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ABSTRACT. The present study focused on the desensitization process of the H2 receptor in U937 cells and the
recovery of the cyclic AMP (cAMP) response. Treatment of U937 leukemic cells with the H2 histamine receptor
agonists (6)-N1-[3-(3,4-difluorophenyl)-3-(pyridin-2-yl)propyl]-N2-[3-(1H-imidazol-4-yl)propyl]guanidine (BU-E-
75) and amthamine produced a rapid desensitization characterized by decreased cAMP production (T1/2 5 20 min).
Pretreatment with 10 mM BU-E-75 did not induce modifications in the responses to prostaglandin E2, isoproterenol,
or forskolin. H2 receptor desensitization was not affected by protein kinase A and C inhibitors, but was reduced
drastically by Zn21 and heparin, known to act as inhibitors of G protein-coupled receptor kinases. Recovery studies
of the cAMP response showed that cAMP levels reached 50% of the initial values within 5 hr. Furthermore,
desensitization produced an important decrease in the basal level of this cyclic nucleotide. The minimal value was
observed 12 hr later, and corresponded to approximately 1.3% of the initial basal level (7.5 vs 0.1 pmol/106 cells). This
result could be explained by an increase in phosphodiesterase activity following 10 mM BU-E-75 treatment. When
cells were exposed for 2 hr to an H2 agonist, binding assays showed no modification in the number of H2 receptors;
internalization began just after 8 hr. Although the initial desensitization seems to involve G protein-coupled receptor
kinases, results indicate that additional mechanisms of regulation were triggered by the H2 agonists. BIOCHEM

PHARMACOL 60;2:159–166, 2000. © 2000 Elsevier Science Inc.
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Based on the differences in the pharmacological profiles of
several drugs, three histamine receptors (H1, H2, and H3)
can be distinguished [1]. Molecular biological studies indi-
cate that the H2 histamine receptor belongs to the large
multigene family of G protein¶-coupled receptors [2].
Structurally, these receptors are characterized by seven
transmembrane a-helices, and functionally, by their ability
to transmit signals to effector molecules via G proteins [3].
It is generally accepted that the H2 receptor is coupled to
the adenylyl cyclase system, through direct interaction with
a Gs protein family [4].

Cellular responses to agonists of G protein-coupled
receptors are attenuated rapidly. Mechanisms of signal
attenuation include ligand removal from the extracellular
fluid, desensitization of receptor function (uncoupling),
endocytosis, and down-regulation [5]. An important com-
ponent of desensitization, which occurs within seconds to
minutes of receptor activation, is the uncoupling of the
activated receptors from their G protein by receptor phos-
phorylation. GRKs, and the second messenger-dependent
kinases PKA and PKC, are responsible for homologous and
heterologous desensitization, respectively [6]. There are six
members of the GRK family, known as GRK1 through
GRK6. On the basis of sequence homology, these can be
classified into three groups: (a) GRK1 (also known as
rhodopsin kinase), (b) GRK2 and 3 (also called b-adren-
ergic receptor kinases 1 and 2, or bARK1 and 2, respec-
tively), and (c) GRK4, 5, and 6. Cytosolic GRK2 and 3 are
translocated to the membrane upon receptor activation, in
a process facilitated by interaction with the Gbg dimers
released [7]. Although the GRK2, 3, 5, and 6 subtypes are
ubiquitous, GRK2 is particularly abundant in peripheral
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blood leukocytes, as well as in myeloid and lymphoid cell
lines [8]. Agonist-induced receptor endocytosis contributes
to desensitization by depleting the cell surface of high-
affinity receptors, whereas recycling of internalized recep-
tors mediates the resensitization of cellular responses [9].
Receptor down-regulation is a form of desensitization that
occurs during continuous, long-term exposure of cells to
receptor agonists. Down-regulation is characterized by the
depletion of the cellular content due to alterations in the
rate of receptor degradation and synthesis [10]. These
regulatory events are important, because they govern the
ability of cells to respond to agonists. This desensitization
mechanism may have serious consequences during various
physiological and pathological processes [11].

Recent studies have reported that the H2 receptor-
mediated cAMP response is desensitized rapidly in various
cell types [12, 13]. However, in contrast to b-adrenergic
receptors [5], the mechanism of H2 receptor desensitization
is still not well understood.

