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ABSTRACT. The first-generation histamine HI-receptor antagonists, chlorpheniramine (CPHE) and diphen- 
hydramine (DPH), may activate histamine release from basophils and mast cells. Because CPHE and DPH are 

cationic-amphiphilic and because several substances with such physicochemical properties activate heterotri- 
merit regulatory guanine nucleotide-binding proteins (G-proteins) in a receptor-independent manner, we asked 
the question of whether or not H,-receptor antagonists could be G-protein activators as well. In dibutyryl 
CAMP-differentiated HL-60 cells, CPHE and DPH increased cytosolic Ca2+ concentration and azurophilic 

granule release in pertussis toxin (PTX)- sensitive manners. In HL-60 membranes, PTX-sensitive stimulations of 

GTPase [E.C. 3.6.1.-l and binding of guanosine 5’-[y-thioltriphosphate by H, receptor antagonists were observed. 
CPHE and DPH also increased GTP hydrolysis by the purified PTX-sensitive G-protein, transducin. In 

all-tram-retinoic acid-differentiated HL-60 cells and rat basophilic leukemia cells (RBL 2H3 cells), H,-recep- 
tor antagonists induced, unlike in dibutyryl CAMP-differentiated HL-60 cells, Ca2+ influx without Ca2+ mobi- 

lization from intracellular stores. CPHE and DPH also induced serotonin release from RBL 2H3 cells. Our 
data indicate that first-generation HI-receptor antagonists are receptor-independent G-protein activators 
and that such a mechanism of action accounts for their stimulatory effects in HL-60 cells, basophils, and mast 
cells. BICCHEM PHARMACOL 51;2:125-131, 1996. 
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Histamine HI-receptor antagonists are widely used in the 
treatment of allergic disorders, e.g., rhinoconjunctivitis, urti- 
caria and anaphylaxis [l, 21. However, at concentrations be- 
tween 0.1-10 mM, first-generation H,-receptor antagonists 
such as DPH,$ CPHE and PRO induce histamine release from 
basophils and mast cells [3-61. The mechanism underlying 
these effects of HI-receptor antagonists is poorly understood. 
A property that first-generation HI-receptor antagonists have 
in common with the classical mast cell-activating substances, 
substance P and compound 48/80, is their cationic-am- 
phiphilic character [ 1, 2, 71. It has been shown that compound 
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48/80 and substance P activate purified pertussis toxin (PTX)- 
sensitive heterotrimeric regulatory G-proteins in a receptor- 
independent manner and that such a mechanism presumably 
accounts for their stimulatory effects in mast cells [7, 81. In- 
terestingly, various cationic-amphiphilic ligands at histamine 
receptors (i.e. 2-substituted histamines, lipophilic arpromi- 
dine-derived guanidines, and a histamine trifluoromethyl-tolu- 
idide derivative) are receptor-independent G-protein activa- 
tors, as well [9-111. 

On the basis of the aforementioned findings, we asked the 
question of whether or not receptor-independent G-protein 
activation could explain the pro-inflammatory effects of first- 
generation HI-receptor antagonists. As model systems for our 
study, we employed the human leukemia cell line, HL-60, the 
rat basophilic leukemia cell line, RBL 2H3, and a purified 
PTX-sensitive G-protein, TD. HL-60 cells have already been 
proven to be a useful model system for the analysis of receptor- 
independent G-protein activation [9-121. These cells express 
similar G-proteins and effector systems as basophils and mast 
cells and, unlike the latter, can be obtained in virtually un- 
limited quantities [12-141. In addition, the nucleotidase ac- 
tivity in HL-60 membranes, unlike in rat peritoneal mast cells, 
is low, a property that greatly facilitates studies on G-protein 
activation [15, 161. Moreover, by analogy to mast cells from 
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different tissues [17], there is substantial variability in the re- 
sponsiveness towards receptor-independent G-protein activa- 
tors of HL-60 cells that had been subjected to different differ- 
entiations [lo]. With respect to RBL 2H3 cells, little is known 
about receptor-independent G-protein activation because they 
do not respond to compound 48/80 and substance I’ in the 
native state [18]. Purified TD is activated by mastoparan, ar- 
promidine-derived guanidines, and a histamine trifluorome- 
thyl-toluidide derivative [ 11, 191. 

