mediated via histamine’s effects on cytokine (IL-4) secretion.

2. Materials and Methods
Animals

C57BL/6 8 wk old female mice from Charles River Laboratories, Wilmington, MA and IL-4
knock out C57BL/6 8 wk old female mice from Jackson Laboratories, Maine.

2.1. Materials
RPMI-1640 Medium, HEPES buffer, sodium pyruvate, sodium bicarbonate, L-glutamine, 2-
mercaptoethanol (2-ME), amphotericin, penicillin and streptomycin, glucose, PMA,
iomomycin, trizma® base, sodium fluoride, sodium pyrophosphate, sodium orthovanadate,
aprotinin bovine lung, EDTA, PMSF, leupeptin hemisulfate salt, pepstatin A, phosphotase
inhibitor cocktail, protease inhibitor cocktail, fetal bovine serum (FBS), acrylamide, glycine
and TEMED all were purchased from Sigma (St. Louis, MO). Protein standard, lyophilized
bovine plasma gamma globulin, dye reagent concentrate, Triton X-100 detergent, Tween-20
and non-fat dry milk were purchased from Bio-Rad Laboratories (Hercules, CA). Histamine
dihydrochloride, pyrilamine maleate, ranitidine, betahistine, amthamine, thioperamide,
tyrphostin AG490, were purchased from Sigma (St. Louis, MO). Rabbit anti-STAT6 and
Rabbit anti-phosphorylated STAT6, anti-rabbit IgG, HRP-linked antibody, anti-biotin, HRP-
linked antibody and lumi GLO reagent and peroxide were purchased from Cell Signaling
Technology (Beverly, MA). Recombinant mouse IL-4, anti-IL-4 and anti-IL-13 was purchased
from R & D Systems (Minneapolis, MN).

2.2. Isolation of splenocytes
C57BL/6 mice (female, 8–12wk) were sacrificed by cervical dislocation, spleen was removed
under aseptic conditions and splenocytes were flushed out in the cold Hank’s balanced salt
solution (HBSS, Sigma). Splenocytes were further homogenated and suspended in cold HBSS
and passed through a 0.7um cell strainer. The volume of splenocytes was made up with cold
HBSS to 50 ml and centrifuged at 1500 rpm for 10 min. The cell pellet acquired was lysed
with the lysis buffer (NH4Cl 150 mM, KHCO3 1 mM, EDTA 0.01 mM) for 5 min and further
made up the volume with cold HBSS to 50 ml and centrifuged. The supernatant was decanted
and splenocytes were resuspended in RPMI complete medium (RPMI 1640, 1% HEPES buffer,
10% FBS, 50mM 2-ME, 2mM l-glutamate, 1% glucose, 2% sodium bicarbonate, 1% sodium
pyruvate and antibiotics). The splenocytes were checked for >95% viability using Trypan blue
and the concentration of cells was adjusted to 15–20 x 106 cells per ml in RPMI complete
medium.

2.3.1. Effects of PMA, ionomycin and PMA + ionomycin on the phosphorylation
of STAT6—The splenocytes (15–20 X 106/ml) from C57BL/6 mouse were treated with PMA
+ ionomycin (10 ng/ml and 1μg/ml, respectively). The cells were incubated for 0 h, 30 min, 1
h, 2 h, 4 h, 6 h, 8 h, 10 h, 24 h and 48 h respectively. The cells were then centrifuged at 1500
rpm for 10 min and the cell pellet was lysed using cold lysis buffer (2 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 50mM Tris pH 7.4, 1
mM EDTA, 10μg/ml of pepstatin A, 10 μg/ml of leupeptin hemisulfate salt, 10% protease
inhibitor cocktail, 10% phosphatase inhibitor cocktail, 1% Triton-X-100, freshly prepared 1
mM PMSF and 10 μg/ml of aprotinin bovine lung), and kept it on dry ice for 30–60 min. The
lysed cells were then thawed at 4oC and supernatant was obtained by centrifugation at 13000
rpm for 30 min at 4oC. The concentration of protein for each cell lysate was assessed by
employing Bradford’s protein assay using bovine plasma gamma globulin as a standard.
Duplicate samples were made in Bradford’s protein assay dye and were assessed
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spectrophotometrically at a fixed wavelength of 595 nm. Equal protein samples were prepared
in 4 X SDS PAGE loading buffer (1M Tris pH 6.6, glycine, 10% SDS, saturated bromophenol
blue, β-mercaptoethanol added fresh just before adding it to the samples) and boiled for 5 min.
Equal amounts of protein (80–100 μg) was loaded in each well determined by the protein assay.
The proteins were further resolved by 10% SDS-PAGE in the running buffer (Tris, glycine
and SDS) at 70 V and then transferred onto the nitrocellulose membrane (Bio-Rad). The
nitrocellulose membrane was washed with 1 X TBST (tris and NaCl) and subsequently blocked
with 5% non-fat dry milk blocking buffer for 2 h at room temperature (RT). The blocked
membrane was then incubated with anti-STAT6 or anti-phosphorylated-STAT6 antibodies
(1:1000 each) overnight at 4 oC. The primary antibody anti-phosphorylated-STAT6 used was
specific for the Y641 tyrosine residue. Phospho-Stat6 (Y-641) antibody we used from Cell
Signaling detects endogenous levels of Stat6 only when phosphorylated at tyrosine 641 and
the antibody does not cross-react with the corresponding phospho-tyrosine residues of other
STAT proteins. The membrane was then washed three times for 10 min each with TBST (1X
TBS, 0.01% Tween-20); the membrane was then incubated with HRP-conjugated secondary
Abs (1:2000) in 5% non-fat dry milk blocking buffer for 1 h at RT following which the
membrane was washed three times for 10 min each. The protein bands on the membrane were
visualized by enhanced chemiluminescence using the Lumiglo and peroxide solution, 1X
respectively.

