
BODIPY
VR

FL Histamine as a New Modality for

Quantitative Detection of Histamine Receptor

Upregulation Upon IgE Sensitization in

Murine Bone Marrow-Derived Mast Cells

Arash Mirzahosseini,1,2* Marianna Kov�acs,1 K�aroly K�anai,1 P�eter Csutora,1 Bal�azs Dalmadi1

� Abstract
Flow cytometry is one of the most widely used methods for the qualitative and quanti-
tative analysis of cell surface expressed proteins by making use of fluorescent specific
antibodies. Lacking an antibody validated for flow cytometry, an alternative approach
for labeling cell surface receptors is the use of fluorescently tagged ligands. In this study,
histamine H4 receptor transfected Chinese hamster ovary cells and murine bone
marrow-derived mast cells (mBMMCs) were selected for studying the possibility of
staining individual histamine receptors using BODIPY

VR

FL histamine and selective
antagonists. Flow cytometric measurements and supporting calculations showed that
BODIPY FL histamine is suitable tool for quantitating cell surface histamine receptors.
The binding, and competitive inhibition of this fluorescent ligand were characterized,
which were in good agreement with a semi-empirical model constructed from funda-
mental protein-binding relationships. Using this method it was shown for the first time
that even though mature mBMMCs express H2R and H4R to the same extent, immu-
noglobulin E sensitization results in H4R upregulation only, while the surface expres-
sion of H2R remains unchanged. VC 2014 International Society for Advancement of Cytometry
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INTRODUCTION

HISTAMINE is a multifunctional messenger molecule that is released from tissue

mast cells and basophils and plays an important role in inducing inflammation. Four

histamine receptors are known to mediate the effects of histamine: H1 receptors have

been extensively studied for their effects on allergic reactions, whereas H2 and H4

receptors have also been demonstrated to have immunoregulatory effects, while H3

receptors are known for their role in the nervous system (1). The most recently

described histamine receptor, histamine receptor H4, is expressed mainly on cells

from hematopoietic lineage, particularly mast cells, basophils and eosinophils (2–6).

Histamine receptor H4 is a Gai/o coupled receptor (7), which plays a key role in the

chemotaxis of eosinophils (8), monocyte-derived dendritic cells (9), and mast cells

as well as in the regulation of T cells and dendritic cells (10,11).

One of the most robust methods for the quantitative measurement of cell sur-

face expressed receptors is flow cytometry. The convenience of this method relies on

the use of fluorescent specific antibodies. The binding of these fluorescent antibodies

to their targets on the cell surface allows for the detection of fluorescence intensity of

stained cells, which in turn correlates with relative receptor expression. However, the

quantification of the recently discovered H4 receptor is not entirely attainable, since
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there are no unanimously accepted commercially available

labeled H4R antibodies (murine or human, at the time of

preparation of the article) that have been validated for use in

flow cytometry. Although antibodies raised against histamine

receptors are used in some studies (12,13), a viable alternative

method for labeling receptors is the use of fluorescent dye–

ligand conjugates. There are strengths and limitations in using

a ligand-based vs. antibody assay. Other than the difference in

valency, monovalent vs. bivalent binding of ligand and anti-

body, there is a difference in binding affinity and selectivity.

Antibody binding is paradigmatically tighter and specific,

while its limitation is effortful manufacture. For the ligand-

based assay of histamine receptors, first a fluorescein-

histamine conjugate was proposed (14), followed by a more

recent dye, BODIPY
VR

FL histamine, that has been successfully

used in flow cytometry in several studies (9,12,15). Several

other classes of receptors have also been measured with fluo-

rescently tagged ligands. The measurement of adenosine A1

receptor expression is also possible with ligand-based assays

(16). Furthermore, a recent study has investigated the influ-

ence of different fluorophores and linker composition on the

binding affinity, thus usefulness of various fluorescent adeno-

sine A1 receptor dyes (17). Naturally, quantification of recep-

tors is possible without flow cytometry, using traditional

binding assays employing filtration and scintillation proximity

assays (18).

In the present study, the possibility of measuring hista-

mine receptors quantitatively with a fluorescent ligand using

flow cytometry was explored. Murine bone marrow-derived

mast cells (mBMMCs) were selected as a suitable model to

investigate histamine receptors using a fluorescently tagged

ligand. Mast cells are bone marrow-derived cells that partici-

pate in innate immunity and reside in tissues in proximity to

surfaces that interface the external environment. They play an

important role in inflammation and hypersensitivity reaction

type I. During sensitization, mast cells bind immunoglobulin

E (IgE) through the high affinity IgE receptors (FceRI). Subse-

quently, IgE binds specific antigens, and the FceRI-IgE-

antigen complex forms cross-links and larger aggregates

(19–21), resulting in the release of mediators stored in mast

cell granules such as histamine and proteases, and de novo

synthesis of mediators such as prostaglandins and leukotrienes

(22). A number of complex signal transduction pathways are

at work during the sensitization phase of mast cell activation.

