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a  b  s  t  r  a  c  t

A  set  of histamine  H1 receptor  (H1R)  agonists  and  antagonists  was characterized  in functional  assays,
using  dynamic  mass  redistribution  (DMR),  electric  cell-substrate  impedance  sensing  (ECIS)  and  various
signaling  pathway  specific  readouts  (Fura-2  and  aequorin  calcium  assays,  arrestin  recruitment  (luciferase
fragment complementation)  assay,  luciferase  gene  reporter  assay).  Data  were  gained  from  genetically
engineered  HEK293T  cells  and  compared  with  reference  data  from  GTPase  assays  and  radioligand  bind-
ing.  Histamine  and  the other  H1R agonists  gave  different  assay-related  pEC50 values,  however,  the  order
of  potency  was  maintained.  In the  luciferase  fragment  complementation  assay,  the  H1R  preferred  �-
arrestin2  over  �-arrestin1.  The  calcium  and  the  impedimetric  assay  depended  on Gq coupling  of  the
H1R, as  demonstrated  by complete  inhibition  of  the  histamine-induced  signals  in the presence  of the
Gq inhibitor  FR900359  (UBO-QIC).  Whereas  partial  inhibition  by  FR900359  was  observed  in DMR  and
the  gene  reporter  assay,  pertussis  toxin  substantially  decreased  the  response  in  DMR,  but  increased  the
luciferase  signal,  reflecting  the  contribution  of  both,  Gq and  Gi, to signaling  in  these  assays.  For  antago-
nists,  the  results  from  DMR  were  essentially  compatible  with  those  from  conventional  readouts,  whereas
the impedance-based  data  revealed  a  trend  towards  higher  pKb values.  ECIS  and  calcium  assays  appar-
ently  only  reflect  Gq signaling,  whereas  DMR  and  gene  reporter  assays  appear  to  integrate  both,  Gq and  Gi

mediated  signaling.  The  results  confirm  the  value  of  the label-free  methods,  DMR  and  ECIS,  for  the  char-
acterization  of H1R ligands.  Both  noninvasive  techniques  are  complementary  to  each  other,  but  cannot
fully  replace  reductionist  signaling  pathway  focused  assays.

©  2016  Elsevier  Ltd. All  rights  reserved.
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. Introduction

The discovery of the first ‘antihistamines’, later designated as
istamine H1 receptor (H1R) [1] antagonists, in 1937 and the

ntroduction of first generation antihistaminic drugs for the treat-
ent of allergic conditions in the 1940s represent milestones in
edicinal chemistry and drug research [2,3]. The success story of

his well-established class of drugs was continued by the devel-
pment of second generation H1R antagonists with low central
ffects and reduced affinity to off-targets (for a recent review on
istamine receptors and ligands cf. [4]). The identification and pre-
linical characterization of the first generation H1R antagonists was
ased on holistic approaches, i.e., pharmacological investigations
n isolated organs and proof-of-principle studies in experimental
nimals, e.g., guinea-pigs. Beginning with the feasibility of radioli-
and binding studies more than 30 years ago, there was  increasing
reference for reductionist over holistic approaches in the search

or ligands of G protein-coupled receptors (GPCRs). Nowadays,
ppropriate techniques of biochemistry and molecular biology, e.g.,
he cloning and expression of receptors, methods for the identi-
cation and quantification of intracellular signals as well as the
esolution of three-dimensional structures of the biological targets,
nable the study of GPCRs at the cellular and even the molecu-
ar level. Functional assays are mainly performed on the human
rthologue of the respective protein expressed in appropriate cells.
owever, receptor activation may  not always result in a uniform

ellular response [5]. Due to the complexity of signaling networks,
he selection of an individual pathway, for example, the calcium
r the cyclic AMP response, even though being considered char-
cteristic of a given receptor, may  be insufficient as a readout to
escribe the overall cellular effect. GPCRs can activate or inhibit
ifferent effectors in a ligand-specific manner, known as “func-
ional selectivity” or “biased signaling” [6–12]. Being aware of
he limitations of the assays relying on specific readouts, holis-
ic cellular approaches should provide a more realistic picture of
he overall response to a ligand-specific receptor-mediated stim-
lus. Optical and impedimetric methods such as dynamic mass
edistribution (DMR; resonant waveguide grating, RWG) and elec-
ric cell-substrate impedance sensing (ECIS) are based on changes
f the refractive index close to the surface or the electrochemi-
al impedance of cell-covered electrodes, respectively [6,13–21].
s label-free techniques, DMR  and ECIS are of special value for

nvestigations on orphan receptors, but may  also be very useful
n case of well-known GPCRs such as the H1R [22], for example,

ith respect to the identification of multiple signaling pathways,
. e., responses beyond those considered in conventional assays
6,15–17,19,23–26].

The canonical signaling of the human H1R implies mainly
q/11 protein mediated activation of phospholipase C, resulting in

ncreased inositol-1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol
DAG) levels, the mobilization of calcium ions from intracellular
tores and multiple downstream effects depending on phospho-
ylation processes [4,27–30]. However, the H1R was  also reported
o be capable of coupling to G-proteins other than Gq/11, i. e., to
i/o [31–33] or Gs [34], and to induce cellular responses such as

he activation of nuclear factor �B (NF�B) [35] via G�q/11 and G��.
oreover, the recruitment of �-arrestins and receptor internaliza-

ion upon H1R activation [36,37] as well as H1R/arrestin mediated
ellular signaling processes, e.g., MAPK activation [38,39] were
escribed.

Taking into consideration the possible ligand-dependent func-
ional selectivity, the complexity of the signaling machinery and

he crosstalk within biochemical networks, the characterization of
igands in focused functional assays seems incomplete. To com-
are the cellular effects of H1R ligands depending on the type of
eadout using genetically engineered HEK293T cells, i. e., cells of
search 114 (2016) 13–26

an identical genetic background, we  investigated a set of agonists
and antagonists (Fig. 1) by DMR  and ECIS in comparison to gene
reporter (luciferase) assay, calcium assays (Fura-2 and aequorin),
�-arrestin recruitment and radioligand competition binding.