MATERIALS AND METHODS 
Materials 

CPHE, DPH, and PRO were obtained from Sigma Chemie 
(Deisenhofen, Germany). Stock solutions of CPHE and DPH 
(0.1 M) and PRO (10 mM) were prepared in distilled water 
and stored at -20”. Sources of other materials have been de- 
scribed elsewhere [9-12, 16, 20-251. 

Cell Culture and Membrane Preparation 

HL-60 cells were cultured in suspension and differentiated 
towards neutrophil-like cells upon incubation with dibutyryl 
CAMP (Bt,cAMP) (0.2 mM) for 48 hr [16] or with RA (10 
nM) for 168 hr [20]. Twenty four hr before experiments or 
membrane preparation, PTX (100 ng/mL) or its carrier (con- 
trol) was added to cell cultures. Culture of RBL 2H3 cells and 
sensitization with DNP-IgE were performed as described [21]. 
HL-60 membranes were prepared according to Seifert and 
Schultz [22]. 

Purification of TD 

Illuminated rod outer segment disk membranes were prepared 
as described by Papermaster and Dreyer [26]. TD was eluted 
from membranes with 100 /.LM GTP according to Kroll et al. 
[27]. GTP was removed from TD by repeated concentration 
and dilution with GTP-free buffer in an Amicon concentra- 
tion chamber (PM 10 membrane). The purity of TD was 
>98% as assessed by SDS-PAGE [23] and silver staining [20]. 
Stock solutions of TD (4-5 PM) were stored at -70”. 

Measurement of Cytosolic Ca” 
Concentration ([C!a’+]L) in RBL 2H3 Cells 

Cells (3 x lo4 cells) were seeded in cell culture dishes (diam- 
eter 3.5 cm) in which a glass coverslip (2 cm x 2 cm x 0.07 
mm) had been placed, and were cultured for 12 hr as described 
[21]. Therefore, the culture medium was decanted and cells 
were loaded with (2 PM) 30 min 

37” in buffer consisting (mM) 138 6 KCl, 
CaCl,, 1 1 Na,HP04, NaHC03, 5.5 and 20 

pH 7.4, with 0.1% bovine 
serum Extracellular dye removed by the 
cells with 2 of a consisting of 138 NaCl, 

KCl, 1 1 CaCl,, glucose and Hepes/NaOH, 
pH For measurement [Ca’+],, cells overlayered 

with mL of aforementioned buffer with 1 
CaCl, or mM EGTA. of [Ca”], single 

cells performed at using an system (T.I.L.L., 
Munich, Germany). were visualized an 

inverted (Zeiss axiovert and Neor 40x 
oil objective (Zeiss, Germany). 
Fura- was excited at 340 and 380 

wia microscope with illumination by a W 
mercury (Olympus, Tokyo, Cellular fluorescence 

filtered through 510 nm pass filter. and F,,, 
determined by addition of (10 

PM) EGTA (10 respectively, to in medium 
CaCl, (1 Images were onto a 

tium 66 computer and by the 5.00 soft 
(T.I.L.L., Photonics, Germany). Ratiometric 

images were at 3 intervals. For 
compensation, illumination an area no cells 
subtracted. For cell, [Ca2’] was averaged pixels 
within outlined cell 

Other Assays Intact Cells 

in HL-60 was determined to Seifert 
al. [24], the fluorescent fura-2. The of 
P-glucuronidase 3.2.1.3 l] lactate dehydrogenase 
1.1.1.271 from cells was as described 
281. Measurement serotonin release RBL 2H3 was 
performed to Offermanns al. [21]. were 
conducted 30 min. 

with HL-60 and TD 

hydrolysis and 5’-[y-thioltriphosphate 
binding in membranes were ac- 

cording Seifert et [9]. GTP by TD nM) 
was as for membranes, except the in- 

time was min. 

Miscellaneous 

was determined to Lowry al. [29]. 
was synthesized to Walseth al. [30]. 