One regulatory function of IgE is the upregulation of FceRI

expression (23–25). In a recent work, we reported the rela-

tionship between histamine H4 activity and mast cell degra-

nulation/FceRI receptor upregulation (26). In the present

study, we sought to explore the existence of regulatory effects

of IgE on histamine receptors present on mast cells. There is

evidence that human skin mast cells express H2 and H4 recep-

tors (12), however the complex regulatory functions of these

histamine receptors on mast cells, particularly in IgE-

mediated sensitization processes is yet to be fully understood.

In the present study, CHO cells expressing human H4

receptor and mast cells differentiated from murine bone mar-

row stem cells were used as models. The fluorescent labeling

of histamine receptors with BODIPY FL histamine was com-

pared between H4R transfected cells and parental CHO cells

not expressing H4R. By inhibiting the fluorescent ligand bind-

ing with unlabeled histamine or selective histamine receptor

antagonists directed toward the histamine binding site, a

method for the quantitative analysis of H4R using flow

cytometry was constructed, supported by a series of calcula-

tions. Using this method the determination of mH2R and

mH4R levels on mBMMC was made possible, together with

the examination of the regulatory effects of IgE sensitization

on mast cell histamine receptor expression.

MATERIALS AND METHODS

Materials

BODIPY FL histamine, Ham’s F-12 nutrient mixture,

Dulbecco’s phosphate buffered saline (DPBS), and GlutaMAX

were purchased from Life Technologies (Carlsbad, CA).

Cimetidine, Accutase solution, Tris-EDTA buffer, RPMI-1640

medium, and penicillin–streptomycin solution stabilized were

purchased from Sigma-Aldrich Co. (St. Louis, MO). Rat anti-

mouse IgE FITC, rat anti-mouse CD117 PE, rat anti-mouse

CD16/CD 32 (Mouse Fc Block), and BD Pharmingen Stain

Buffer were purchased from BD Biosciences (Erembodegem,

Belgium). Recombinant mouse IL-3 and recombinant mouse

SCF were purchased from R&D Systems (Minneapolis, MN).

FBS was purchased from Thermo Fisher Scientific (Waltham,

MA). ACK lysis buffer was purchased from Quality Biological

(Gaithersburg, MD). UR-63325 (Palau Pharma S.A., Barce-

lona, Spain), a furo[3,2-d]pyrimidine derivative is a selective

histamine receptor H4 antagonist/inverse agonist (27–29),

and was synthesized as a reference compound using the syn-

thesis method described in the patent WO2009056551 (A1)—

Furo[3,2-d]pyrimidine derivatives (Palau Pharma S.A., Car-

celler Gonzalez E, Medina Fuentes EM, Martina Via J, Virgili

Bernado M, 2009). The purity of the samples was assessed

with high-performance liquid chromatography–mass spec-

trometry and 1H-NMR.

H4R Transfected Cells

CHO cells transfected with the coding sequence of the

human histamine receptor H4 were purchased from Euro-

screen (Gosselies, Belgium). Cells were grown at 37�C and 5%

CO2 in Ham’s F-12 nutrient mixture supplemented with 10%

FBS, 100 U/ml penicillin and 100 lg/ml streptomycin. During

each passage adherent cells were washed with DPBS (without

Ca21 and Mg21), treated with 5 ml Accutase for 5 minutes,

centrifuged (1,200 rpm, 10 min), and finally cells plated at 3

3 105 cell/flask. In the last passage, before the flow cytometric

measurements, adherent cells were nonenzymatically dissoci-

ated using EDTA solution. Parental CHO cells were grown in

RPMI-1640 medium supplemented with GlutaMAX, 100 U/

ml penicillin, and 100 lg/ml streptomycin; all other proce-

dures were same as above.

Bone Marrow Mast Cell Culture

The method of Singh et al. (30) was used to prepare

mBMMC with slight modifications. Briefly, the femurs of

Orignial Article

2 IgE Sensitization Causes H4R Upregulation



BALB/c male mice (8–12 weeks) were surgically removed and

flushed with cold DMEM. Cells were collected, filtered

through a 70-lm cell strainer and centrifuged (1,200 rpm, 10

min). After treatment with ACK Lysis Buffer to lyse red blood

cells, the cells were washed twice with DMEM and plated at 2

3 106 cell/ml in BMMC medium (DMEM with 2% FBS, 100

U/ml penicillin, 100 lg/ml streptomycin) containing 50 ng/ml

recombinant murine SCF and 10 ng/ml recombinant murine

IL-3. Twice every week nonadherent cells were removed, cen-

trifuged (1,200 rpm, 10 min), fresh media added and trans-

ferred to a new dish for further culture. Cells were analyzed

twice every week by flow cytometry for CD117 and FceRI

expression. Mast cells were considered mature from usually 4–

5 weeks, when more than 90% of cells were positive for both

CD117 and FceRI compared to isotype control, and cell cul-

tures not older than 15 weeks were used in further experi-

ments. Handling and animal experiments were conducted

according to 86/60S/EEC 2010-63-EU directive. All experi-

mental protocols were approved by the Institutional Animal

Care and Use Committee of Sanofi.