In the human promonocytic cell line U937, an H2 hista-
mine receptor was described that increases cAMP production
directly, with a classical pharmacological profile [13]. Recent-
ly, we found concentration-dependent regulation of c-fos
expression with histamine concentrations corresponding to
those that increase cAMP production via H2 receptors [14].
In addition, a histamine H1 receptor capable of inducing a
concentration-dependent increase in phosphoinositide
turnover was characterized in these cells [15].

In the U937 cell line, sustained PKA stimulation, such as
that induced by db-cAMP and forskolin, results in a differen-
tiation process, though histamine and H2 agonists are unable
to trigger it [14, 16]. These experimental results strongly
suggest that this lack of response may be due to a rapid H2

receptor-mediated desensitization of cAMP production.
The present study focused on the desensitization process

of the H2 receptor in U937 cells, and on the recovery of the
cAMP response. The participation of GRKs in the desen-
sitization process and the slow recovery of the cAMP response,
and its relationship to the induction of PDE activity and
the kinetics of receptor internalization, are shown.

MATERIALS AND METHODS
Chemicals

Histamine dihydrochloride, forskolin, PGE2, IBMX, isopro-
terenol, cAMP, 1-(5-isoquinolinylsulphonyl)-2-meth-
ylpiperazine (H7), famotidine, and mepyramine were ob-
tained from the Sigma Chemical Co. Amthamine, tioti-
dine, and N-(2-aminoethyl)-5-isoquinolinesulphonamide
(H9) were purchased from Tocris Cookson Inc. 29-O-
Anthraniloyl cAMP was purchased from GIBCO BRL.
Dimaprit, (6)-N1-[3-(4-fluorophenyl)-3-(pyridin-2-yl)pro-
pyl]-N2-[3-(1H-imidazol-4-yl)propyl]guanidine (arpromi-
dine),and(6)-N1-[3-(3,4-difluorophenyl)-3-(pyridin-2-yl)-
propyl]-N2-[3-(1H-imidazol-4-yl)propyl]guanidine (BU-E-
75) were provided by Dr. W. Schunack of the Frëie
Universität, and Dr. A. Buschauer of the Regensburg

Universität. [3H]cAMP and [3H]tiotidine were purchased
from New England Nuclear. All other chemicals were of
analytical grade.

Cell Culture

U937 cells, obtained from the American Type Culture
Collection, were cultured at 37° in a humidified atmo-
sphere with 5% CO2 in RPMI 1640 medium supplemented
with 10% FBS. Cells were passed routinely every 3 days and
seeded at a density of 2.5 3 105 cells/mL. Cell viability was
monitored in every assay by trypan blue exclusion.

cAMP Assay

Cells were resuspended in Hanks’ solution supplemented
with 0.8 mM IBMX, at a density of 106 cells/mL, preincu-
bated for 3 min at 37°, and exposed for 9 min to different
chemicals at the indicated concentrations. The reaction
was stopped by a 3-min centrifugation at 3000 g; the
resulting pellet was resuspended in ethanol for cAMP
extraction and further centrifuged for 10 min at 3000 g.
Then the ethanol phase was dried and resuspended in 50
mM Tris–HCl, pH 7.4. cAMP content was determined by
means of competition with [3H]cAMP for PKA, as previ-
ously described [17].

Desensitization Experiments

Pretreatment of cells with BU-E-75 or amthamine was
performed in RPMI 1640 medium, supplemented with 10%
FBS, at 37° in a 5% CO2 humidified atmosphere. Cells
were exposed to 10 mM H2 agonists (maximal response) for
periods ranging from 1 min to 3 hr, in the absence of IBMX.
Then cells were washed and resuspended in Hanks’ solution
containing 0.8 mM IBMX, at a density of 106 cells/mL, and
exposed for 9 min to 10 mM H2 agonists, 1 mM isoproter-
enol, 75 mM forskolin, or 1 mM PGE2, to determine
whether the AC could still generate cAMP.

Cells were pretreated with 20 mM H7 or H9, PKA and
PKC inhibitors, or 200 mM Zn21 (a GRK inhibitor) [18] for
20 min at 37°, following which the desensitization assays
were carried out in the presence of inhibitors. Low Mr

(>3000) heparin was allowed to enter the cells by prein-
cubating the cultures overnight in the presence of heparin
together with 5 mg/mL of lipofectamine (GIBCO BRL),
before desensitization. cAMP production is expressed as
picomoles of cAMP produced per 106 cells, or represented
as the percentage of stimulation relative to basal levels.