2. Materials & methods

2.1. Histamine receptor ligands

Histamine dihydrochloride was from Acros Organics (Geel,
Belgium), betahistine dihydrochloride, diphenhydramine
hydrochloride, cyproheptadine hydrochloride, maprotiline
hydrochloride, fexofenadine hydrochloride and clozapine
were from Sigma Aldrich (Taufkirchen, Germany), mepyramine
maleate was from Tocris Bioscience (Ellisville, MO,  USA), levoce-
tirizine dihydrochloride and mirtazapine were from Biotrend
(Cologne, Germany). UR-KUM530 [40], 2-phenylhistamine
(Ph-his), 2-(3-bromophenyl)histamine (BrPh-his) and 2-
(3-trifluoromethylphenyl)histamine (CF3Ph-his) [41,42],
histaprodifen [43] and the analogues UR-BS280, -BS354, -BS355,
-BS358, -BS364 and -BS365 [44] were synthesized as reported
previously. The stock solutions of agonists (10 mM)  were prepared
with Millipore water, except for the histaprodifen derivatives
(30% DMSO). The stock solutions for antagonists (10 mM)  were
prepared in Millipore water, except for clozapine (stock solution in
0.1 M HCl) and fexofenadine (50% DMSO). In case that compound
solutions were prepared with DMSO, the final DMSO concentration
was kept below 0.5% in all assays. All stock solutions were stored
at −20 ◦C. For label-free measurements, aliquots were thawed
and diluted with Leibovitz’ L-15 medium (Thermo Scientific,
Darmstadt, Germany) without FCS. For Fura-2, aequorin Ca2+ and
luciferase assay, aliquots were diluted with Millipore water.

2.2. Genetically engineered cells and culture conditions

2.2.1. HEK293T-CRE-Luc-hH1R and
HEK293T-CRE-Luc-hH1R-hMSR1 cells

Human embryonic kidney (HEK293T) cells stably expressing
the firefly luciferase under the control of the cyclic AMP response
element (CRE) [45] were stably co-transfected with pcDNA3.1(+)-
hH1R, encoding the human H1R, and pIRESpuro3/hMSR1, encoding
the human macrophage scavenger receptor [46], and maintained
as published recently (HEK293T-CRE-Luc-hH1R-hMSR1 cells) [20].

2.2.2. HEK293T-CRE-Luc-hH1R-mtAEQ cells
To obtain cells expressing mitochondrially tagged aequorin

(HEK293T-CRE-Luc-hH1R-mtAEQ cells), HEK293T-CRE-Luc-hH1R
cells were stably co-transfected with the pcDNA3.1/zeo-mtAEQ
plasmid. The medium was removed 24 h after transfection, and the
cells were transferred in a 75-cm2 culture flask with DMEM supple-
mented with 10% FCS. Selection was  started the next day by adding
medium containing hygromycin (250 �g/mL), G418 (600 �g/mL)
and zeocin (40 �g/mL) (Thermo Fisher Scientific, Rockford, IL, USA).

2.2.3. HEK293T-ARRB1-hH1R and HEK293T-ARRB2-hH1R cells for
the hH1R-ˇ-arrestin luciferase fragment complementation assay

The fusion construct of the human H1R (the hH1R cDNA was
from cDNA Resource Center, Bloomsburg, PA, USA) and the C-
terminal luciferase fragment (H1R-ELucC) was  generated using
the previously described construct SSTR2-ELucC [47] by replac-
ing the cDNA of SSTR2 by the cDNA of the H1R. HEK293T cells
were stably transfected with the pcDNA3.1/myc-HIS (B) vector

encoding a �-arrestin isoform (1 or 2) N-terminally fused with
the N-terminus of a green click-beetle luciferase (ELucN-ARRB1
or ELucN-ARRB2, respectively) [47], and the pcDNA4/V5-HIS (B)
vector encoding H1R-ELucC (Fig. S1, Supporting information). Cells
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Fig. 1. Structures of compounds invest

ransfected with pcDNA3.1/myc-HIS (B) were cultivated in the
resence of 600 �g/mL G418 for up to 3 weeks until stable growth
as observed. For the cells co-transfected with the pcDNA4/V5-
IS (B) vector encoding H1R-ELucC, 40 �g/mL zeocin was used. To
etermine the H1R-ELucC expression, western blot analyses (cf. Fig.
1, Supporting information) and saturation binding studies were
erformed with both HEK293T-ARRB1-hH1R cells and HEK293T-
RRB2-hH1R cells using [3H]mepyramine (cf. Fig. S2, Supporting

nformation).

.3. Radioligand competition binding assay

HEK293T-CRE-Luc-hH1R cells were grown in a 75-cm2 flask to
 confluency of around 80%. The cells were detached with 5 mL
f trypsin and resuspended in 5 mL  Leibovitz’ L-15 medium. After

entrifugation, the cells were resuspended in L-15 medium. The
ssays were performed in the presence of 5 nM [3H]mepyramine
Hartmann Analytic, Braunschweig, Germany), specific activity
0 Ci/mmol, Kd = 4.5 nM,  c = 5 nM;  nonspecific binding was deter-
 at the human histamine H1 receptor.

mined in the presence of 10 �M of diphenhydramine hydrochloride
(Sigma, Deisenhofen, Germany). Samples containing Leibovitzı́ L-
15 medium, test compound (final concentration in the range
from 0.1 nM to 10 �M),  radioligand, and HEK293T-CRE-Luc-hH1R
cells (at a density of 1 million cells/mL), were incubated at
room temperature and shaken at 250 rpm for 60 min. Filtration
through glass microfiber filters (Whatman GF/C), pretreated with
poly(ethylenimine) (0.3%, w/v), using a Brandel 96 sample har-
vester, separated unbound from cell-associated [3H]mepyramine.
After three washing steps with buffer (Tris, 75 mM,  adjusted to
pH 7.4 with HCl; MgCl2, 12.5 mM;  EDTA, 1 mM),  filter pieces were
punched and transferred into 96-well sample Plates 1450-401
(PerkinElmer, Rodgau, Germany). A volume of 200 �L of scintil-
lation cocktail (Rotiscint Ecoplus, Roth, Karlsruhe, Germany) was
added per well before incubation in the dark under shaking at

200 rpm. Radioactivity was  measured with a Micro Beta2 1450 scin-
tillation counter. Ligands were tested in at least three independent
experiments each performed in triplicate.
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.4. Aequorin calcium assay

The assay was essentially performed as described previously for
europeptide Y (NPY) Y4 receptor ligands [48]. HEK293T-CRE-Luc-
H1R-mtAEQ cells were detached with trypsin/EDTA and DMEM
ithout phenol red and centrifuged at 300g for 10 min. The cell sus-

ension was adjusted to a density of 10 million cells/mL in DMEM
ithout phenol red, and coelenterazin (Biotrend) was  added, so

hat the final concentration was 2 �M.  The suspension was incu-
ated in the dark for 2 h. The cell suspension was diluted 1:20
ith loading buffer (HEPES (Serva, Heidelberg, Germany), 25 mM;
aCI, 120 mM;  KCl, 5 mM;  MgCI2, 2 mM;  CaCl2, 1.5 mM;  glucose
0 mM;  pH was adjusted to 7.4), and the suspension was  incu-
ated in the dark under gentle stirring for additional 3 h. In the
gonist mode, 18 �L of a 10-fold concentrated solution of the test
ompound in loading buffer were added per well of a white 96-
ell plate (Greiner, Frickenhausen, Germany), and luminescence
as measured for 43 s with a GENios Pro microplate reader after

njecting 162 �L of the cell suspension. Subsequently, 20 �L of a
% Triton 100-X solution were injected, and light emission was
ecorded for additional 22 s. In the antagonist mode, 2 �L (100-fold
oncentrated) of the respective antagonist solution were incubated
ith 178 �L of the cell suspension for 15 min. Luminescence was
easured after injecting 20 �L of agonist solution (10-fold concen-

rated) for 43 s and, subsequently, after addition of 20 �L of a 1%
riton X-100 for additional 22 s. The fractional luminescence was
alculated by dividing the area of the first peak (injection of the cell
uspension, respectively agonist solution) by the sum of the areas
f peak 1 and peak 2 (Triton X-100 injection) using Sigma Plot 11.0
oftware.