FACS Analysis of H4R Surface Expression

Cells (105 cell/tube) were incubated in Stain Buffer (end

volume: 100 ll/tube) with BODIPY FL histamine (or specific

antigens against CD117 and FceRI with Fc Block) and option-

ally co-incubated with unlabeled ligands (histamine, UR-63325,

cimetidine) for 30 min at 14�C. Samples were then centrifuged

(1,300 rpm, 5 min), the supernatant was completely removed

promptly, and the samples were resuspended in 100 ll stain

buffer. Flow cytometric analysis was conducted using FACS-

Canto II (BD Biosciences, Erembodegem, Belgium), with at

least 10,000 events recorded during each measurement. Data

were analyzed using FACSDiva (BD Biosciences, Erembodegem,

Belgium) software. In every case autofluorescence of unstained

samples was subtracted from measured values.

UV/Vis Spectroscopic Measurement of BODIPY FL

Histamine

Following the incubation of H4 transfected cells with

BODIPY FL histamine in stain buffer, cells were centrifuged

(1,300 rpm, 5 min) and a sample was taken from the superna-

tant. 50 ll of supernatant was pipetted onto a 96-well plate

along with BODIPY FL histamine solutions of known concen-

tration for calibration purposes and blank stain buffer solu-

tions. Absorbance was measured (at kmax 5 504 nm, provided

by the manufacturer) using SpectraMax Plus384 Microplate

Reader (Molecular Devices, Sunnyvale, CA).

Statistical and Mathematical Analysis

Experimental data are presented as mean 6 standard

deviation (S.D.; unless stated otherwise) from the number of

independent samples. Statistical significance was determined

using Student’s t-test for two groups or analysis of variance

(ANOVA) with Dunnett’s test for multiple groups using Sta-

tistica v9 (StatSoft, Tulsa, OK). Normality of the data was

inspected with the Shapiro–Wilk test. In all analyses P < 0.05

was considered significant. Competitive binding curves and

ligand binding vs. nonspecific binding curves were created

using GraphPad Prism 5 software v5.04 (GraphPad Software,

La Jolla, CA). Solutions to the equations in the mathematical

model were determined using MATLAB v2010b (MathWorks,

Natick, MA).

RESULTS

Fluorescent Labeling of Histamine Receptors With

BODIPY FL Histamine for Flow Cytometry

The cell-surface expression of histamine receptor H4 was

measured on CHO transfected cells using flow cytometry.

Parental CHO and H4 transfected CHO cells were labeled

with BODIPY FL histamine, and subsequently analyzed by

flow cytometry using the FITC channel. Increasing BODIPY

FL histamine concentration during incubation resulted in

increasing fluorescence intensity values for both parental and

H4 transfected cells (Fig. 1). However, at a certain BODIPY

FL histamine concentration during incubation, the measured

fluorescence intensity value of parental cells appeared to be

always roughly half of that of H4 transfected cells. The con-

centration dependent binding of BODIPY FL histamine

(receptor saturation assay) was evaluated using ordinary fit

for total binding/nonspecific binding nonlinear regression

analysis (31). Next, this fluorescence labeling of H4 trans-

fected cells was quenched with excess unlabeled histamine

(1023 mol/l). For each labeling experiment with various BOD-

IPY FL histamine concentrations, excess histamine was used

to inhibit labeling of H4 transfected cells, and in every case

the inhibition percentage of histamine was approximately the

same: 45 6 10%, mean 6 S.D. (Fig. 2). These data are in

agreement with nonspecific binding on parental cells causing

roughly half the fluorescence intensity value relative to that of

H4 transfected cells. On the other hand, the fluorescence

labeling of parental cells was not affected significantly by

excess histamine (Fig. 2). BODIPY FL histamine labeling was

also inhibited by selective H4 and H2 antagonists (UR-63325

and cimetidine, respectively). Excess UR-63325 (1024 mol/l)

demonstrated 65 6 9% inhibition, while excess cimetidine

(1024 mol/l) only 50 6 10% on H4 transfected cells; on the

other hand the fluorescence intensity of parental cells was

diminished by 42 6 8% and 20 6 10% due to excess UR-

63325 (1024 mol/l) and cimetidine (1024 mol/l), respectively

(data are in mean 6 S.D.). These data imply that UR-63325

and cimetidine, contrary to histamine, also inhibit the non-

specific binding of BODIPY FL histamine to cells. The

detailed inhibition percentages of competitive ligands (hista-

mine, UR-63325, cimetidine) on BODIPY FL histamine bind-

ing for the various labeled samples (BODIPY FL histamine

incubation concentrations: 1025 mol/l, 1026 mol/l, 1027 mol/

l, and 1028 mol/l) are shown in Figure 2. Finally, we sought to

reveal the nature of BODIPY FL histamine fluorescent label-

ing, as a well-described receptor–ligand binding. Since BOD-

IPY FL histamine is a conjugate of the intrinsic ligand of H4

receptors; competitive inhibition assays were performed, akin

to radioligand binding assays. The competitive binding curve

of histamine and UR-63325 were achieved by coincubating

fluorescently labeled (1026 mol/l BODIPY FL histamine) H4
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transfected cells with increasing concentrations of the unla-

beled ligands that inhibited binding of the fluorescent dye,

and eventually performing flow cytometric analysis (Fig. 2).