2.3.2 .Effect of histamine on the phosphorylation of STAT6 stimulated by PMA
+ ionomycin in C57BL/6 splenocytes—The splenocytes (15–20 X 106/ml) from C57BL/
6 mice were treated with different concentrations of histamine (10−4 M – 10−10 M) for 1 h at
37oC, 5%CO2, and induced with or without PMA + ionomycin (10 ng/ml and 1μg/ml,
respectively) for 6 h which was the optimum incubation period based on the kinetic studies.
The cells were lysed and the levels of phosphorylated and total basal STAT6 were assessed
using the Western Blot Analysis. The bands were quantified by employing densitometry and
then statistically analyzed by one-way analysis of variance (ANOVA).The value of
significance for the experiments was p<0.05.

2.3.3. Effects of H1 and H2, H3/H4 receptors antagonists on histamine-mediated
phosphorylation of STAT6 in C57BL/6 splenocytes—The splenocytes (15–20 X 106/
ml) from C57BL/6 mice were pretreated with H1 receptor antagonist pyrilamine (10−6 M), H2
receptor antagonist ranitidine (10-5 M) and H3/H4 receptor antagonist thioperamide (10−6 M)
for 30 min followed by treatment with histamine (10−5 M ,10−11 M) for 1 h at 37 oC, 5%
CO2. The cells were induced with PMA + ionomycin (10 ng/ml and 1μg/ml, respectively) for
6 h and subsequently lysed. The levels of phosphorylated STAT6 and total basal STAT6 were
determined by the Western Blot Analysis.

2.3.4. Effects of H1 and H2 receptor agonists on the phosphorylation of STAT6
in C57BL/6 splenocytes—Splenocytes (15–20 X 106/ml) from C57BL/6 mice were
pretreated with selective H1 receptor agonist betahistine (10−5 , 10−6M) and H2 agonist
amthamine (10−5M) for 1 h and later induced by PMA + ionomycin (10 ng/ml and 1μg/ml,
respectively) for 6 h at 37 oC, 5%CO2 and then lysed. The phosphorylated STAT6 was then
analyzed using the Western Blot Analysis.

2.3.5. Effects of histamine on IL-4 induced phosphorylation of STAT6 in C57BL/
6 splenocytes—The splenocytes (15–20 X 106/ml) from C57BL/6 mice were treated with
histamine (10−11 M) for 1 h at 37oC, 5%CO2, and further induced with IL-4 (10ng/ml) for 30
min. The cells were lysed and STAT6 phosphorylation was analyzed by Western Blot Analysis.
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2.3.6. Effects of tyrosine kinase inhibitor on the histamine mediated
phosphorylation of STAT6 in C57BL/6 splenocytes—Splenocytes (15–20 X 106/ml)
from C57BL/6 mice were pretreated with tryphostin (10−6 M) for 30 min followed by treatment
with histamine (10−11 M) for 1 h. The cells were further stimulated with PMA + ionomycin
(10 ng/ml and 1μg/ml, respectively) for 6 h at 37oC, 5% CO2 and lysed. The STAT-6
phosphorylation was analyzed by Western Blot Analysis.

2.3.7. Effects of histamine on phosphoryaltion of STAT6 in IL-4 −/ − splenocytes
and in the absence of IL-13 when induced with PMA + ionomycin—The splenocytes
(15–20 X 106/ml) from IL-4 knock out C57BL/6 mice were pretreated with α-IL-13 (0.1μg/
ml for 30 min, followed by treatment with histamine (10−5 M & 10−11 M) for 1 h. The cells
were then stimulated with PMA + ionomycin (10 ng/ml and 1μg/ml, respectively) for 6 h at
37oC, 5%CO2. The cells were lysed and total basal and phosphorylated STAT6 were analyzed
using the Western Blot Analysis.