An early in the process of cells is 
of Ca” intracellular stores stimulation 

of influx from extracellular space 241. In 
presence of Ca2+, CPHE mM) induced rapid 
increase [Ca2’], which, an initial returned to 
plateau above values (Fig. In the of extra- 

Ca2+, the of CPHE mM) was and 
more These data that CPHE Ca2+ 
mobilization intracellular stores sustained Ca2+ 
flux from extracellular space. data as CPHE 
were with DPH not shown). was more 

than H,-receptor at activating mo- 
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FIG. 1. Time courses of FMLP- and CPHE-induced rises in 
[Ca’+], in suspended Bt,cAMP-differentiated HL-60 cells: ef# 
fects of extracellular Ca’+ and PTX. Treatments of HL-60 cells 
with PTX (traces 2 and 4) or carrier (control) (traces 1 and 3 ) 
were performed as described in “Materials and Methods.” Cells 
were harvested, loaded with fura-2/acetoxymethylester as de- 
scribed in “Materials and Methods,” and the effects of FMLP (1 
(*M) (A) or CPHE (1 mM) (B) on [CaZ+li were assessed in the 
presence of 1 mM extracellular CaCl, (traces 1 and 2) or 1 mM 
EGTA (traces 3 and 4). Arrows indicate the addition of stim- 
ulus to cells. Superimposed original fluorescence tracings ob- 
tained in a single experiment are shown. Similar results were 
obtained in at least 3 independent experiments performed with 
different cell preparations. 

bilization and Ca2+ influx. PTX ADP-ribosylates G,-protein 
a-subunits and, thereby, inhibits their interaction with ago- 
nist-occupied formyl peptide receptors and cationic-am- 
phiphilic substances [9]. The stimulatory effects of CPHE and 
DPH on [Caz+li were fully PTX-sensitive, whereas the effect of 
FMLP, in particular in the presence of extracellular Ca2+, was 

only partially PTX-sensitive (see Fig. 1) [24]. 
A late event in the signal transduction cascade in HL-60 

ceils is stimulation of azurophilic granule release. CPHE and 
DPH (1 mM each) stimulated /3-glucuronidase release by ap- 
proximately 80% and 65% above basal values, respectively 
(Table 1). FMLP increased azurophilic granule release by more 
than three-fold above basal. The stimulatory effects of FMLP, 

TABLE 1. Stimulation of P-glucuronidase release by J?MLP, 
CPHE, and DPH in Bt,-CAMP-differentiated HL-60 cells: ef- 
feet of PTX 

P-Glucuronidase release 
(% of cellular content) 

Stimulus Carrier (control) PTX 

None (basal) 
FMLP (1 FM) 
CPHE (1 mM) 
DPH (1 mM) 

9.0 * 0.2 9.7 f 0.5 
31.8 + 1.5* 9.8 f O.lt 
16.3 + 0.4* 11.1 f ost 
14.9 f 0.4* 10.5 + 0.8t 

Treatment wrth PTX and measurement of azurophilic granule release were performed as 

described in Materials and Methods. Data shown are the means f SD of assay quadru- 

plicates. Similar results were obtained in at least 3 Independent experiments pefotmed 

with different cell preparatmns. The statistical signifumce of the effects of stimuli com- 

pared to basal azurophilic granule release was assessed using the Wilcoxon test. 

*r < 0.05. 

tNot significant. 

CPHE, and DPH on P-glucuronidase release were PTX-sensi- 
tive. 

To answer the question of whether or not HI-receptor an- 
tagonists induce cell lysis, we assessed the release of a cytosolic 
enzyme, lactate dehydrogenase. Basal lactate dehydrogenase 
release was 8.5 + 1.3% of the cellular content (mean + SD, n 
= 4), and CPHE and DPH (1 mM each) reduced this enzyme 
release to 4.4 f 0.5% and 3.0 f 0.6%, respectively. 