Note that the difference between lower plateau values of plot

A and plot B (Fig. 2) is due to the inhibitory effect of UR-

63325 on nonspecific binding of BODIPY FL histamine; this

is in agreement with the results of CHO parental and H4

transfected cell labeling using BODIPY FL histamine.

Supporting the Fluorescent Labeling of H4

Transfected Cells With Calculations

In order to further confirm BODIPY FL histamine labeling

as an acceptable modality for the quantification of H4 receptor,

we attempted to support the measured data with a series of cal-

culations. It seemed straightforward to calculate predictive fluo-

rescence intensity values for the BODIPY FL histamine staining

experiments of H4 transfected cells, and comparing these values

with the experimental data. However, before the calculation

could be carried out an initial auxiliary data had to be meas-

ured. The unbound BODIPY FL histamine equilibrium concen-

tration over H4 transfected cells was needed in order to

determine the histamine receptor content of the H4 transfected

cells. For this purpose, 107 cells were incubated in 100 ll stain

buffer with 1025 mol/l BODIPY FL histamine for 2 h. Next, the

cells were centrifuged and a 10-ll sample was taken from the

supernatant in order to determine unbound BODIPY FL hista-

mine content by measuring absorbance. The measured absorb-

ance was 0.1783 6 0.0004 (mean 6 S.D.); absorbance was

measured in triplicates in five separate experiments (from dif-

ferent batches of transfected cells). Using the calibration curve

[Absorbance 5 15,970 3 concentration (mol/l), R2 5 0.9942]

and also considering blank sample absorbance (0.0390 6

0.0004) the calculated unbound BODIPY FL histamine concen-

tration in this experimental setting was found to be 8.73 3

1026 6 3 3 1028 mol/l (P < 0.05, Student’s t-test).

The foundation of the mathematical model is comprised

of the laws of mass action for respective equilibria of fluores-

cent ligand binding (BODIPY FL histamine (B) and unlabeled

ligands (L)):
B1H4$ BH4 (1)

L1H4$ LH4 (2)

Further equilibria present in the system are those of

membrane binding according to log P values, where “m”

denotes membrane-bound state:
B $ Bm (3)

L$ Lm (4)

The resulting equations are

KB5
½B�½H4�
½BH4� (5)

KL5
½L�½H4�
½LH4� (6)

cB5½B�1½BH4�1a½Bm� (7)

cL5½L�1½LH4�1a½Lm� (8)

½H4TOT �5½H4�1½BH4�1½LH4� (9)

PB5
½Bm�
½B� (10)

PL5
½Lm�
½L� (11)

where square brackets denote equilibrium concentration in

mol/l, c denotes total concentration of a species in mol/l, and

KB, KL, are the Ki values. a is the ratio of total cell membrane

volume with respect to sample volume, since the expression of

P contains the concentration of membrane bound species

with respect to the volume of the lipophilic phase. In our

experiments a 5 6.6 3 1026 6 4 3 1027 was calculated as:

a5
4pðd

2
Þ2hN

V
(12)

where p is the mathematical constant, d is average cell diame-

ter and was considered to be 14.5 6 0.3 lm (32), h is average

membrane thickness and was considered to be 10 6 3 nm

(33), N is cell number in our samples and was 1.0 3 105 6 2

3 104 cells in the flow cytometric experiments (determined by

B€urker cell counting chamber), and V is sample volume which

was 100 6 5 ll. During the calculation of a, cells were

assumed to be spherical, and the volume of the cell membrane

was simply calculated as area of the sphere times membrane

thickness, since the thickness of the membrane is orders of

magnitude smaller (1/1,000 times) than the cell diameter. The

pKi of BODIPY FL histamine at H4R was assumed to be the

same as that of histamine, pKi 5 7.8 6 0.1 (34). The pKi of

cimetidine at H4R was assumed to be 5 (34). Log P values for

all substances were predicted using ACD/I-lab lab v2.0

(Advanced Chemistry Development, Toronto, ON). For UR-

Figure 1. H4 transfected cells (Total binding) and parental CHO

cells (Nonspecific binding) were labeled with increasing concen-

trations of BODIPY
VR

FL histamine. The saturation curve of Spe-

cific binding 5 (Total binding) 2 (Nonspecific binding) is not

depicted. Fluorescence intensity values are presented in mean 6

S.D., n 5 5. The figure is representative of three independent

experiments. Best-fit values: Bmax 5 1.2 3 105 6 2 3 104, Kd 5 2.1

3 1026 6 2 3 1025, R2 5 0.9716.
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63325 and cimetidine the log P values were 1.85 and 0.52,