2.3.8. Effects of histamine on phosphorylation of STAT6 in the anti-IL-4 and anti-
IL-13 treated C57BL/6 splenocytes—Splenocytes (15–20 X 106/ml) from C57BL/6 mice
were pretreated with anti-IL-4 (0.1μg/ml) and anti-IL-13 (0.1μg/ml) for 30 min followed by
treatment with histamine (10−5 M, 10−11M) for 1 h. The cells were further stimulated with
PMA + ionomycin (10 ng/ml and 1 μg/ml, respectively) for 6 h at 37oC, 5% CO2. The cells
were subsequently lysed and the levels of phosphorylation of STAT6 were determined by
Western Blot Analysis.

3. Results
3.1. Effects of PMA + ionomycin on the phosphorylation of STAT6 in C57BL/6 splenocytes

Kinetic studies were performed to determine the optimum incubation time required for the
phosphorylation of STAT6 following stimulation with PMA + ionomycin (10 ng/ml and 1
μg/ml, respectively). The splenocytes were treated with PMA + ionomycin and the cells were
lysed at 0 h, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 24 h and 48 h respectively. The levels of
phosphorylation of STAT6 were then determined by Western Blot Analysis. There was no
phosphorylation of STAT6 observed at 0 h, 30 min, 1 h, 2 h, and 4 h (data not shown). As
shown in Fig. 1a. the expression of phosphorylated STAT6 was optimum at 6 h which declined
after 8 h and completely diminished at 24 h. To evaluate the effects of PMA and ionomycin
on the STAT6 phosphorylation, splenocytes were induced with PMA alone (10ng/ml),
ionomycin alone (1 μg/ml) and PMA + ionomycin (10 ng/ml and 1 μg/ml, respectively) for 6
h. The cells were further lysed and phosphorylated STAT6 was assessed by Western Blot
Analysis. As shown in Fig. 1 b, the effect of PMA and ionomycin together was more
pronounced than either of PMA or ionomycin. The total amount of protein loaded was equal
in all the cases depending on the protein assay we performed.

3.2. Effect of histamine on the phosphorylation of STAT-6 in C57BL/6 splenocytes
To determine the effects of histamine on the phosphorylation of STAT6, splenocytes (15–20
X 106/ml) from C57BL/6 mice were treated with different concentrations of histamine (10−4

M – 10−13 M) for 1 h and then stimulated with PMA + ionomycin (10 ng/ml and 1 μg/ml,
respectively) for 6 h at 37 oC, 5% CO2. The cells were then lysed and the phosphorylated
STAT6 was analyzed by Western Blot Analysis. As shown in Fig.2 a & 2 c, histamine at
10−4 M – 10−6 M, 10−11 M – 10−13 M, augmented the phosphorylation of STAT6 induced by
PMA + ionomycin. Histamine also augmented the STAT6 phosphorylation at concentrations
10−7 M – 10−10 M (data not shown).
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To determine the effects of histamine of its own on the phosphorylation of STAT6 we treated
the cells with histamine 10−5 & 10−11 M in the absence of PMA + ionomycin. As shown in
the Fig. 2 d, histamine 10−5 & 10−11 M did not have any effect of its own on the phosphorylation
of STAT6 in the absence of PMA + ionomycin. Results in Fig.2 b show the quantification of
immunoblots using the densitometry technique and bands were analyzed using one-way
analysis of variance (ANOVA). The value of significance for the experiments was *p<0.05,
n=3.

3.3. Effects of selective H1 and H2, H3/H4 receptors antagonists on histamine-mediated
phosphorylation of STAT6 in C57BL/6 splenocytes

To characterize the type of histamine receptors involved in the histamine mediated
phosphoryaltion of STAT6, the splenocytes (15–20 X 106/ml) from C57BL/6 mice were
pretreated with H1 receptor antagonist pyrilamine (10−6 M), H2 receptor antagonist ranitidine
(10−5 M) and H3/H4 receptor antagonist thioperamide (10−6 M) for 30min followed by
treatment with histamine (10−5 M, 10−11 M), for 1 h. The cells were then stimulated with PMA
+ ionomycin (10 ng/ml and 1 μg/ml, respectively) for 6 h at 37oC, 5% CO2 and subsequently
lysed. The levels of phosphorylation of STAT6 were analyzed by Western Blot Analysis. As
shown in Fig.3 a & d, selective H1 antagonists pyrilamine and tripelennamine blocked the
effects of histamine on the phosphorylation of STAT-6. As shown in Fig.3 b, H1 antagonist
pyrilamine also blocked the effect of histamine on the phosphorylation of STAT6 whereas H2
receptor antagonist ranitidine had no effect on histamine mediated phosphorylation of STAT6.
H3/H4 receptors antagonist thioperamide had no effect on histamine mediated phosphorylation
of STAT6 (data not shown). As shown in Fig.3 c, the immunoblots were quantified employing
the densitometry and were analyzed using one-way analysis of variance (ANOVA). The value
of significance for the experiments was *p<0.05, n=3.