Next, we studied the effects of FMLP and HI-receptor an- 
tagonists on G-protein activation in HL-60 membranes. A 
physiological parameter in this regard is measurement of high- 
affinity GTP hydrolysis catalyzed by G-protein a-subunits [ 11, 
141. CPHE increased GTP hydrolysis with a half-maximal ef- 
fect at 0.4 mM and a plateau at l-3 mM (Fig. 2). In accor- 
dance with the data concerning intact cells, FMLP was a more 
effective activator of GTP hydrolysis than CPHE and DPH 
(Table 2). Another HI-receptor antagonist known to induce 
activation of basophils and mast cells, PRO, was also an acti- 
vator of GTPase [EC 3.6.1.-l. In membranes of PTX-treated 
cells, the stimulatory effects of FMLP and HI-receptor antag- 
onists on GTP hydrolysis were abolished. We noted that the 
HI-receptor antagonists even inhibited GTP hydrolysis in 
membranes of PTX-treated cells by 24-33%, but do not have 
a mechanistic explanation for this finding. GTP@ is a hydro- 
lysis-resistant GTP analogue that binds to G-protein a-sub- 
units with high affinity [ll, 141. CPHE activated GTP@ bind- 
ing in HL-60 membranes with a half-maximal effect at 0.1 mM 
and a maximum at 1 mM (see Fig. 2). The effect of CPH on 
GTP@ binding was PTX-sensitive (data not shown). 

In subsequent experiments, we studied the effects of CPHE 
and DPH on GTP hydrolysis by purified TD. CPHE activated 
the G-protein with a half-maximal effect at 1.5 mM and a 
maximum at 5 mM (Fig. 3). At a maximally effective concen- 

6 5 4 3 2 6 5 4 3 2 

CPHE (-log M) 

FIG. 2. Concentration-response curves for the stimulatory ef- 
fects of CPHE on GTP hydrolysis and GTPyS binding in HC 
60 membranes. GTP hydrolysis and GTPyS binding were de- 
termined in the presence of CPHE at the indicated concentra- 
tions as described in Materials and Methods. Data shown are 
the means + SD of assay quadruplicates. Similar results were 
obtained with 3 different membrane preparations. 
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TABLE 2. Stimulation of GTP hydrolysis by FMLP, CPHE, 
DPH, and PRO in membranes of Bt,-CAMP-differentiated HC 
60 cells: effect of PTX 

GTP hydrolysis 
(pm01 mg-‘min-‘) 

stimulus 

None (basal) 
FMLP (10 PM) 
CPHE (1 mM) 
DPH (1 mM) 
PRO (0.1 mM) 

Carrier (control) 

18.5 + 0.7 
46.6 & 1.5” 
25.7 + l.O* 
27.0 f 0.9* 
24.4 + 0.8* 

PTX 

ll.lkO.4 
12.0 _+ 0.6t 

7.4 f 0.4* 
8.8 * 0.5* 
7.4 * 0.3* 

Treatment with PTX and measurement of GTP hydrolysis were performed as described in 

Materials and Methods. Data shown are the means k SD of assay quadrupbcates. Similar 

results were obtamed with 3 different membrane preparatmns. The statistical slgnlflcance 

of the effects of wmuli compared to basal GTP hpdrolysls was assessed usmg the 

Wilcoxon test. 

partially uncoupled from G,-proteins [31]. This alteration of 
receptor/G-protein interaction is reflected by the finding that, 
in RA-differentiated HL-60 cells, FMLP-induced rises in 
[Ca”], in the presence of extracellular Ca2+ declined more 
rapidly than in Bt2cAMP-differentiated HL-60 cells (compare 
Figs. 1 and 4). Similar findings were obtained for CPH-in- 
duced rises in [Ca2’li. Interestingly, in RA-differentiated HL- 
60 cells, CPHE did not induce rises in [Ca”], in the absence 
of extracellular Ca 2+ (i.e. the substance activated Ca2+ influx 
without concomitant Ca2+ mobilization). CPHE-induced Ca2+ 
influx in RA-differentiated HL-60 cells was completely PTX- 
sensitive, whereas the effect of FMLP was not fully inhibited 
by toxin treatment. 

*r < 0.05. 

+Nor slgmficant. 

tration, CPHE increased enzyme activity by more than three- 
fold above basal. DPH was also an activator of GTP hydrolysis 
catalyzed by TD. Its effect was half~maximal at 0.75 mM, and 
a maximum was reached at 5 mM. At this concentration, DPH 
increased GTP hydrolysis by approximately 2.5-fold above 
basal. 