respectively, the predicted log P value of BODIPY FL hista-

mine was 2.63; it was assumed that histamine being a very

hydrophilic molecule does not significantly compete for non-

specific binding. First, total H4R content was determined in

the samples using the UV/Vis spectroscopic data. By incubat-

ing 107 H4 transfected cells with 1025 mol/l BODIPY FL his-

tamine in 100 ll sample volume and determining the [B] (free

BODIPY FL histamine in solution) by measuring absorbance

from the supernatant, the calculation of [H4TOT] was possible,

using Eqs. (5), (7), (9), and (10). According to calculations

H4R content on H4 transfected CHO cells in our experiments

was 1.6 3 10214 6 3 3 10215 mol/cell. Therefore, for all of

our flow cytometric experiments [H4TOT] 5 1.58 3 1029

mol/l was considered. Next it was assumed that in very dilute

solutions, such as in our experiments, fluorescence intensity is

in a linear relationship with the effective labeled fluorescent

species in the solution:

FI5kð½BH4�1a½Bm�Þ (13)

where k is the linearity constant. Using the fluorescence inten-

sity values of the fluorescence saturation experiment of H4

transfected cells using only BODIPY FL histamine (Fig. 1) and

with calculated [BH4] and [Bm] values, k was calculated for

the different samples, and the mean value was determined to

be 7.7 3 1012 6 3 3 1011.

Eventually, comparison of the calculations with the experi-

mental and literature data was performed. With the calculated

[H4TOT] and IC50 values from the competitive binding experi-

ment (Fig. 2) Kd values were calculated [using Eqs. (5), (7), (9),

(10) and the Cheng-Prusoff Eq. (35)], and pKi values for both

UR-63325 and histamine at H4R were determined; values are

presented in Table 1. The pKi value of histamine is in good

agreement with literature data, which supports our calculation

hypothesis and the described BODIPY FL histamine flow

Figure 2. Left side: inhibition of BODIPY
VR

FL histamine receptor binding by agonist and antagonists on (A) parental cells and (B) H4 trans-

fected cells were labeled with increasing concentrations of BODIPY FL histamine, and fluorescent labeling was inhibited with histamine

(1023 mol/l), UR-63325 (1024 mol/l), and cimetidine (1024 mol/l). Fluorescence intensity values are presented in mean 6 S.D., n 5 5 (*P <
0.05, ANOVA and Dunnett’s test were performed). The figure is representative of three independent experiments. Right side: The competitive

binding curve of histamine (C) and UR-63325 (D) on H4 transfected cells labeled with BODIPY FL histamine (1026 mol/l). Data are presented

in mean 6 SEM, n 5 3. The figures are representative of three independent experiments. R2 values are 0.9941 and 0.9983, respectively.

Table 1. The determined log IC50 values of histamine and UR-

63325 on H4R from competitive inhibition assays on H4 trans-

fected cells labeled with BODIPY
VR

FL histamine

HISTAMINE UR-63325

log IC50 25.88 6 0.08 27.18 6 0.04

pKi (calc) 7.7 6 0.1 9.1 6 0.1

pKi (32) 7.8 6 0.1

Calculated pKi value of histamine on H4R from measured

log IC50 is depicted, along with the measured pKi value deter-

mined by Lim et al. (34) using [3H]histamine radioligand binding

assay.
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cytometric method. Furthermore, the fluorescence intensity

values of the fluorescence saturation experiments of H4 trans-

fected cells inhibited with excess histamine, UR-63325 and

cimetidine (Fig. 2) were calculated and are compared to the

measured fluorescence intensity values (Table 2), which also

show good agreement. In samples with relatively high fluores-

cent ligand concentration, in order to more accurately emulate

the competition for nonspecific binding sites, it was assumed

that the upper limit of the concentration of membrane bound

species is determined by the fluorescence intensity value of the

corresponding parental cell sample, since this fluorescence value

represents the maximum amount of nonspecific binding. This

correction was performed as follows:

cmax5
FIparental

k
(14)

where cmax is the concentration of membrane-bound species

when the membrane is saturated. The equations for the corrected

concentrations of membrane-bound species are as follows:

½Bm�5
cmaxcBPB

cBPB1cLPL

(15)

½Lm�5
cmaxcLPL

cBPB1cLPL

(16)

(the membrane bound species will be distributed among Bm

and Lm with proportion to their total concentration and P

value). Finally, the competitive binding curves of histamine

and UR-63325 on BODIPY FL histamine labeled H4 trans-

fected cells (Fig. 2) were simulated using the mathematical

model [Eqs. (1)–(13)]; the simulated curves superposed on

the measured curves and corresponding parameters are pre-

sented in Figure 3.