To determine the effects of selective histamine receptor antagonists of their own on the STAT6
phosphorylation, the splenocytes were treated with H1 antagonist pyrilamine (10−6 M), H2
antagonist ranitidine (10−5 M, 10−6 M) and H3/H4 antagonist thioperamide (10−6 M) for 30
min followed by stimulation with PMA + ionomycin for 6 h in the absence of histamine and
lysed. The lysed cells were further analyzed for phosphorylation of STAT6 by Western Blot
Analysis. As shown in Fig.3 e, H2 receptor antagonist ranitidine decreased PMA + ionomycin
induced phosphorylation of STAT-6 in the absence of histamine. H1 antagonist, tripelennamine
(Fig.3 f) and H3/H4 antagonist thioperamide (data not shown) did not have any effects of its
own on the PMA + ionomycin induced phosphorylation of STAT6 in the absence of histamine.
In all the above cases the loading of proteins was equal as determined by the protein assay.

3.4. Effects of H1 and H2 receptor agonists on phosphorylation of STAT6 in C57BL/6
splenocytes

To study the effects of selective histamine receptor agonist, C57BL/6 mice splenocytes (15–
20 X 106/ml) were pretreated with H1 agonist betahistine (10−5, 10−6M) and H2 agonist
amthamine (10−5M) for 30 min. The cells were then induced with PMA + ionomycin (10 ng/
ml and 1 μg/ml, respectively) for 6 h at 37oC, 5% CO2. The cells were lysed subsequently and
assessed for the phosphorylation of STAT6 by Western Blot Analysis. H1 agonist betahistine
increased the phosphorylation of STAT-6 (Fig. 4 a) whereas H2 agonist amthamine had no
effect on the phosphorylation of STAT-6 (Fig. 4 b).

3.5. Effects of histamine on IL-4 induced phosphorylation of STAT6 in C57BL/6 splenocytes
To determine the effect of histamine on the IL-4 induced phosphorylation of STAT6 the
splenocytes (15–20 X 106/ml) were treated with histamine (10−7 M, 10−9 M, and 10−11 M) for
1 h followed by induction with IL-4 (10ng/ml) for 30 min at 37oC, 5% CO2. The cells were
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lysed and the levels of phosphorylation of STAT6 were analyzed using the Western Blot
Technique. Histamine augmented the IL-4 induced phosphorylation of STAT6 (Fig 5).

3.6. Effects of tyrosine kinase inhibitor on the phosphorylation of STAT6 in C57BL/6
splenocytes

To determine the role of tyrosine kinase in histamine induced phosphoryaltion of STAT6, the
C57BL/6 mice splenocytes were pretreated with tyrphostin AG490 (10−6 M) for 30 min
followed by treatment with histamine for 1 h. The cells were then induced with PMA +
ionomycin (10 ng/ml and 1 μg/ml, respectively) for 6 h at 37oC, 5%CO2. The cells were then
lysed and phosphorylated STAT6 was analyzed by Western Blot Analysis. As shown in Fig
6, tyrosine kinase inhibitor tryphostin AG490 inhibited the histamine mediated
phosphorylation of STAT6.

3.7 .Effect of histamine on phosphorylation of STAT6 in IL-4 −/ −mice splenocytes when
induced with PMA + ionomycin

To evaluate the effect of histamine on the phosphorylation of STAT6 in the absence of IL-4
and IL-13, we used IL-4 knock out mice splenocytes. Splenocytes (C57/BL6 IL-4/− −) (15–20
X 106/ml) were pretreated with anti-IL-13 (0.1μg/ml) to block any effects of IL-13 for 30 min,
followed by treatment with histamine for 1 h and further induced with PMA + ionomycin (10
ng/ml and 1 μg/ml, respectively) for 6 h at 37oC, 5% CO2. The cells were lysed subsequently
and total basal and phosphorylated STAT6 was analyzed employing Western Blot Analysis.
Histamine did not have any effect on the phosphorylation of STAT6 in the absence of IL-4 and
IL-13 (fig.7 a & b) despite treatment with PMA + ionomycin. Histamine did not affect the
basal total STAT6 levels in the IL-4 knock out mice (data not shown).

3.8. Effects of histamine on phosphorylation of STAT6 in the anti-IL-4 and anti-IL-13 treated
C57BL/6 splenocytes

To determine the effects of histamine on the STAT6 phosphorylation in the absence of the
cytokines, we treated the splenocytes with anti-IL-4 (0.1μg/ml) and anti-IL-13 (0.1μg/ml) for
30 min followed by treatment with histamine (10−5 M, 10−11M) for 1 h. The cells were further
stimulated with PMA + ionomycin (10 ng/ml and 1 μg/ml, respectively) for 6 h at 37oC, 5%
CO2. The cells were subsequently lysed and the levels of phosphorylation of STAT6 were
determined by Western Blot Analysis. Fig.8 a & b showed that histamine did not have any
effect on the phosphorylation of in the presence of antibodies to IL-4 and IL-13.