Assay of Phosphodiesterase Activity

Several fluorescent analogues of cAMP and cGMP have
been used as substrates of PDE to determine activity [19].
For this study, the fluorescent cAMP analogue 29-O-
anthraniloyl cAMP was used to characterize U937 cell PDE
activity.
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The U937 cells were resuspended in PDE buffer (10 mM
HEPES, 90 mM KCl, 0.7 mM CaCl2, 5 mM MgCl2, pH 7.0),
and disrupted with ultrasound. The reaction mixture was
prepared in a quartz cuvette with 1 mL of cellular lysate as a
source of PDE, and 1 mL of 8 mM 29-O-anthraniloyl cAMP
solution (2x) in PDE buffer. This suspension was mixed
thoroughly, and the change in fluorescence emission at 430
nm (330 nm excitation) was recorded. A calibration curve was
prepared with substrate standards covering the 1–8 mM range,
and the fluorescence values were converted to femtomoles
of substrate degraded per minute per 106 cells, at 37°.

Radioligand Binding Assay

Triplicate assays were performed in polyethylene tubes in
50 mM Tris–HCl, pH 7.4. For saturation studies, increasing
concentrations of [3H]tiotidine were incubated with 106

cells/tube (or purified membrane fraction corresponding to
this number of cells), in the absence or presence of 1 mM
tiotidine, in a total volume of 200 mL. After 40 min at 4°,
incubation was stopped by dilution with 3 mL of ice-cold 50
mM Tris–HCl, pH 7.4, and rapid filtration under reduced
pressure onto Whatman GF/B glass-fiber filters was per-
formed, followed by three 3-mL washes with ice-cold buffer.
Experiments on intact cells were carried out at 4° to avoid
internalization of the ligand. Kinetic studies showed that
equilibrium was reached after 30 min and persisted for 4 hr
(data not shown). A purified membrane fraction was
obtained by disrupting cells by sonication in 50 mM
Tris–HCl, pH 7.4, and centrifuging for 15 min at 8500 g.
The supernatant was centrifuged further for 40 min at
30,000 g, and the resulting pellet was resuspended in 50
mM Tris–HCl, pH 7.4. For desensitization assays, cells were
exposed to 10 mM BU-E-75 and washed carefully with
Hanks’ solution before being included in the binding assay.

Western Blot Analysis

Cells (3 3 106) were lysed in 300 mL of 50 mM Tris–HCl,
pH 6.8, 2% SDS, 100 mM 2-mercaptoethanol, 10% glycerol,
and 0.05% bromophenol blue, and sonicated to shear DNA.
Then samples were boiled for 5 min, and 20-mL aliquots were
electrophoresed in 12% SDS–polyacrylamide gels and trans-
ferred to nitrocellulose paper. The residual binding sites were
blocked with 5% nonfat powdered milk in PBST (PBS
containing 0.05% Tween-20), and membranes were incubated
with 1 mg/mL of anti-GRK (2, 3, 5, and 6) rabbit sera (Santa
Cruz Biotechnology) in PBST. All subsequent washes were
performed with PBST. Reactivity was developed using an
anti-rabbit polyclonal antibody linked to horseradish peroxi-
dase and enhanced chemiluminescence reagents, according to
the manufacturer’s instructions (Amersham Life Science).

Data Analysis

Results are expressed as the means 6 SEM of at least three
independent experiments, and statistical significance was

analyzed by one-way ANOVA. Experimental data for satura-
tion and inhibition studies were analyzed using the nonlinear
fitting method of steepest descent to reach the lowest sum of
squares supplied by PRISM (Graph Pad Software, Inc.). To
facilitate comparisons, IC50 values were converted to Ki

values using the Cheng and Prusoff equation [20].

RESULTS
cAMP Production by H2 Agonists in U937 Cells

The ability of U937 cells to produce cAMP when stimu-
lated with histamine or dimaprit was similar to that
reported by other authors [13]. Similar results were obtained
with other H2 agonists such as BU-E-75, arpromidine [21],
and amthamine (Table 1).

Histamine H2 Receptor Desensitization

H2 receptor desensitization assays were performed with specific
H2 agonists to avoid interactions between the signaling pathways
of both receptor subtypes, as previously described [22].