It is well-known that certain receptor-independent G-pro- 
tein activators exhibit substantial cell type specificity in their 
effects [lo, 17, 181. To address this issue, we studied the effects 
of Hi-receptor antagonists in RA differentiated HL-60 cells 
and RBL 2H3 cells. In the former, formyl peptide receptors are 

Cross-linking of high-affinity IgE receptors in RBL 2H3 
cells resulted in a large and sustained rise in [Ca”], (Fig. 5) 
that was fully attributable to Ca 2+ influx from the extracellular 
space (Table 3). Lin and Gilfillan [32] obtained results similar 
to those reported here. DPH (1 mM) increased [Ca2’], in RBL 
2H3 cells by stimulating Ca2+ influx, but the peak [Ca”], 
values were lower than with antigen stimulation (see Fig. 5 
and Table 3). Compared to DPH, CPHE (1 mM) induced a 
much more transient Ca2+ influx although the peak [Ca”], 
values stimulated by both Ht-receptor antagonists were of sim- 
ilar magnitude. Unlike antigens, CPHE and DPH, the aden- 
osine receptor agonist 5’-N-ethylcarboxamido-adenosine in- 
creased [Ca2+], not only in the presence of extracellular Ca2+ 
but also to some extent in its absence, indicative for both 
activation of Ca2+ mobilization and Ca2+ influx (see Table 3). 

Finally, we asked the question of whether or not antigen-, 
CPHE-, and DPH-induced Ca2+ influxes in RBL 2H3 cells 
possess a functional correlate. Therefore, serotonin release was 

6 5 4 3 2 

H ,-receptor antagonist (-log M) 

FIG. 3. Concentration-response cutves for the stimulatory ef- 
fects of CPHE and DPH on GTE’ hydrolysis catalyzed by pu- 
&ed TD. GTP hydrolysis was determined in the presence of 
CPHE ( W) or DPH (0) at the indicated concentrations as de- 
scribed in “Materials and Methods.” Data shown are the means 
-C SD of assay quadruplicates. Similar results were obtained 
with 2 different TD preparations. 
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FIG. 4. Time-courses of FMLP. and CPHE-induced rises in 
[Caz*li in suspended RAHdifferentiated HC60 cells: effects of 
extracellular Ca’+ and PTX. Treatments of HL-60 cells with 
PTX (traces 2 and 4) or carrier (control) (traces 1 and 3) were 
performed as described in “Materials and Methods.” Cells were 
harvested, loaded with fura-2/acetoxymethylester as described 
in “Materials and Methods,” and the effects of FMLP (1 PM) 
(A) or CPHE (1 mM) (B) on [Caz+li were assessed in the 
presence of 1 mM extracellular CaCl, (traces 1 and 2) or 1 mM 
EGTA (traces 3 and 4). Arrows indicate the addition of stint. 
ulus to cells. Superimposed original fluorescence tracings ob- 
tained in a single experiment are shown. Similar results were 
obtained in at least 3 independent experiments performed with 
different cell preparations. 
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FIG. 5. Tie courses of antigen-, DPH-, and CPHE-induced 
rises in [Caz+li in adherent RBL 2H3 cells. Loading of cells with 
fura-2/acetoxymethylester and measurements of [Caz+li were 
performed as described in “Materials and Methods.” [Caz+li 
was determined in the presence of 1 mM extracellular CaCl,. 
(A) 2,4-DNP-albumin (100 ng/mL); (B) DPH (1 mM); and (C) 
CPHE (1 mM). Arrows indicate the addition of stimulus to 
cells. Bars indicate the SD values of 20 individual cells, Similar 
results were obtained with 3 different preparations of cells. 

determined. 2,4-DNP-albumin (100 ng/mL) stimulated the re- 
lease of 48.4 f 7.3% of the cellular content of serotonin (mean 
f SD, n = 4). The corresponding values for CPHE and DPH (1 
mM each) were 18.9 f 2.5% and 28.9 + 1.4%, respectively. 