Discussion
This study was designed to evaluate the effects of histamine on the phosphorylation of STAT6.
PMA and ionomycin and/ or IL-4 were employed to induce the phosphorylation of STAT6.
PMA activates protein kinase C (PKC) [40] and ionomycin increases the Ca2+ influx [41].
Ca2+ influx is also dependent on the PKC mediated pathways for the production of IL-4 [42].
We performed the kinetic studies to determine the optimum time of incubation for the
phosphorylation of STAT6. We observed that PMA + ionomycin stimulated the STAT6
phosphorylation optimally at 6 h, which declined thereafter (Fig.1 a). According to our control
studies PMA + ionomycin together produced more pronounced phosphorylation of STAT6
than either PMA or ionomycin when used alone (Fig.1 b). Histamine, under these experimental
conditions up regulated the phosphorylation of STAT6 when stimulated either with PMA +
ionomycin (Fig.2 a & 2 b) or with IL-4 (Fig.5). However, histamine did not have any effect of
its own on the phosphorylation of STAT6 in the absence of PMA + ionomycin (Fig.2 c).

We characterized the histamine receptor subtype involved in the histamine mediated
phosphorylation by employing selective H1, H2 and H3/H4 receptors agonist & antagonists.
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H1 antagonists, pyrilamine (10−6 M) and tripelennamine inhibited the effect of histamine on
the phosphorylation of STAT6 (Fig.3 a, b & d). H1 antagonists did not have an effect of their
own in the absence of histamine (Fig.3 f). H2 antagonist ranitidine (Fig.3 a & b) and H3/H4
antagonist thioperamide (data not shown) did not alter histamine-mediated effects on the
phosphorylation of STAT6. However, H2 antagonist ranitidine itself inhibited the
phosphorylation of STAT 6 (Fig.3 e) in the absence of histamine. This could be due to inverse
agonism exhibited by ranitidine. Inverse agonism is displayed by most of the GPCR antagonist
[43] and was first reported by Costa and Hertz involving the delta opioid receptors [44].
Previous studies in our lab have demonstrated that H1 receptor was involved in histamine
mediated phosphorylation of STAT4[37] whereas both H1 and H2 receptors were involved in
the histamine mediated STAT1 phosphorylation [36]. Both H1 and H2 antagonists exhibited
inverse agonism when STAT1 phosphorylation was studied [36].

H1 agonist betahistine augmented the phosphorylation of STAT6 (Fig.4 a) whereas H2 agonist
amthamine had no effect on the phosphorylation of STAT6 (Fig.4 b).

Our experiments suggest that only H1 receptors were involved in histamine mediated
phosphorylation of STAT6. H1 receptor activation leads to the induction of phospholipase C
that translocates to the membrane and further binds to phosphatidylinositol (4, 5)-bisphosphate
which yields inositol-1, 4, 5-triphosphate (IP3) and diacylglycerol (DAG). Protien kinase C
(PKC) is activated by DAG whereas the IP3 mobilizes Ca2+ from the intracellular stores [31,
45]. It has been previously demonstrated that histamine H1 receptors can signal to the nucleus
through the PKC [46] and consequently the effects of H1 receptors are PKC dependent.
Elevated PKC levels were observed in lymphocytes of asthmatic patients and histamine
reportedly exerted its action on the PKC activity by modulating the regulatory domain of the
enzyme [47].

We found that H2 antagonist did not affect the histamine mediated hyper-phosphorylation (Fig.
3 a & b) suggesting that cAMP-PKA pathway may not be involved in the histamine mediated
phosphorylation of STAT6. This confirmed our observations that only H1 receptors were
involved in the histamine mediated phosphorylation of STAT6.

Earlier findings in our laboratory have shown that tyrphostin, an inhibitor of Jak2, Jak3,
STAT-1, STAT3 & STAT5 [48–50] inhibited the histamine augmented phosphorylation of
STAT1 when induced with IFN –γ. We therefore studied the effects of tyrosine kinase inhibitor,
tyrphostin, on histamine mediated STAT6 phosphorylation. We observed that tryphostin
inhibited histamine induced STAT6 phosphorylation suggesting a role of tyrosine kinase in
this process (Fig 6.). Tyrphostin did not affect histamine mediated effects on STAT4
phosphorylation [37] which may involve other tyrosine kinases [51,52]. There is evidence in
the literature that STAT6 is serine phosphorylated and it negatively regulates the DNA –
binding function [53]. However we looked for the tyrosine phosphorylation of STAT6. The
study carried out by Wick & Berton (2000) also demonstrated that tyrosine phosphorylation
of STAT6 exclusively required Y-641 tyrosine residue, suggesting it to be the only
phosphorylation site [54]. This is agreement with our results where tyrosine kinase inhibitor,
tyrphostin inhibited the histamine mediated STAT6 phosphorylation.