IgE Sensitization Increases mH4R Expression on

mBMMC

Since the fluorescent labeling of H4 receptors for flow

cytometry seemed promising as described above, we sought to

label cells that naturally express histamine receptors. For this

purpose mBMMCs were cultivated and labeled with BODIPY

FL histamine for FACS analysis. First, an adequate window of

detection was optimized for the BODIPY FL histamine con-

centration. The concentration dependent labeling of mBMMC

with BODIPY FL histamine resulted in a similar result to that

of H4 transfected CHO cells (Fig. 4). The optimal BODIPY FL

histamine concentration was determined to be 1026 mol/l,

since chosing a concentration where the relationship between

fluorescent dye concentration and fluorescence intensity

remains linear is crucial for the reproducibility of results. Fur-

thermore, at this BODIPY FL histamine concentration the flu-

orescence intensity of samples is in the order of 100 thousand

counts, optimal for flow cytometry measurements. The fluo-

rescent labeling of mBMMC was next inhibited with excess

Table 2. Calculated and measured fluorescence intensity values of competitive inhibition assays performed with histamine, UR-63325,

and cimetidine on H4 transfected cells labeled with BODIPY
VR

FL histamine are depicted

LOG[BODIPY] (MOL/L)

HISTAMINE INHIBITION UR-63325 INHIBITION CIMETIDINE INHIBITION

CALCULATED MEASURED CALCULATED MEASURED CALCULATED MEASURED

25 102,891 87,284 63,268 54,203 93,795 94,233

26 20,433 14,785 91,65 7,553 18,290 9,195

27 1,078 975 917 695 503 979

28 436 113 92 71 70 59

Values are presented in mean, n 5 5.

Figure 3. Competitive inhibition curves of BODIPY
VR

FL histamine labeled H4 transfected cells with histamine and UR-63325 was simu-

lated. Simulated curves are calculated using the mathematical analysis method described in the calculation section. Measured data are

from the competitive inhibition studies on H4 transfected cells. Measured data are represented in mean 6 SEM, n 5 3.
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histamine (1023 mol/l) for all the various BODIPY FL hista-

mine concentrations; roughly about half of the fluorescence

intensity was diminished (Fig. 4), which is also in agreement

with the histamine inhibition results of CHO parental and H4

transfected cells. Therefore, roughly half of the fluorescence

intensity of stained mBMMC cells stems from nonspecific

binding of BODIPY FL histamine. Next, the selective quantifi-

cation of mH2R and mH4R expression was attempted, by

selectively inhibiting BODIPY FL histamine binding to these

receptors with cimetidine and UR-63325, respectively. In these

selective inhibition experiments the H2 and H4 selective

antagonists will inhibit some portion of nonspecific binding

as well, apart from competing for their respective histamine

receptors. In order to take this phenomenon into account, the

fluorescence intensity values of these experiments were cor-

rected with the following method. In principle, since the inhi-

bition percentage of cimetidine and UR-63325 on labeled

CHO parental cells is known, this value can be implemented

on the selective inhibition experiments of mBMMC by simply

subtracting the “left over” amount of nonspecific labeling

from the intensity values. For this purpose, mBMMC and

CHO cells were separately labeled with 1026 mol/l BODIPY

FL histamine and co-incubated with either histamine (1023

mol/l), cimetidine (1026 mol/l), or UR-63325 (1027 mol/l).

For the evaluation of the results first, the nonspecific binding

of BODIPY FL histamine to parental CHO cells (CHO cells

labeled with BODIPY FL histamine) was normalized to the

nonspecific binding to mBMMC (mBMMC labeled with

BODIPY FL histamine, inhibited with histamine). Next, fluo-

rescence intensity values of selective inhibition experiments

(mBMMC labeled with BODIPY FL histamine, inhibited with

cimetidine and UR-63325, respectively) were corrected using

the nonspecific binding of cimetidine and UR-63325 (CHO

cells labeled with BODIPY FL histamine, inhibited with cimet-

idine and UR-63325, respectively). These corrected fluores-

cence intensity values for the cimetidine and UR-63325

selective inhibition experiments are depicted as relative H4

and H2 receptor expression, respectively (Fig. 4). This could

be made possible because of the fact that the binding of BOD-

IPY FL histamine occurs similarly on CHO cells and mBMMC

cells (due to the mutual agreement of previous results) and

nonspecific binding can be presumed to function by the same

principles on different cells.

Since in an earlier work, we found that H4 receptors reg-

ulate IgE mediated processes (26), it was compelling to inves-

tigate the histamine receptor expression of mBMMC in

Figure 4. (A) The binding curve of BODIPY
VR

FL histamine on mBMMC. Fluorescence intensity values are presented in mean 6 S.D., n 5 5.

The figure is representative of three independent experiments. Best-fit values: Bmax 5 4.6 3 105 6 2 3 104, Kd 5 1.41 3 1025 6 8 3 1027, R2

5 0.9956. (B) Competitive inhibition of BODIPY FL histamine binding by histamine on mBMMC. Mast cells were labeled with BODIPY FL

histamine and coincubated with increasing concentrations of histamine. The inhibition percentage of histamine at various concentrations

compared to the control is depicted. Values are presented in mean 6 S.D., n 5 5. The figure is representative of three independent experi-

ments from different cell batches. (C) The H2 and H4 receptor expression was quantitated on BODIPY FL histamine labeled mBMMC using

competitive binding assays. IgE sensitization resulted in only H4 receptor upregulation. Values are presented in mean 6 S.D. (*P < 0.05,

Student’s t-test). The figure is representative of three independent experiments.
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different conditions, namely native and IgE sensitized

mBMMC. The relative histamine receptor expression on mast

cells was monitored with respect to IgE sensitization. For this

purpose, mBMMC were incubated overnight with 1 lg/ml

anti-DNP IgE after which cells were stained with BODIPY FL

histamine and relative histamine receptor expression was

quantitated using the same procedure as above. The results

revealed that IgE sensitization increases overall histamine

receptor expression, only by affecting H4 receptor expression,

but leaving H2 receptor levels unaffected. In our experiments

H4 receptor expression of mBMMC increased due to IgE sen-

sitization roughly by fourfold (Fig. 4).