.5. Fura-2 calcium assay

The assay was essentially performed as described for NPY
1 receptor ligands [49]. After detachment of the cells with
rypsin/EDTA, the cells were suspended in DMEM containing 5%
CS and centrifuged at 300g for 10 min. The medium was  dis-
arded, and the cells were resuspended in DMEM and counted. To
hree volumes of the cell suspension, prepared in loading buffer
HEPES (Serva), 25 mM;  NaCI, 120 mM;  KCl, 5 mM;  MgCI2, 2 mM;
aCl2,1.5 mM;  glucose 10 mM;  pH was adjusted to 7.4), one vol-
me  of loading dispersion (1 mL  of loading dispersion contained:
% BSA (Serva); 5 �L of Pluronic (Sigma); 4 �L of Fura-2 (VWR,

smaning, Germany)) was added, so that the final cell density was
·106 cells per mL.  The suspension was incubated in the dark for
0 min. Thereafter, the suspension was centrifuged, the cells were
esuspended in loading buffer and allowed to stand in the dark for
nother 30 min. The cells were washed twice with loading buffer
nd adjusted to a final density of 1·106 cells per mL.  The assay
as performed either in acrylic cuvettes (VWR) using an LS50 B

pectrofluorimeter (Perkin Elmer) [49] or in transparent 96-well
icroplates (Greiner) using a GENios Pro microplate reader [50].

ssays in the antagonist mode were always performed in cuvettes,
nd the cells were preincubated with the respective antagonist for
5 min.

.6. Luciferase gene reporter assay

The assay was essentially performed as previously described for
he histamine H4 receptor [45]. One day prior to the experiments,
he HEK293T-CRE-Luc-hH1R cells were adjusted to a density of
pproximately 8·105 per mL  in DMEM without phenol red (Sigma

ldrich) supplemented with 5% FCS. 160 �L of the cell suspen-
ion were seeded into flat bottom 96-well plates (Greiner) per
ell. The cells were allowed to attach overnight. In the antago-

ist mode, the hH1R was stimulated by 300 nM histamine in the
search 114 (2016) 13–26

presence of the test compound. In the agonist mode, the H1R was
activated by 20 �L of a 10 fold concentration of the respective com-
pound. To obtain a volume of 200 �L per well 20 �L of DMEM  was
added. All wells contained the same amount of DMSO or water. The
medium was discarded, and 80 �L of lysis buffer (25 mM Tricine
(Sigma Aldrich); Glycerol 10% (v/v) (Merck); EGTA, 2 mM (Sigma
Aldrich); 1% (v/v) TritonTM X-100 (Serva); MgSO4 × 7H2O, 5 mM
(Merck); DTT, 1 mM (Sigma), the pH was adjusted to 7.8 with
HCl) were added to each well. The plates were shaken at 600 rpm
for 15 min. Afterwards, 40 �L of the lysate were transferred into
white 96-well plates (Greiner). Luminescence was measured with
a GENios Pro microplate reader (Tecan, Salzburg, Austria). Light
emission was induced by injecting 80 �L of the assay buffer (25 mM
Gly-Gly, (Sigma Aldrich); MgSO4 × 7H2O, 15 mM;  KH2PO4, 15 mM
(Merck); EGTA, 4 mM;  ATP disodium salt, 2 mM (Sigma Aldrich);
DTT, 2 mM;  D-luciferin potassium salt, 0.2 mg/mL  (Synchem, Fels-
berg, Germany); pH was adjusted to 7.8 with HCl). Luminescence
[51] was measured for 10 s. To determine the effect of pertussis
toxin (PTX) cells were seeded in medium containing 100 ng/mL PTX.
For experiments in the presence of FR900359 (UBO-QIC; Institute of
Pharmaceutical Biology, University of Bonn, Germany) (1 �M and
10 �M)  or gallein (Santa Cruz Biotechnology, Heidelberg, Germany)
(20 �M,  stock solution: 10 mM in DMSO), cells were pre-incubated
with the G�q inhibitor or the G�� inhibitor for 2 h. By analogy
experiments were performed after pre-incubation of the cells in
the presence of 100 �M of the protein kinase A inhibitor Rp-cAMP-
S or Rp-8-Br-cAMP-S (Santa Cruz Biotechnology; stock solutions:
10 mM in water) for 1 h.

2.7. ˇ-Arrestin recruitment assay

One day before the experiment, HEK293T-ARRB1-H1R and
HEK293T-ARRB2-H1R cells were trypsinized (0.05% trypsin, 0.02%
EDTA in PBS) and centrifuged (400g, 5 min). The cells were resus-
pended in DMEM without phenol red (Sigma, Steinheim, Germany)
supplemented with 5% FCS, and 90 �L of the cell suspension
were seeded in white, TC-treated, flat bottom 96-well microtiter
plates (VWR, Ismaning, Germany) at a density of approximately
100,000 cells/well. The cells were cultivated at 37 ◦C overnight in
a water-saturated atmosphere containing 5% CO2. Shortly before
the experiment, the cells were removed from the incubator and
allowed to equilibrate to room temperature, and 10 �L of agonist
solution were added per well. The plates were shaken at 25 ◦C for 60
min. In the antagonist mode, prior to addition of the agonist, cells
were incubated with the respective antagonist for 15 min. At the
end of the incubation period, 50 �L of medium were replaced by
50 �L of Bright-Glo luciferase assay reagent (Promega, Mannheim,
Germany). The plates were vigorously shaken (800 rpm) for 5 min.
Bioluminescence was recorded for 1 s per well using the GENios Pro
microplate reader (Tecan, Salzburg, Austria).