Cytokines regulate their functions through the STAT factors [19]. IL-4 or IL-13 bind to the
commonly shared IL-4Rα subunit and then activates JAK1 and JAK3 tyrosine kinase followed
by tyrosine phosphorylation creating the docking site for the STAT6 which is further
phosphorylated, homodimerized and migrated to the nucleus for gene expression [55].
Histamine affects the Th1 and Th2 cytokine production [9–17]. We observed that histamine
augmented the IL-4 induced phosphorylation of STAT6 (Fig.5). These results were in
agreement with the previous results where histamine affected the IFN-γ induced
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phosphorylation of STAT1 [48]. However, histamine had no effect on IL-12 induced
phosphorylation of STAT4 [37]. The effects of histamine could be indirect where it possibly
altered the cytokine secretion (IL-4 and IL-13) and signaling to affect the STAT6
phosphorylation. To study whether the effects of histamine on IL-4 induced phosphorylation
of STAT6 were indirect we used splenocytes from the IL-4 knock out mice in the presence of
anti-IL-13. Histamine did not affect STAT6 phosphorylation in IL-4 KO splenocytes in the
presence of anti-IL-13 (Fig.7 a & b). This suggested that histamine enhanced the
phosphorylation of STAT6 via its stimulatory effects on IL-4 secretion which were mediated
through H1 receptors. (Fig. 8 a & b). The kinetics of this phosphorylation also differed when
a mitogen/allergen was used as opposed to IL-4 itself.

It is feasible that H1 receptors induced the IL-4 secretion via activation of PKC- Ca2+ pathway
and PKC also required a signal from the tyrosine kinase to activate STAT6. This mechanism
was previously suggested in a study involving tumor promoting genes [56]. Recent studies also
provide evidence that an atypical isoform of PKC, PKC-ζ, leads to the phosphorylation of
JAK1 and is essential for JAK 1 function. PKC-ζ is also involved in the IL-4 and STAT6
signaling pathway and is necessary for tyrosine phosphorylation of STAT6 [57]. However the
involvement of H1 receptors in the activation of this atypical form of PKC has not been
investigated.

We conclude from our experiments that histamine affected the hyper-phosphorylation of
STAT6. The effects of histamine were also inhibited by tyrosine kinase inhibitor, tyrphostin.
Histamine indirectly regulated the STAT6 phosphorylation via its effect on the IL-4 secretion
and H1 receptors played a role in this process. As already indicated ,STAT6 phosphorylation
leads to the development of Th2 cells and IgE mediated responses. STAT6 activation also leads
to the transcription of the IL-4 inducible genes including IgE, IL-4R, MHC class II. In the case
of hyper-phosphorylation of STAT6 these symptoms could be exacerbated, however, such
experiments in an asthma model have not yet been performed. Since the phosphorylation of
STAT-6 plays a role in allergic hyperresponsiveness and asthma and hyper-phosphorylation
may potentially further exacerbate these symptoms, the development of antagonists which
could block the cytokine- induced phosphorylation and histamine-induced hyper-
phosphorylation will have therapeutic implications for asthma.
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Th2  
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phorbol 12 myristate 13-acetate
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protein kinase C