After pretreatment ranging from 1 min to 3 hr with a
given H2 agonist, a decrease in cAMP production was ob-
served when the cells were re-challenged with the same
agonist (Fig. 1A). BU-E-75 and amthamine no longer induced
a response when cells were pretreated for 2 hr. Half-maximal
desensitization was observed at 20 6 3 min (mean 6 SEM,
N 5 4) for BU-E-75, and 14 6 3 min (mean 6 SEM, N 5
3) for amthamine. When cells were incubated with both 10
mM BU-E-75 and 10 mM famotidine (a specific H2 antag-
onist), desensitization was prevented completely (Fig. 1B).
Finally, this effect was not observed with 10 mM mepyra-
mine, a specific H1 antagonist (Fig. 1B).

To establish whether the observed desensitization was
confined to the histamine H2 receptor, we examined the
effects of H2 agonist pretreatment on the responses to
PGE2, isoproterenol (a b-adrenergic agonist), and forskolin
(a direct activator of AC). When U937 cells were stimu-
lated with PGE2, isoproterenol, or forskolin, a concentra-
tion-dependent increase in cAMP production with EC50

values of 40 6 3 nM (mean 6 SEM, N 5 5), 20 6 3 nM
(means 6 SEM, N 5 4), and 19 6 2 mM (mean 6 range,
N 5 2), respectively, was detected. In the pretreated cells,
concentration–response curves showed similar results (data
not shown), although no changes were observed in the

TABLE 1. Induction of cAMP production in U937 cells by
H2 agonists

Agonist EC50 (mM)
Maximal response
(pmol/106 cells)

Histamine 2.7 6 0.3 120 6 3
Dimaprit 0.25 6 0.04 70 6 11
Arpromidine 0.31 6 0.03 65 6 7
Amthamine 1.00 6 0.30 69 6 7
BU-E-75 0.27 6 0.04 60 6 4

Data are the means 6 SEM, obtained in four independent experiments performed on
different preparations of U937 cells.
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desensitization assays following 1 mM PGE2, 1 mM isopro-
terenol, or 75 mM forskolin stimulus (Fig. 1A).

To determine whether protein kinases are involved in
the desensitization of the H2 receptor in U937 cells,
experiments were performed in the presence of H7 or H9 as
inhibitors of PKA and PKC, and Zn21 and heparin as
inhibitors of GRKs.

Results indicated that 20 mM H7 and H9 had no effect
on desensitization (T1/2 5 18 6 4 min, mean 6 range, N 5
2, and 14 6 4 min, mean 6 SEM, N 5 3, respectively) (Fig.

2). No modifications were observed either in cAMP basal
levels or in the PGE2-mediated response (data not shown).
Pretreatment of the cells for 30 min with 200 mM Zn21

completely blocked the desensitization of the AC response
(Fig. 2). Because Zn21 affected the viability of the cells,
amthamine treatment was limited to 60 min in these
experiments. At the concentration used, and for incubation
times not exceeding 60 min, Zn21 had no effect on
amthamine stimulation in naive cells (data not shown).
Low Mr (>3000) heparin was allowed to enter the cells by
preincubating the cultures overnight in the presence of 1 or
5 mM heparin together with 5 mg/mL of lipofectamine,
before desensitization. Heparin or lipofectamine alone did
not alter the effect of amthamine on the cAMP response
(data not shown), but in the presence of heparin and
lipofectamine, desensitization of the H2 receptor was re-
duced markedly. cAMP accumulation was still 30 6 5 or
15 6 3% of the control value in the presence of 5 or 1 mM
heparin, respectively, compared to 2 6 1% for cells desen-
sitized in the absence of heparin (Fig. 2, inset). Viability of
cells was reduced drastically at concentrations higher than
10 mM (data not shown). To identify the GRKs expressed
in these cells, extracts were used in immunoblots. The
expression of GRK2, 3, and 6 was not modified by treat-
ment with the H2 agonist (Fig. 3), whereas GRK5 showed
no positive band (data not shown).