DISCUSSION 

First-generation Hr-receptor antagonists induce histamine re- 
lease from basophils and mast cells [3-61. In our present study, 
we show that these drugs also induce exocytosis in HL-60 
leukemic cells and RBL 2H3 cells. It has been suggested that 
the Hi-receptor antagonist-induced release reactions are the 
result of cell lysis [6] (i.e. a nonspecific process). However, 
several findings argue against this notion. If Hi-receptor an- 
tagonists had acted in a toxic manner, they would have been 
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expected not only to induce the release of granule content but 
also of cytosolic constituents [28, 331 (e.g. lactate dehydroge- 
nase and fura-2). In contrast to this expectation, CPHE and 
DPH stabilized HL-60 membranes as is supported by the re- 
duction in lactate dehydrogenase release. In addition, the in- 
creases in fura- fluorescence in HL-60 and RBL 2H3 cells 
induced by the drugs did not steadily increase but, rather, 
decreased with time, indicating that dye leakage into the ex- 
tracellular space did not take place (see Figs. 1, 4, and 5) [33]. 
Moreover, CPHE was less effective than FMLP at increasing 
fura- fluorescence (see Figs. 1 and 4). Interestingly, Lichten- 
stein and Gillespie [S] also did not obtain convincing evidence 
for cytotoxic effects of Hi-receptor antagonists in basophils. 

A clue to understanding the mechanism of action of Hi- 
receptor antagonists is the fact that PTX inhibited the stim- 
ulatory effects of CPHE and DPH on fura- fluorescence and 
azurophilic granule release in HL-60 cells (see Figs. 1 and 4 
and Table 1). The PTX-sensitivity of the effects of Hi-recep- 
tor antagonists in intact HL-60 cells points to the involvement 
of G,-proteins in the signal transduction pathway. In agree- 
ment with such a notion, the drugs induced PTX-sensitive 
stimulations of GTP hydrolysis and GTP@ binding in HL-60 
membranes (see Table 2 and Fig. 2). These data suggest that 
first-generation Hi-receptor antagonists, by analogy to other 
cationic-amphiphilic ligands at histamine receptors [9-l 11, ac- 
tivate G,-proteins in HL-60 cells in a receptor-independent 
manner. 

To corroborate the assumption that Hi -receptor antagonists 
are receptor-independent G-protein activators, we studied 
their effects on the purified PTX-sensitive G-protein, TD. In 
accordance with the data concerning intact cells and cell 
membranes, first-generation Hi-receptor antagonists effec- 
tively stimulated GTP hydrolysis by TD (see Fig. 3). It should 
be emphasized that this G-protein activation took place in the 
absence of any phospholipids (i.e. intact membrane structures 
are not required for G-protein activation by H,-receptor an- 
tagonists). These findings also argue against the hypothesis 
that Hi-receptor antagonists exert their stimulatory effects in 
basophils and mast cells by nonspecifically altering the phys- 
ical properties of plasma membranes [6]. 

The mechanisms involved in the regulation of Ca2+ influx 

TABLE 3. Antigen-, DPH-, CPHE-, and adenosine-induced 
rises in [Ca’+& in RBL 2H3 cells: effect of extracellular Ca3+ 

Increase in [Ca’+& (nM) 

Stimulus +CaCl, +EGTA 

2,4-DNP-albumin (100 ng/mL) 535 f 294 0 
NECA (10 PM) 123+60 60 + 40 
CPHE (1 mM) 234 f 98 0 
DPH (1 mM) 295f217 0 

Loading of cells with fura-2lacetoxymethylester and measurements of [@+I, were per- 

formed as described in Mater& and Methods. Peak [&‘+I, values induced by var~~~us 

stirnub were determmed in the presence of 1 mM extracellular CaClz OT 1 mM extra- 

cellular EGTA. Basal [Ca*+], ,n RBL 2H3 cells was 70 * 15 nM. Data shown are the 

means + SD of 20 individual cells. Slmllar results were obtamed wth 3 d&rent prep- 

arations of cells. NECA, N-ethylcarboxamidoadenosine. 
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in neutrophils/HL-60 cells and mast cells/RBL 2H3 cells are 
very complex. A well-known mechanism involves emptying of 
intracellular Ca’+ stores following phospholipase C activation, 
whereas other mechanisms are independent of Ca2+ store de- 
pletion [34-371. In RA-differentiated HL-60 cells and RBL 
2H3 cells, the two receptor-independent G-protein activators, 
CPHE and DPH, stimulated Ca2+ influx without concomitant 
Ca2+ mobilization (see Figs. 4 and 5 and Table 3). These data 
support the notion that certain Ca*+ influx pathways in hu- 
man myeloid cells underlie a direct G-protein regulation [35, 
361. 
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