PKA  
protein kinase A

Jak  
Janus Kinase

IL-4−/ −  
IL-4 knock out
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Fig 1.
Expression of phosphorylation of STAT6 stimulated by PMA + ionomycin. C57BL/6
splenocytes were stimulated with PMA + ionomycin (10 ng/ml and 1 ug/ml respectively) for
6 h, 8 h, 10 h and 24 h and cells were lysed after each incubation time. Phosphorylated STAT6
levels were then determined by Western Blot Analysis. a. Lane 1: untreated; lane 2: 6 h; line
3: 8 h; line 4: 10 h; line 5: 24h. b. C57BL/6 splenocytes were stimulated with PMA (10 ng/
ml), ionomycin (1 ug/ml), and PMA (10 ng/ml) + ionomycin (1 ug/ml) for 6 h. The cells were
then lysed and phosphorylated STAT6 levels were determined by Western Blot Analysis. Line
1: untreated; line 2: PMA; line 3: ionomycin; line 4: PMA + ionomycin.
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Fig 2.
Effects of histamine on the phosphorylation of STAT6. C57BL/6 splenocytes were treated with
histamine (10−4 M to 10−13 M) for 60 min (a, b & c) or without histamine (d), and then
stimulated with PMA + ionomycin (10 ng/ml and 1 ug/ml, respectively) for 6 h. The cells were
then lysed and STAT6 levels were determined by Western Blot Analysis. a. Lane 1: untreated;
lane 2: PMA + ionomycin; lane 3: PMA + ionomycin + histamine 10−4 M; lane 4: PMA +
ionomycin + histamine 10−5 M; lane 5: PMA + ionomycin + histamine 10−6 M. b: Ratio of
phosphorylated STAT6 to the total basal STAT6 protein was quantified using densitometry of
the immunoblots and analyzed by one-way analysis of variance(ANOVA). The data shown is
the representation of atleast three experiments (.n=3,*p<0.05) 1. untreated; 2: PMA +
ionomycin; 3: PMA + ionomycin + histamine 10−4 M; 4: PMA + ionomycin + histamine
10−5 M; 5: PMA + ionomycin + histamine 10−6 M. c: Lane 1: untreated; lane 2: PMA +
ionomycin; lane 3: PMA + ionomycin + histamine 10−11M; line 4: PMA + ionomycin +
histamine 10−12 M; line 5: PMA + ionomycin + histamine 10−13 M. d: Lane 1: untreated; lane
2: PMA + ionomycin; lane 3: histamine 10−5M; lane 4: histamine 10−11M.
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Fig 3.
Effects of histamine receptors antagonists on histamine-mediated phosphorylation of STAT6.
Splenocytes from C57BL/6 mice were treated with H1 receptor antagonist pyrilamine (10−6