DISCUSSION

Flow cytometric analysis of cell surface expressed proteins

is a powerful method for attaining a qualitative and quantita-

tive description of cell phenotypes. Specific antibodies that

have been covalently conjugated to fluorophore molecules are

used to specifically label cell surface proteins and measure flu-

orescence intensity. Alternately, a different labeling method is

possible for cell surface receptors, namely fluorescent ligands.

In this study, our goal was to validate the flow cytometric

measurement of H4 receptor expression using BODIPY FL

histamine.

We have shown that H4 transfected cells could be labeled

with BODIPY FL histamine in a concentration-dependent man-

ner. The nonspecific binding of the fluorescent ligand could be

determined by staining the parental CHO cells with BODIPY FL

histamine, or inhibiting the fluorescent labeling of H4 transfected

cells with excess histamine. Both approaches lead to the same

conclusion: as it can be inferred from Figure 1, roughly half of

BODIPY FL histamine binds nonspecifically to H4 transfected

cells. This result is also supported by the fact that the same excess

histamine did not inhibit the fluorescence labeling of parental

cells, which implies that mostly the lipophilic BODIPY FL moi-

ety is responsible for nonspecific binding, probably due to non-

polar interactions with the cell membrane.

The inhibition of fluorescent labeling using selective his-

tamine receptor antagonists was also examined. In our study

cimetidine was used as a selective H2 antagonist, and the ref-

erence compound UR-63325 as a selective H4 antagonist/

inverse agonist [IC50human 5 24 nM, IC50murine 5 38 nM,

>200-fold selectivity vs. H1R, H2R, and H3R (28)], because

the efficacy has been proven both in vitro on human and

mouse receptors, in vivo in mouse pharmacology models, and

also in human clinical trials. The selective histamine receptor

antagonists also inhibited fluorescent labeling on the H4

transfected cells (to a greater extent compared to histamine),

as well as on the parental CHO cells. This implies that cimeti-

dine and UR-63325 (predicted log P values 1.85 and 0.52) not

only competitively inhibit BODIPY FL histamine binding to

histamine receptors, but also inhibit nonspecific binding, pre-

sumably due to their lipophilicity. Although, nonspecific

binding is though of as nondisplacable, it is not uncommon

for nonspecific binding to be inhibited by competing ligands

(36–38). The reversibility of BODIPY FL-histamine binding is

poor when inhibited with histamine (45% nonspecific bind-

ing seems too high), however reversibility is almost 80% with

UR-63325. Usually endogenous ligands or antibodies are stud-

ied widely in the literature; these substances by virtue are

hydrophilic and thus demonstrate a low degree of nonspecific

binding [usually by other mechanisms than membrane parti-

tioning, e.g., protein–protein interactions (39)]. However,

xenobiotics, especially fluorescent dyes with highly lipophilic

conjugated ring systems are partitioned into biological mem-

branes producing substantial nonspecific binding.

Since protein binding and lipophilic partitioning are con-

spicuous physico-chemical processes, we investigated the possi-

bility of providing theoretical proof to our method by

comparing the observed results with a series of calculations. The

mathematical model was constructed from the most basic physi-

cal chemistry relationships, perhaps used in this setting (verifica-

tion of a flow cytometric method) for the first time. Calculations

were performed using the fundamental laws of mass action

describing protein–ligand binding and nonspecific binding, with

the data of parental cell labeling as input data. The output of the

calculations: the predicted values of competitive inhibition

experiments on H4 transfected cells, and the competitive-

binding curves of histamine and UR-63325 are in good agree-

ment with the experimental data, attributing our study consis-

tency and credibility. Perhaps the most compelling evidence of

the veracity of our method is the calculated pKi of histamine at

H4R which shows excellent agreement with literature data.

Mast cells are essential participants of anaphylactic reac-

tions and other inflammatory processes. It is suggested that

human mast cells express H2R and H4R receptors (12); and

several immunoregulatory functions of histamine have been

discovered, particularly mediated via H4R. The selective

quantification of H2 and H4 receptors, if achieved, would be a

useful tool in studying cellular immunological processes.