2.8. Impedimetric assay

For the investigation of H1R agonists on HEK293T-CRE-Luc-
hH1R-hMSR1 cells, the assay was performed as recently described
for histamine [20] using an ECIS-Z device for 96-well electrode
arrays (type 96W1E+) from Applied BioPhysics (Troy, NY, USA). A
volume of 300 �L of cell suspension, prepared in DMEM containing
10% FCS from close-to-confluent cell layers by standard trypsiniza-
tion techniques, was  dispensed at a density of 9·104 cells per well.
The cells were allowed to attach in a CO2 incubator at 37 ◦C for
24 h. About 1 h before the assay the culture medium was  replaced

by 150 �L of serum-free L-15 medium. Data were recorded with
the ECIS device inside an incubator (Galaxy 48S, New Brunswick,
USA) in a humidified atmosphere (without additional CO2) at 37 ◦C
at an AC frequency of 4 kHz for 1 h until the baseline was constant
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equilibration), and for another 40 min  after addition of the agonist
t various concentrations. For data handling cf. [20].

Time course data is presented as the change in impedance mag-
itude �|Z|(t) relative to the last data point before test compounds
ere added into the wells at time zero (�|Z|(t) = |Z|(t) − |Z|(0)). The

ime courses for all test compounds were subsequently corrected
or the corresponding values of untreated controls (buffer only).
oncentration-response curves were constructed from the area
nder the curve (AUC) calculated from corrrected time coursesc of

ndividual response profiles from 0 to 40 min  for each compound
oncentration.

For the determination of H1R antagonist activities, after equili-
ration for 1 h, 150 �L a solution of the respective antagonist was
dded to the cells for an incubation period of about 20 min. Subse-
uently 150 �L of the antagonist containing solution was replaced
y the same volume of L-15 medium containing the antagonist at
he same concentration and 60 nM of histamine to obtain a final
gonist concentration of 30 nM,  which is known to elicit 80% of the
aximal response in the absence of an antagonist.

The effect of pertussis toxin (PTX) was determined in the agonist
ode using cells pretreated with 1, 10 or 100 ng/mL PTX in DMEM

upplemented with 10% FCS for about 20 h. About 1 h before the
ssay the culture medium was replaced by 150 �L of serum-free
-15 medium and the assay was performed as described above. To
nvestigate the effect of FR900359, by analogy with the antagonist

ode, cells were preincubated in the presence of the G�q inhibitor
t final concentrations of 0.1, 1 or 10 �M for 20 min.

.9. Dynamic mass redistribution assay

The assay was performed in the agonist mode as previously
escribed for histamine on HEK293T-CRE-Luc-hH1R-hMSR1 cells
20] using an EnSpire (PerkinElmer, Waltham, USA) multimode
eader. A volume of 40 �L of cell suspension, prepared from
lose-to-confluent cell layers by standard trypsinization, in DMEM
ontaining 10% FCS was  dispensed at a densitiy of 2·104 cells per
ell into uncoated 384-well EnSpire microplates. Incubation in a

umidified atmosphere containing 5% CO2 at 37 ◦C for 24 h pro-
ided cell layers of approximately 90 % confluency. The cells were
ashed four times with serum-free L-15 medium and allowed to

quilibrate in a volume of 30 �L of the same medium per well in
he multimode reader at 37 ◦C for about 1 h. After recording the
aseline, the agonist of interest, dissolved in L-15 medium (10 �L)
as added, the cellular response was recorded for 40 min and data

nalysis was performed as described [20].
Time course data is presented as the shift of resonance wave-

ength �� (t) relative to the last data point before test compounds
ere added into the wells at time zero (�� (t) = � (t) − � (0)). The

ime courses for all test compounds were subsequently corrected
or the corresponding values of untreated controls (buffer only).
oncentration-response curves were constructed from the area
nder the curve (AUC) calculated from corrrected time courses of

ndividual response profiles from 0 to 40 min  for each compound
oncentration.

In the antagonist mode, after equilibration in 30 �L of medium
er well for 1 h, a solution of the respective antagonist in 10 �L of
erum-free L15 medium was added, and the incubation was con-
inued for 20 min. Subsequently, another 10 �L of antagonist at the
ame concentration containing additionally 500 nM of histamine to
btain a final agonist concentration of 100 nM, which is known to
licit 80% of the maximal response in the absence of an antagonist.

The effect of pertussis toxin (PTX) was determined in the ago-

ist mode using cells pretreated with 1, 10 or 100 ng/mL PTX in
MEM supplemented with 10% FCS for about 20 h. The cells were
ashed four times with serum-free L-15 medium and the assay
as performed as described above. Experiments in the presence
search 114 (2016) 13–26 17

of FR900359 were performed according to the antagonist mode
with the exception that instead of antagonist the G�q inhibitor was
added at final concentrations of 0.1, 1 or 10 �M.

2.10. Data processing

The data were analyzed with GraphPad Prism 5.01 (GraphPad
Software, San Diego, USA) and fitted to four-parameter sigmoidal
concentration-response curves providing EC50 values of agonists
and IC50 values of antagonists. For antagonists, pKb values were cal-
culated from IC50 values according to the Cheng-Prusoff equation
[52]. Statistical analyses of �pEC50 and Emax values were performed
according to a one-way ANOVA using Bonferroni’s post-hoc test. In
case of less than three types of assays (histaprodifen), an unpaired
two-tailed t-test was performed. In case of the antagonists, the pKb
values from each assay were compared to the pKi values obtained
from competition binding studies by a two-way ANOVA with Bon-
ferroni’s post-hoc test.

3. Results & discussion

The functional experiments were performed on HEK293T trans-
fectants with roughly comparable levels of hH1R expression as
proven by saturation binding experiments with [3H]mepyramine
(cf. Supplementary information, Fig. S2).

3.1. Functional characterization of agonists on H1R expressing
HEK293T transfectants

3.1.1. Agonist activity of histamine with emphasis on data from
label-free methods

Changes of the resonance wavelength of cell-covered optical
waveguides (resonance waveguide = RWG), recorded in DMR, or of
the impedance of cell-covered electrodes, measured in ECIS, reflect
alterations in cell shape and structure [25,53–55]. As demonstrated
in a recent study, cell adhesion to the surface is a critical issue in
such label-free assays [20]. The DMR  assay reports on changes in
mass distribution inside the cell close to the growth surface or out-
side the cell in the narrow cleft between cell and substrate. Mass
redistribution and cell shape changes may  be connected in the way
that mass redistribution induces cell shape changes or vice versa,
although difficult to prove or disprove. It is reasonable to assume
that the signal is dominated by dynamic processes that occur within
the actin cortex or by remodeling of the actin cortex at the mem-
brane in the vicinity of the growth support [53–55]. In this context,
it is noteworthy that the thickness of the actin cortex is 100 to
1000 nm depending on cell-type. DMR  is only sensitive within 200
to 300 nm from the substrate surface. The actin cortex is not nec-
essarily the exclusive origin of the DMR  signal, since relocation of
other, even extracellular (macro)molecules that are not linked to
the actin cortex or the membrane, can cause similar responses.
This is different from ECIS, which is insensitive to mass redistri-
bution, but reflects changes in the ionic current pathways around
or across the dielectric lipid bilayer, primarily associated with alter-
ations in cell morphology. Due to the intimate molecular contact
between the lipid bilayer of the plasma membrane and the adjacent
actin cortex, changes in the position of the membrane are invari-
ably associated with a concomitant relocation of the actin cortex
so that both readout techniques often, but not always, report on
similar phenomena. Thus, some cellular responses leading to mass
redistribution, but not to changes in the position of the membrane
relative to the growth support, become visible in DMR  but not in

ECIS, and the information gained from both readouts is not identical
but complementary.