M) and tripelennamine (10−6 M), H2 receptor antagonist ranitidine (10−5 M) for 30 min
followed by treatment with histamine (10−5 M or 10−11 M ) for 60 min, then the cells were
stimulated with PMA + ionomycin (10 ng/ml and 1 ug/ml, respectively) for 6 h. The splenocytes
were also treated with antagonists alone in the absence of PMA + Ionomycin for 30 min. The
cells were lysed and STAT4 levels were determined by Western Blot Analysis. a. lane 1:
untreated; lane 2: PMA + ionomycin; lane 3: PMA + ionomycin + histamine 10−5 M; lane 4: :
PMA + ionomycin + histamine 10−5 M + ranitidine 10−5 M ; line 5: PMA + ionomycin +
histamine10−5 M + pyrilamine 10−6 M. b. lane 1: untreated ; lane 2:PMA + ionomycin; lane
3: PMA + ionomycin + histamine 10−11 M; lane 4: PMA + ionomycin + histamine 10−11 M +
ranitidine 10−5 M; lane 5: PMA + ionomycin + histamine 10−11 M + pyrilamine 10−6 M. c.
Ratio of phosphorylated STAT6 to the total basal STAT6 protein was quantified using
densitometry of the immunoblots and analyzed by one-way analysis of variance (ANOVA).
The data shown is the representation of at least three experiments (n=3,*p<0.05) 1: untreated ;
2:PMA + ionomycin; 3: PMA + ionomycin + histamine 10−11 M; 4: PMA + ionomycin +
histamine 10−11 M + ranitidine 10−5 M; 5: PMA + ionomycin + histamine 10−11 M + pyrilamine
10−6 M. d. lane 1:untreated; lane 2: PMA + ionomycin ; lane 3: PMA + ionomycin + histamine
10−5 M; lane 4: PMA + ionomycin + histamine 10−5 M + tripelennamine 10−5 M; lane 5:PMA
+ ionomycin + histamine 10−11 M tripelennamine 10−6 M; e. lane 1: untreated; lane 2: PMA
+ ionomycin; lane 3: PMA + ionomycin + ranitidine 10−5 M; lane 4: PMA + ionomycin +
ranitidine 10−6 M; f. lane 1:untreated; lane 2: PMA + ionomycin; lane 3: PMA + ionomycin
+ tripelennamine 10−6 M.
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Fig 4.
Effects of histamine receptor agonists on phosphorylation of STAT6. C57BL/6 splenocytes
were treated with H1 receptor agonist betahistine (10−5 M, 10−6 M) and H2 receptor agonist
amthamine (10−5 M) for 30 min followed by stimulation with PMA + ionomycin (10 ng/ml
and 1 ug/ml, respectively) for 6 h. The cells were then lysed and the phosphorylated STAT6
was determined using the Western Blot Analysis. a. lane 1: Untreated; lane 2: PMA +
ionomycin; lane 3: PMA + ionomycin + betahistine 10−5 M; lane 4: PMA + ionomycin +
betahistine 10−6 M; b. lane 1: untreated; lane 2: PMA + ionomycin; lane 3: PMA + ionomycin
+ amthamine 10−5 M.
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Fig 5.
Effect of histamine on IL-4 induced phosphorylation of STAT6. C57BL/6 splenocytes were
treated with histamine (10−7 M, 10−9 M, and 10−11 M) for 1 h followed by stimulation with
IL-4 (10ng/ml) for 30 min. The cells were further lysed and levels of STAT6 phosphorylation
were analyzed by Western Blot Analysis. Lane 1: untreated; lane 2: IL-4; lane 3: IL-4 +
histamine 10−7 M; lane 4: IL-4 + histamine 10−9 M; lane 5: IL-4 + histamine 10−11 M.
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Fig 6.
Effect of tyrosine kinase inhibitor on the histamine mediated phosphorylation of STAT6.
C57BL/6 splenocytes were treated with tyrosine kinase inhibitor tyrphostin (10−6 M) for 30
min followed by treatment with or without histamine (10−11 M) for 1 h. The cells were further
stimulated with the PMA + ionomycin (10 ng/ml and 1 ug/ml, respectively) for 6h and
subsequently lysed. The levels of phosphorylated STAT6 were detected by Western Blot
Analysis. Lane: untreated; lane 2: PMA + ionomycin; lane 3: PMA + ionomycin + histamine
10−11 M; lane 4: PMA + ionomycin + histamine 10−11 M + tyrphostin 10−6 M; lane 5: PMA
+ ionomycin + tyrphostin 10−6 M.
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Fig 7.
Effect of histamine on phosphorylation of STAT6 in IL-4 −/ − mice splenocytes. C57BL/6
splenocytes from IL-4 knock out and regular mice were treated with histamine (10−5 M) for 1
h with or without anti-IL-13 followed by stimulation with PMA + ionomycin (10 ng/ml and 1
ug/ml, respectively) for 6 h. The cells were lysed and unphosphorylated and phosphorylated
STAT6 levels were detected by Western Blot Analysis. a. Lane 1: untreated (C57BL/6
splenocytes); lane 2: untreated (IL-4 −/ − splenocytes); lane 3: PMA + ionomycin (C57BL/6);
lane 4: PMA + ionomycin(IL-4 −/ −); lane 5: PMA + ionomycin + histamine 10−5 M(C57BL/
6); lane 6: PMA + ionomycin + histamine 10−5 M(IL-4 −/ −); lane 7: PMA + ionomycin +
histamine 10−5 M(C57BL/6); lane 8: PMA + ionomycin + histamine 10−5 M(IL-4 −/ −); lane
9: PMA + ionomycin + histamine 10−5 M + anti IL-13(C57BL/6); lane 10: PMA + ionomycin
+ histamine 10−5 M + anti IL-13 (IL-4 −/ −); lane 11: PMA + ionomycin + anti-IL-4 + anti-
IL-13 (C57BL/6); lane 12: PMA + ionomycin + anti-IL-4 + anti-IL-13 (IL-4 −/ −). b. lane 1:
untreated( C57BL/6 splenocytes); lane 2: untreated(IL-4 −/ − splenocytes); lane 3: PMA +
ionomycin (C57BL/6); lane 4: PMA + ionomycin(IL-4 −/ −); lane 5: PMA + ionomycin +
histamine 10−11 M(C57/BL6); lane 6: PMA + ionomycin + histamine 10−11 M(IL-4 −/ −); lane
7: PMA + ionomycin + histamine 10−11 M(C57BL/6); lane 8: PMA + ionomycin + histamine
10−11 M(IL-4 −/ −); lane 9: PMA + ionomycin + histamine 10−11M + anti IL-13(C57BL/6);
lane 10: PMA + ionomycin + histamine 10−11 M + anti IL-13 (IL-4 −/ −); lane 11: PMA +
ionomycin + anti-IL-4 + anti-IL-13 (C57BL/6); lane 12: PMA + ionomycin + anti-IL-4 + anti-
IL-13 (IL-4 −/ −).
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Fig 8.
Effect of histamine on phosphorylation of STAT6 in the presence of anti-IL-4 and anti-IL-13.
C57BL/6 splenocytes were pre-treated with anti-IL-4 and anti-IL-13 for 30 min followed by
treatment with or without histamine (10−5 M & 10−11M) for 1 h. The cells were then stimulated
with PMA + ionomycin (10 ng/ml and 1 ug/ml, respectively) for 6 h and subsequently lysed.
The levels of STAT6 phosphorylation were determined by Western Blot Analysis. a. Lane 1:
untreated; lane 2: PMA + ionomycin; lane 3: PMA + ionomycin + histamine 10−5 M; lane 4:
PMA + ionomycin + histamine 10−5 M + anti-IL-4 + anti IL-13; lane 5: PMA + ionomycin +
anti-IL-4 + anti IL-13. b. lane 1: untreated; lane 2: PMA + ionomycin; lane 3: PMA + ionomycin
+ histamine 10−11 M; lane 4: PMA + ionomycin + histamine 10−11 M + anti-IL-4 + anti IL-13;
lane 5: PMA + ionomycin + anti-IL-4 + anti IL-13.
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