FIG. 1. H2 agonist-induced desensitization of the histamine H2
receptor. (A) U937 cells were preincubated for different periods
of time with 10 mM BU-E-75, washed, incubated for 3 min in
Hanks’ medium supplemented with 0.8 mM IBMX, and finally
stimulated with 10 mM BU-E-75 (F), 1 mM PGE2 (E), 1 mM
isoproterenol (l), or 75 mM forskolin (M). Basal cAMP levels
were evaluated at each experimental time (f). cAMP production
was determined as described in Materials and Methods. Data are
expressed as pmol/106 cells, and were calculated as the means 6
SEM of assay triplicates. Similar results were obtained in at least
three independent experiments. (B) U937 cells were preincu-
bated with 10 mM BU-E-75 (D); 10 mM BU-E-75 and 10 mM
famotidine (D1F); or 10 mM BU-E-75 and 10 mM mepyramine
(D1M) for 2 hr, washed, incubated for 3 min in Hanks’
medium supplemented with 0.8 mM IBMX, and stimulated with
10 mM BU-E-75. cAMP production was determined as de-
scribed in Materials and Methods. Filled bars represent control
cells that were not exposed to the desensitization stimulus: (B)
basal levels, (H2) stimulation with 10 mM BU-E-75. Data were
calculated as the means 6 SEM of assay triplicates. Similar
results were obtained in at least three independent experiments.
Key: (*) P < 0.001, by ANOVA for multigroup comparison
followed by Bonferroni’s test.

FIG. 2. Effect of H7 or H9 as inhibitors of PKA and PKC, and
Zn21 or heparin as inhibitors of GRKs on desensitization of the
H2 receptor. U937 cells were pretreated with 20 mM H7 (F),
20 mM H9 (E), 200 mM Zn21 (f), or not pretreated (M), and
exposed for different periods of time to 10 mM amthamine. Cells
were then washed, incubated for 3 min in Hanks’ medium
supplemented with 0.8 mM IBMX, and then stimulated with 10
mM amthamine. cAMP production was determined as described
in Materials and Methods. Data are expressed as pmol/106 cells,
and were calculated as the means 6 SEM of assay triplicates.
Similar results were obtained in at least three independent
experiments. (Inset) Effect of heparin on desensitization of the
H2 receptor. cAMP levels were determined as described in
Materials and Methods in naive (N) and 1-hr-desensitized (D)
cells, before or after treatment with 1 or 5 mM heparin. Data are
expressed as means 6 SD (N 5 3, each determination per-
formed in duplicate). Key: (*) P < 0.01, by ANOVA test for
multigroup comparison followed by Bonferroni’s test.
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Recovery of the cAMP Response Following BU-E-75
Desensitization

To determine the recovery of the cAMP response following
pretreatment with BU-E-75, cells were pretreated with 10
mM BU-E-75 for 2 hr, the period required for total desensiti-
zation. Cells then were washed, and basal and re-stimulated
levels of cAMP were evaluated. cAMP levels from cells
receiving no pretreatment represent control values.

A slow recovery of the BU-E-75-induced intracellular
cAMP accumulation could be observed in pretreated cells.
When the desensitizing stimulus was removed, 50% of the
initial response was recovered within 5 hr, while 100%
recovery was achieved after 15 hr (Fig. 4).

Results showed that pretreatment for 2 hr induced modifi-
cations in the basal levels of cAMP with respect to control
cells. Minimal values were observed 12 hr later, and
corresponded to approximately 1.3% of the initial basal
level (7.5 vs 0.1 pmol/106 cells) (inset Fig. 4). These results
can be explained by an increase in PDE activity following
10 mM BU-E-75 treatment.

Phosphodiesterase Activity

Total PDE activity in U937 cells was determined in a
mixture of cytosolic and membrane fractions, using 8 mM
anthraniloyl cAMP. Two hours after treatment with 10 mM

BU-E-75, a 2-fold increase in PDE activity, compared with
untreated cells (2.25 6 0.09 fmol/min per 106 cells,
mean 6 SEM, N 5 3 vs 1.33 6 0.16 fmol/min per 106 cells,
mean 6 SEM, N 5 3) was observed (Fig. 5). Prolonged
treatment resulted in a marked increase in PDE activity,
reaching a maximum within 24 hr (7.18 6 1.30 fmol/min
per 106 cells, mean 6 SEM, N 5 3) (Fig. 5).

[3H]Tiotidine Binding Assay

To evaluate whether receptor internalization takes place
during the desensitization process, [3H]tiotidine binding

FIG. 3. Expression of GRKs in U937 cells. U937 cells were
incubated with 10 mM amthamine for the indicated periods of
time before harvesting, and lysed as described in Materials and
Methods. Samples were electrophoresed on 12% SDS–polyac-
rylamide gels, transferred to nitrocellulose, and immunoblotted
with polyclonal purified rabbit sera against GRK2, GRK3, and
GRK6.