Therefore, we  performed both, DMR  and ECIS, with HEK293T-
CRE-Luc cells engineered to co-express the human histamine
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Fig. 2. Histamine induced response of HEK293T-CRE-Luc-hH1R-hMSR1 cells monitored by DMR (A, B) and ECIS (C, D). Typical time courses (triplicates) of the change
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f  the resonance wavelength (A) and the change in impedance �|Z| recorded at 

rea-under-the-curve (AUC) of baseline-corrected data integrated from 0 to 40 min

1 receptor and the human macrophage scavenger receptor
 (hMSR1) [56], to improve adhesion as described previously
20]. Both label-free assays were performed under similar con-
itions, e.g., with respect to temperature, cell-culture medium
nd equilibration time. Typical time courses and the resulting
oncentration-response curves are shown in Fig. 2 for histamine.
he transient dip of the impedimetric signal observed immedi-
tely after addition of the agonist is considered characteristic of
q coupling [30], allowing for a discrimination from Gi coupling.

The DMR  signal at the highest histamine concentration peaks
fter an exposure time of approximately 10 min, whereas the ECIS
ignal is retarded and peaks between 15 and 20 min  after addition of
istamine. This indicates that agonist-induced mass redistribution
recedes cell shape changes, at least at higher histamine concen-
rations.

The construction of concentration-response curves revealed
EC50 values of 7.49 ± 0.08 and 7.92 ± 0.16 for histamine in the
MR assay and ECIS, respectively. Comparing the data summarized

n Table 1 and visualized in Figs. 2 and 3, the apparent potencies
f histamine differ by up to a factor of approximately 10, depend-

ng on the type of assay. The highest pEC50 values of histamine
as determined in the impedance-based (7.92) and the �-arrestin2

ecruitment assay (7.74), whereas the luciferase gene reporter and
he Fura-2 calcium assay yielded the lowest potency (pEC50 = 6.87).

.1.2. H1R agonism of histamine in various assays: Investigation
f G protein coupling

To investigate the contribution of Gi/o and Gq/11 proteins, we
onstructed concentration-response curves of histamine in the

resence of pertussis toxin (PTX) [31] or the cyclic depsipeptide
R900359 [57,58], respectively (Fig. 3; for concentration-response
urves of UR-KUM530 alone and in the presence of G-protein
nhibitors: cf. Supporting information).
 (C). Concentration-response curves (B, D) were derived from the corresponding

As becomes obvious from Fig. 3, the histamine response was
reduced to a different extent by the Gq/11 inhibitor FR900359,
depending on the assay. The impedance-based readout as well as
the aequorin calcium assay revealed a complete lack of response
to histamine in the presence of FR900359 at concentrations of
0.1 �M (not shown) and 1 �M,  respectively. By contrast, the DMR
signal was  reduced by approximately 80% and the luciferase activity
(gene reporter assay) was lowered by about 50% in the presence of
FR900359 at a concentration of 1 �M,  and the maximal responses
could not be further suppressed by FR900359 at a concentration
of 10 �M (not shown). Whereas the blockade of the calcium sig-
nal was expected due to Gq/11 inhibition, the differential effects of
FR900359 in the two  holistic assays (ECIS and DMR) and on the
luciferase activity suggested additional signaling pathways to con-
tribute to the respective readouts (DMR and gene reporter assay)
upon H1R stimulation.

In the presence of pertussis toxin at concentrations from 1 to
100 ng/mL, the impedance of the histamine-stimulated cells signal
remained almost unaffected (Fig. 3), i. e., there was  no indication of
a contribution of Gi to the impedimetric response. This observation
was in agreement with the complete blockade by the Gq inhibitor
FR900359. On the contrary, PTX decreased the response in DMR  in
a concentration-dependent manner resulting in complete block-
ade at a concentration of 100 ng/mL. Although the DMR  response
was also strongly suppressed by FR900359, the results demon-
strate that Gi is involved, too. This phenomenon is reminiscent of
promiscuous GPCRs capable of coupling to Gq and Gi, as reported
for the free fatty acid receptor FFA1 [58], and depending on the cell
type, the H1R was  described to couple to Gq and/or Gi [31,34,59].

This is supported by the effect of PTX on the histamine-induced
luciferase activity in the gene reporter assay (Fig. 3). Inhibition of
Gi by PTX (100 ng/mL) resulted in an increase in bioluminescence by
approximately 75%. The HEK293T-CRE-Luc-hH1R cells were engi-
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Fig. 3. Effect of the Gq-inhibitor FR900359 and Gi-inhibitor pertussis toxin (PTX) on the histamine-induced response in DMR, ECIS, gene reporter and Ca2+ (aequorin) assays.
Experiments were performed using HEK293T cells expressing hH1R and additional constructs: DMR  and ECIS: HEK293T-CRE-Luc-hH1R-hMSR1 cells; luciferase gene reporter:
HEK293T-CRE-Luc-hH1R cells; aequorin calcium assay: HEK293T-CRE-Luc-hH1R-mtAEQ cells. Cells were incubated with FR900359 for 2 h (gene reporter and aequorin assay)
or  20 min  (DMR and ECIS), and with PTX for 16 h (gene reporter and aequorin assay), or 20 h (DMR and ECIS). Data were normalized to a solvent control and the maximal
activation of each system (100%) by the endogenous ligand histamine, respectively. Data represent means ± SEM from at least two independent experiments performed
in  triplicate. Note: Control experiments (gene reporter assay) performed with the three HEK293T cell variants revealed that the histamine induced luciferase activity was
comparable (signal-to-noise ratio approximately 25) for HEK293T-CRE-Luc-hH1R and HEK293T-CRE-Luc-hH1R-hMSR1 cells, whereas the signal-to-noise ratio was by a
factor  of approximately 3 lower in case of HEK293T-CRE-Luc-hH1R-mtAEQ cells (cf. Supporting information, Fig. S3). The fact that PTX is fully effective to inhibit Gi-mediated
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ellular  response at a concentration of 100 ng/mL becomes obvious from control ex
nformation (Fig. S4).

eered to detect the cyclic AMP  dependent expression of luciferase.
owever, in case of H1R stimulation, the increase in luciferase activ-

ty is elicited by Gq-coupling resulting in a mobilization of Ca2+

rom the endoplasmic reticulum (cf. Supporting information, Fig.
5), and, for example, in subsequent calcium-calmodulin depen-
ent phosphorylation of the CRE binding protein (CREB) [60–62].
he increase in bioluminescence in the presence of PTX confirms
he contribution of Gi as an inhibitory component in this assay.
alcium-calmodulin can also activate adenylyl cyclases [63] and a
ubsequent increase in the luciferase activity can result from pro-
ein kinase A (PKA) dependent phosphorylation of CREB. Therefore,
e constructed concentrations-response curves of histamine alone

nd in the presence of the PKAI and PKAII inhibitors Rp-cAMP-S
nd Rp-8-Br-cAMP-S [64]. At high concentrations (100 �M),  both
KA inhibitors reduced the luciferase signal by about 50%, and in
ombination with FR900359 (1 �M)  the response was  almost com-
letely suppressed (data not shown). Therefore, unspecific effects
f the moderately active inhibitors and contributions from addi-
ional signaling pathways cannot be ruled out.