Using BODIPY FL histamine, histamine receptors were

stained for flow cytometry, and by inhibiting the fluorescent

labeling with selective antagonists this analysis was made pos-

sible. In this study it was shown that the fluorescent ligand

BODIPY FL histamine can be used in order to selectively

quantitate histamine receptor H2 and H4 surface expression

on mBMMCs. First, an appropriate window of measurement

regarding the BODIPY FL histamine concentration was deter-

mined, followed by the careful design of selective inhibition

experiments. Ultimately relative H2 and H4 receptor levels

were calculated by correcting for the nonspecific binding of

cimetidine and UR-63325, using the preliminary experiments

with CHO cells. It can be concluded that there was no signifi-

cant difference between H2 and H4 receptor expression levels

on native mast cells, however IgE-sensitization stimulated

H4R expression on mast cells, but not H2R expression. This

implies that during the early sensitization phase of inflamma-

tory diseases downregulation of immune response cascades

should be sought mostly in H4-mediated processes. Together

with the useful tool of fluorescent ligand flow cytometry, these

findings may contribute to a conceptive design in immune-

pharmacological research and enable novel approaches in

chronic inflammation and autoimmune disease therapy.
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Cytometry Part A
Author Checklist: MIFlowCyt-Compliant Items

Requirement Please Include Requested Information
1.1. Purpose The purpose of the experiments presented was to test whether histamine

receptors can be analyzed by staining with BODIPY® FL Histamine, a
fluorescent ligand, using flow cytometry.

1.2. Keywords histamine H4 receptor, BODIPY® FL Histamine, mast cells
1.3. Experiment variables We examined H4 transfected CHO cells and murine bone marrow-derived mast

cells, expressing CD117 and FcεRI, by labeling with BODIPY® FL
Histamine/competitive inhibition with histamine/cimetidine/UR-63325 and
measuring fluorescence intensity.

1.4. Organization name and
address

Sanofi Research and Development, Hungary, Budapest H-1045, Tó utca 1-5.

1.5. Primary contact name and
email address

Arash Mirzahosseini, mirzahosseini.arash@pharma.semmelweis-univ.hu

1.6. Date or time period of
experiment

January-June 2012

1.7. Conclusions BODIPY® FL Histamine was found to stain H4 transfected cells and mast cells in
a concentration-dependent manner; this staining was competitively inhibited
with unlabeled ligands. Furthermore, IgE sensitization was found to increase
H4 receptor expression in mast cells.

1.8. Quality control measures The cell phenotype (CF117, FcεRI) and immunocytostaining controls are
described in the Materials and Methods.

2.1.1.1. (2.1.2.1., 2.1.3.1.) Sample
description

CHO and BMMC cells were incubated with Stain Buffer with specific antigens
(anti-CD117-PE, anti-FcεRI-FITC)/BODIPY® FL Histamine and Fc Block for 30 min
at +4 °C.0

2.1.1.2. Biological sample source
description

CHO cell line purchased from Euroscreen (Gosselies, Belgium), and murine
bone marrow-derived mast cells.

2.1.1.3. Biological sample source
organism description

8-12 week old male BALB/c mice

2.1.2.2. Environmental sample
location

not applicable

2.3. Sample treatment description CHO and BMMC cells were grown in RPMI-1640 or BMMC medium (see
Materials and Methods) and treated with 100 U/ml penicillin and 100 μg/ml
streptomycin. BMMC cell cultures were also treated with 50 ng/ml
recombinant SCF and 10 ng/ml recombinant murine IL-3.

2.4. Fluorescence reagent(s)
description

Rat anti-mouse IgE FITC, rat anti-mouse CD117 PE from BD Biosciences
(Erembodegem, Belgium). BODIPY® FL Histamine (detectable with FITC
channel) from Life Technologies (Carlsbad, CA).

3.1. Instrument manufacturer BD Biosciences (Erembodegem, Belgium)
3.2. Instrument model FACSCanto II
3.3. Instrument configuration and
settings

All samples were measured with the same protocol-Standard setting 1000V
FSC/1000V SSC. All instrument settings were the calibrated configurations of
the manufacturer. Fluorescent emission was captured for FITC conjugates and
BOPDIPY® FL Histamine using 525/40 nm Band Pass filter and for PE conjugates
using 575/25 nm Band Pass filter.

4.1. List-mode data files Since all flow cytometry experiments were performed in an identical fashion
one example of FACS data files are presented:
BMMC cells were gated according to SSCxFSC dot plot to identify cellular
events. P1 population was found to be double positive for CD117 and FcεRI
based on PE and FITC staining.



BMMC stained with BODIPY® FL Histamine were measured. Below a typical
plot of untreated and IgE-treated BMMC histogram for FITC is presented.



For original list-mode data, please visit the repository identifier:
http://flowrepository.org/id/FR-FCM-ZZEL
For additional data contact the corresponding author.

4.2. Compensation description Relevant flow cytometry assays were single color (no compensation).
4.3. Data transformation details All data were analyzed using the FACSDiva software suggested by the

manufacturer BD Biosciences (Erembodegem, Belgium)
4.4.1. Gate description For all analytical flow cytometry experiments, a primary gate was placed on

SSCxFSC dot plot to identify cellular events, as presented in List-mode data files
figures.

4.4.2. Gate statistics See: List-mode data files.
4.4.3. Gate boundaries See: List-mode data files. For additional data contact the corresponding author.
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