Generally, the G�� dimer is also capable of interacting with
ffector proteins. For instance, G�� can interfere with the cAMP
athway [65–67] and can trigger an intracellular increase in intra-

ellular Ca2+ by interacting with phospholipase C and Ca2+ channels
68]. Very recently, regardless of its selectivity for G�q over G�i and
�s [58], FR900359 was reported to inhibit G��-mediated signal-
ents performed with HEK293T-CRE-Luc-hH4R cells [45] shown in the Supporting

ing, too [69]. In this context, we investigated the influence of gallein,
which is supposed to be a reversible inhibitor of G�� with a Kd
value of 422 nM [70,71]. In the presence of gallein at a concen-
tration of 20 �M,  the concentration-response curve of histamine in
the luciferase gene reporter assay on HEK293T-CRE-Luc-hH1R cells
remained unaffected (data not shown), suggesting that the G��
dimer is not involved (for control experiments on the inhibition
of a G�� mediated response, the dopamine D2 receptor stimulated
Na+ influx [72] in HT22 cells, by gallein: cf. Supporting information,
Fig. S6).

With respect to the two label-free approaches, it is noteworthy
that ECIS reads primarily Gq-mediated changes of the cell shape
upon histamine stimulation, as FR900359 completely inhibits the
cellular response. Consistent with the inhibition of the calcium sig-
nal in the aequorin assay, experiments with a calcium ionophore
using U-373 MG  cells, constitutively expressing the H1R, revealed
that an increase in intracellular Ca2+ alone was sufficient to pro-
duce ECIS traces very similar to those upon histamine stimulation
(data not shown). The dependence of the ECIS signal on the increase
in [Ca2+]i is plausible due to (i) the predominant influence of the
actin cortex on membrane topography/cell shape and (ii) the fact
that [Ca2+] is a well-known modulator of cortical actin (in concert
i
with myosin). Other signaling pathways that are potentially trig-
gered by histamine are not mirrored in the signal, when they are not
linked to cortical actin or reorientation of the membrane. In DMR
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Fig. 4. Relative H1R agonist potencies, expressed as �pEC50 (±SEM) and intrinsic activities (Emax ± SEM) referred to histamine in the respective assay. Histamine: �pEC50 = 0,
Emax = 1.0. Calculated from the data given in Table 1. �pEC50 values were calculated for each ligand by subtracting the pEC50 value in the respective assay from the pEC50 value
of  histamine in the same assay considering error propagation. For further statistical analyses, the number of independent experiments (N) with the particular ligand were
considered. In order to obtain information on statistical differences between �pEC50 and Emax values of the different ligands in the same assay, one-way ANOVA analyses
(Bonferroni’s post-hoc test) were performed for every data set, except for histaprodifen (unpaired two-tailed t-test). Data from different assays are not significantly different
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ene  rep. vs. �-arr2: P < 0.01, gene rep. vs. DMR: P < 0.001; aequorin vs. �-arr2: P < 0

ssays, the Gq inhibitor FR900359 could not entirely block the ago-
ist induced response, whereas the Gi inhibitor PTX almost entirely
educed the signal. Thus, DMR  records a response integrating both
q and Gi-mediated signaling.

.1.3. Cellular responses to different H1R agonists in various
ssays

To investigate, whether activation of the H1R by ligands other
han histamine yields different assay-related relative potencies
�pEC50 values, referred to histamine in the respective assay),
e selected the agonists shown in Fig. 1 for functional stud-

es. All agonists included in this study preferentially induced the
ecruitment of �-arrestin2 over the �-arrestin1 isoform as gener-
lly observed for class A GPCRs [75]. Unfortunately, it turned out
hat not all of these compounds are compatible with the differ-
nt types of assay. In particular, the histaprodifen analogues [73],
esignated UR-BS compounds in the present study, caused cyto-
oxic effects at concentrations >1 �M (for cytotoxicity of selected
ompounds cf., Supporting information, Fig. S7), most probably

ue their amphiphilic nature. Although the �-arrestin recruitment
ssays revealed partial agonism in the expected concentration
ange (cf. Table S1 and Fig. S8, Supporting information), attempts
o characterize such compounds in ECIS and in the Fura-2 calcium
; ***: P < 0.001). Note, for the sake of clarity concerning Emax values of betahistine:
equorin vs. DMR: P < 0.001.

assay using U373 MG cells [20] as well as in the luciferase gene
reporter assays failed (data not shown). In contrast to the UR-
BS compounds, the phenylhistamine derivative UR-KUM530 [40]
proved to be non-toxic up to a concentration of 100 �M (cf. Fig.
S7A, Supporting information), allowing for the determination of
pEC50 values in both, the label-free and the conventional assays. As
becomes obvious from Table 1, Figs. 4 and 5, UR-KUM530 was  more
potent than histamine in all assays and appeared to be a super-
agonist in both, the impedimetric and the DMR  assay. However,
the Emax values of UR-KUM530 in ECIS and DMR  were statisti-
cally not different from the maximal responses in the other assay.
Interestingly, the concentration-response curve from ECIS is excep-
tionally steep, resulting in about 30-fold higher potency than in
the Fura2 assay. The time course of the impedimetric signal was
similar to that of histamine with regard to the initial dip and
the subsequent rise, suggesting Gq coupling for this compound,
too (data not shown). By contrast, the investigation of betahis-
tine revealed completely different concentration-response curves
(Fig. 5): full agonism in the aequorin calcium and the luciferase gene
reporter assay (Emax: 0.96), but only partial agonism in �-arrestin2

recruitment (Emax: 0.80), DMR  (Emax: 0.71) and, in particular, in the
impedimetric assay (Emax: 0.25). The extremely low intrinsic activ-
ity observed in the ECIS assay cannot be explained. Regardless of the
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Table 1
hH1R agonism determined in different functional assays using genetically engineered HEK293T cells.a,b For comparison published functional data from [32P]GTPase assaysc are included.

gene reporter (luciferase) �-arrestin1 recruitment �-arrestin2 recruitment Ca2+ (Fura-2 AM)  Ca2+ (aequorin) DMR ECIS GTPase [40,73,74]

pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax

histamine 6.87 ± 0.06 1.00 7.11 ± 0.1 1.00 7.74 ± 0.08 1.00 6.87 ± 0.06 1.00 6.94 ± 0.15 1.00 7.49 ± 0.08 1.00 7.92 ± 0.16 1.00 6.92 [73] 1.00
UR-KUM530 7.49± 0.08 1.05 ± 0.03 7.46 ± 0.03 0.91 ± 0.08 7.97 ± 0.23 0.99 ± 0.06 6.94 ± 0.02 0.99 7.61 ± 0.06 1.03 ± 0.01 7.99 ± 0.09 1.12 ± 0.03 8.60 ± 0.11 1.15 ± 0.05 7.75 [40] 0.94
betahistine 6.56 ± 0.25 0.96 ± 0.02 7.48 ± 0.04 0.80 ± 0.01 n.d. – 6.69 ± 0.13 0.96 ± 0.02 6.29 ± 0.17 0.71 ± 0.06 7.59 ± 0.08 0.25 ± 0.03 5.85 [74] 0.86
Ph-his  5.12 ± 0.15 0.56 ± 0.01 5.25 ± 0.10 0.51 ± 0.03 6.15 ± 0.09 0.67 ± 0.04 n.d. – n.d. 6.39 ± 0.17 0.50 ± 0.03 7.59 ± 0.33 0.11 ± 0.03 6.14 [40] 0.72
BrPh-his  5.46 ± 0.17 0.56 ± 0.05 5.99 ± 0.03 0.43 ± 0.01 6.49 ± 0.01 0.63 ± 0.02 5.90 ± 0.07 0.66 n.d. n.d. n.d. 6.75 [40] 0.62
CF3Ph-his 5.81 ± 0.06 0.62 ± 0.02 5.68 ± 0.06 0.38 ± 0.01 6.73 ± 0.10 0.55 ± 0.06 n.d. – n.d. 6.56 ± 0.15 0.71 ± 0.03 7.16 ± 0.18 0.62 ± 0.12 6.71 [40] 0.61
histaprodifen 5.85 ± 0.02 0.46 ± 0.01 6.48 ± 0.12 0.47 ± 0.06 n.d. – n.d. n.d. n.d. 6.95 [73] 0.62

a Experiments were performed using HEK293T cells expressing hH1R and additional constructs: luciferase gene reporter: HEK293T-CRE-Luc-hH1R cells; �-arrestin recruitment assay: HEK293T-ARRB1-H1R and HEK293T-
ARRB2-H1R cell; Fura-2 calcium assay: HEK293T hH1R CRE-Luc cells; aequorin calcium assay: HEK293T-CRE-Luc-hH1R-mtAEQ cells; DMR  and impedimetry (ECIS): HEK293T-CRE-Luc-hH1R-hMSR1 cells.

b Data represent mean values ± SEM from at least three independent experiments performed in triplicate, except for UR-KUM530 and BrPh-his in the Fura-2 AM Ca2+-assay and BrPh-his and CF3Ph-his in the gene reporter
assay,  which were analyzed in two independent experiments performed in triplicate; n.d., not determined.

c Determined on membranes of hH1R expressing Sf9 cells. For hH1R binding data determined on membranes of Sf9 cells cf. [40,73].

Table 2
pKb-values for hH1R antagonists determined in different functional assays and pKi-values determined in radioligand competition binding studies.

H1R
antagonist’

gene reporter
(luciferase)

�-arrestin2
recruitmenta

Ca2+ (Fura-2
AM)

Ca2+

(aequorin)
DMRb ECISc GTPased competition binding

diphenhydramine 7.66 ± 0.24 7.96 ± 0.04** 7.43 ± 0.08 7.62 ± 0.05 7.55 ± 0.05 7.59 ± 0.10 7.81 [74] 7.40 ± 0.03
mepyramine 8.13 ± 0.10 8.08 ± 0.09 8.85 ± 0.01 8.39 ± 0.12 8.43 ± 0.11 8.70 ± 0.14 8.25 [74] 8.39 ± 0.04
cyproheptadine 8.55 ± 0.11 8.60 ± 0.06 8.60 ± 0.03 7.99 ± 0.13 8.01 ± 0.14 10.15 ± 0.28*** 8.72 [74] 8.63 ± 0.05
maprotiline 8.47 ± 0.12 8.38 ± 0.03 8.58 ± 0.08 8.00 ± 0.05 8.19 ± 0.13 8.84 ± 0.53 8.54 [78] 8.50 ± 0.05
fexofenadine 7.47 ± 0.03*** 6.95 ± 0.03 6.85 ± 0.09 6.29 ± 0.03 7.01 ± 0.03 8.23 ± 0.30*** 6.65 [74] 6.70 ± 0.06

Functional studies were performed using genetically engineered HEK293T cells (cf. Table 1, footnote) and histamine as agonist. Binding data were determined on HEK293T-CRE-Luc-hH1R cells. pKb-values determined by
each  particular functional assay are not significantly different (P > 0.05) from pKi values determined by competition binding unless otherwise indicated by asterisks (two-way ANOVA with Bonferroni post hoc test. *: P < 0.05;
**:  P < 0.01; ***: P < 0.001). Data represent means ± SEM from at least three independent experiments performed in triplicate. Functional and binding data of additional H1R antagonists investigated in the respective assay, pKb

values: alevocetirizine, 7.16 ± 0.07; mirtazapine, 8.71 ± 0.07, clozapine, 7.64 ± 0.05. bMirtazapine, 8.46 ± 0.10; doxepine, 9.35 ± 0.19; clozapine, 8.21 ± 0.22. cLevocetirizine, 8.72 ± 0.14; doxepine, 9.11 ± 0.28; clozapine, 9.60 ± 0.08.
dMirtazapine 8.59 [78]; doxepine, 8.90 [78]; clozapine, 8.36 [78].
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Fig. 5. Assay-dependent concentration-response curves of histamine, UR-KUM530 and betahistine (A). Spider plots representing pEC50 values (B) and efficacies (C). Experi-
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ents  were performed using HEK293T cells expressing the hH1R and additional co
�-arrestin2 recruitment assay): HEK293T-ARRB2-hH1R cells; Ca2+(aeq) (aequorin
uc-hH1R-hMSR1 cells. Data were normalized to a solvent control and the maxim
eans  ± SEM from at least three independent experiments performed in triplicate.

eak increase in �|Z|, a transient dip of the signal was observed as
or histamine and UR-KUM530 (data not shown). The relative ago-
ist potency was comparable in all assays except for DMR, where
etahistine was by a factor of ten less potent (Fig. 4).

In cells of one and the same genetic background (HEK293T-
RE-Luc-hH1R for calcium, luciferase gene reporter, DMR  and

mpedance-based functional assays) our data illustrate that the
easured potencies and maximal responses vary depending on

oth, the readout and the chemical structure of the agonist. This
ecomes obvious from concentration-response curves and, in par-
icular, from the spider plot in Fig. 5. The potencies of histamine
nd UR-KUM530 in the luciferase gene reporter assay were similar
o those obtained in assays exploiting the GTPase activity as a prox-
mal readout (Table 1). The efficacy of UR-KUM530 was  the same
s that of histamine except for both label-free assays, which gave a
lightly higher maximal response (Fig. 4). This might be interpreted
s “superagonism” [76] related to different binding modes of his-
amine and UR-KUM530 [40], resulting in a differential activation
f signaling pathways. However, the inhibition of the cellular sig-
al by FR900359 and PTX upon stimulation with UR-KUM530 was
ualitatively the same as in case of histamine (cf. Fig. S9, Supporting

nformation, vs. Fig. 3). There was no indication of a differential acti-
ation of signaling pathways, when comparing both H1R agonists.

n principle, potencies and intrinsic activities depend on receptor
ensity [77]. However, the levels of H1R expression of the studied
ransfectants was comparable (cf. Supporting information, Fig. S2).
ts: gene rep (luciferase gene reporter assay): HEK293T-CRE-Luc-hH1R cells; �arr2
m assays): HEK293T-CRE-Luc-hH1R-mtAEQ cells; DMR  and ECIS: HEK293T-CRE-
onse to the endogenous ligand histamine in the respective assay. Data represent

The response to UR-KUM530 was completely inhibited by diphen-
hydramine (100 �M)  or mepyramine (10 �M)  in both assays, DMR
and ECIS, confirming that the effects were H1R mediated (data not
shown). The pKb values determined from the corresponding inhibi-
tion curves were 7.68 ± 0.24 and 8.48 ± 0.44 in ECIS and 7.07 ± 0.11
and 8.64 ± 0.32 in DMR  for diphenhydramine and mepyramine,
respectively, which is comparable to the respective values deter-
mined versus histamine as agonist (Table 2).

The assay-dependent differences regarding relative potencies
(�pEC50) and Emax values (Fig. 4) observed for all agonists under
study are difficult to explain, as not all assays can be performed
under identical conditions. However, the order of potency of ago-
nists was roughly the same between the noninvasive and the
canonical assays.

3.2. Functional characterization of H1 receptor antagonists

Functional studies were performed with structurally diverse
H1R antagonists representing different generations of antihis-
taminics (Fig. 1). The data of compounds analyzed in both, the
label-free and the conventional assays, are summarized in Table 2,
and concentration-response curves are depicted in Fig. 6. For com-

parison, data of those compounds which were not investigated in all
assays (levocetirizine, mirtazapine, clozapine, doxepine), are given
in the footnote to Table 2. For most of the hH1R antagonists under
study, the pKb values were in the same range as the functional data
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Fig. 6. Histamine H1R antagonism of diphenhydramine, mepyramine, cyproheptadine, maprotiline and fexofenadine in five different assays. Inhibition curves and spider
plot.  Experiments were performed using genetically engineered HEK293T cells expressing the hH1R and additional constructs; gene rep (luciferase gene reporter assay):
HEK293T-CRE-Luc-hH1R cells; �arr2: (�-arrestin2 recruitment assay): HEK293T-ARRB2-H1R cells; Ca2+(aeq) (aequorin calcium assay): HEK293T-CRE-Luc-hH1R-mtAEQ
cells;  DMR  and ECIS (impedimetry): HEK293T-CRE-Luc-hH1R-hMSR1 cells. Histamine was used at a concentration producing approximately 80% of the maximal response
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ndependent experiments performed in triplicate.

GTPase assay, Sf9 cell membranes) from the literature [74,78] and
he binding data from our laboratory (Table 2). However, there were
ome discrepancies, as becomes obvious from the inhibition curves
nd the spider plot in Fig. 6, in particular, in case of fexofenadine,
hen studied in the aequorin assay, and for cyproheptadine in the

mpedimetric assay. The data gained from the impedimetric assay
uggested 10- to 30-fold higher apparent affinity compared to the
alues determined by radioligand competition binding. Except for
mpedimetric readouts, experiments in the antagonist mode do not
isplay a similarly strong assay-dependence for a given antagonist
s observed in case of agonists (cf. spider plot in Fig. 6). However,
here is a trend towards higher pKb values in ECIS.

. Conclusion

Label-free methods (DMR and ECIS) and various signaling path-
ay specific readouts were used for the characterization of H1R

gonists and antagonists on genetically engineered HEK293T cells,
. e., cells of an identical genetic background. For antagonists, the

esults from DMR  were essentially compatible with those from
onventional readouts, whereas the impedance-based data were
nconsistent in some cases. ECIS, especially when performed in the
ntagonist mode, turned out to be less reliable and more prone
ion of histamine in each system. Data represent means ± SEM from at least three

to errors than DMR. In this context, the influence of the test com-
pounds on the conductivity of the cell membrane plays a critical
role. Therefore, substance-specific receptor-independent effects
might contribute to the impedance change. Most pronounced dif-
ferences between the various assays became obvious for agonists
regarding both, potencies and efficacies, depending on the chem-
ical structure of the ligand and the type of readout, reflecting the
complexity of the assays performed in the agonist mode. These dif-
ferences can only be explained in part. DMR  appears to integrate
both, Gq and Gi mediated signaling (Fig. 7), the main two path-
ways described for the H1R, as does the gene reporter assay. By
contrast, ECIS and calcium assays apparently only reflect Gq sig-
naling. DMR, ECIS and the Fura-2 assays allow the investigation
of cellular effects in real time, whereas gene reporter, aequorin,
�-arrestin recruitment, GTPase and GTP�S assays are endpoint
measurements. Distinct histamine H1R ligands did not effect the
different functional readouts in a uniform way, a phenomenon,
which may  indicate “functional selectivity” or “biased signaling”,
provided that off-targets are not involved. As the latter cannot

be excluded, in addition to different readouts, selective receptor
agonists and antagonists as well as specific inhibitors of signal-
ing pathways are required as pharmacological tools to reduce the
risk of misinterpretation and pitfalls. In so far, label-free holistic
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Fig. 7. Signaling pathways contributing to

ethods such as DMR  and ECIS are reminiscent of investigations on
solated organs and may  be considered as “integrative pharmacol-
gy” at the cellular level. The question arises whether human cells
onstitutively expressing the receptor of interest and originating
rom the organ to be targeted should serve as more appropriate

odels than genetically engineered cells.
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