FIG. 4. Recovery from BU-E-75 desensitization. Cells were
treated with 10 mM BU-E-75 for 2 hr, washed (2), and the
capacity of H2 receptors to generate an increase of intracellular
cAMP at different times was evaluated. Results are expressed as
percent of stimulation; basal levels are considered as 100% at
the different times. Data were calculated as the means 6 SEM of
assay triplicates. Similar results were obtained in at least three
independent experiments. (Inset) Cells were pretreated with
BU-E-75 for 2 hr (f) or not (M), washed (2), and basal cAMP
levels at different periods of time were evaluated by incubating
cells for 12 min in Hanks’ solution, supplemented with 0.8 mM
IBMX. Data were calculated as the means 6 SEM of assay
triplicates. Similar results were obtained in at least three inde-
pendent experiments.

FIG. 5. PDE activity in U937 cells. Cells were incubated for
different periods of time with 10 mM BU-E-75, and the activity
of PDE was evaluated as described in Materials and Methods.
Basal values correspond to untreated cells. Data were calculated
as the means 6 SEM of three independent experiments. Key: (*)
P < 0.05 with respect to basal activity.
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experiments were carried out. Saturation analysis using
intact cells revealed a [3H]tiotidine binding site (Q 5
20,500 6 1,800 sites/cell, Kd 5 20 6 3 nM, mean 6 SEM,
N 5 5) (Fig. 6A). Similar results were obtained using the
purified membrane fraction (data not shown). To confirm
that [3H]tiotidine specifically labeled the H2 receptor,

inhibition of [3H]tiotidine binding to U937 cells by several
H2 agonists and antagonists was evaluated (Table 2). The
maximal inhibition of [3H]tiotidine binding by each com-
pound did not differ significantly from that obtained in the
presence of 1 mM tiotidine, i.e. there was no displacement
of the nonspecific component that routinely accounted for
50–55% of the total binding. Binding experiments were
performed using intact cells pretreated for 2 hr with 10 mM
BU-E-75, at which time complete loss of cAMP respon-
siveness occurred. Results showed that the number of sites
remained unmodified (Q 5 21,800 6 2,114 sites/cell,
mean 6 SEM, N 5 3) (Fig. 6B). Cells were then washed to
remove the desensitizing stimulus, and the number of sites
were evaluated for different periods of time. Similar results
were observed after 2 hr of total desensitization (Fig. 6C).
At this time, the number of sites decreased, reaching a
minimum value at 4 hr (Q 5 9446 6 514 sites/cell; Kd 5
22 6 8 nM, mean 6 SEM, N 5 3) (Fig. 6, B and C), and
a total recovery of binding sites was achieved after 10 hr
(Fig. 6C).

DISCUSSION

The U937 cell line is derived from the pleural fluid of a
patient with diffuse histiocytic lymphoma [23]. The pres-
ence of H2 receptors in this cell line has been described,
showing a classic pharmacological profile similar to the one
described for the guinea pig right atrium [13]. For this
reason, these cells represent an interesting model for
studying the signal transduction pathway for H2 receptors.
Recent studies indicate a rapid desensitization of the H2

receptor by 100 mM histamine [13].
In this study, using 10 mM BU-E-75 and amthamine, we

demonstrated a specific desensitization with a T1/2 of
approximately 20 min, similar to the one described for
histamine [13]. This process was blocked by 10 mM famo-
tidine, whereas mepyramine did not modify desensitization,
indicating that the cross-talk between the histamine H1

and H2 receptor [15] is not involved in the mechanism of
desensitization.

Desensitization proved to be homologous, since pretreat-
ment did not induce modifications in the responses to
PGE2, isoproterenol, or forskolin. Pretreatment of cells with
H7 and H9 did not modify H2 receptor desensitization

FIG. 6. [3H]Tiotidine binding to U937 cells. (A) Saturation
assay for [3H]tiotidine in U937 cells: (f) specific binding and
(M) nonspecific binding to intact cells. Data were calculated as
the means 6 SEM of assay triplicates. Similar results were
obtained in five independent experiments. (B) Scatchard plot of
a saturation assay with [3H]tiotidine on intact cells, incubated
with 10 mM BU-E-75 for 2 hr (E), after 6 hr of total
desensitization (F), or without treatment (M). Data were
calculated as the means 6 SEM of assay triplicates. Similar
results were obtained in at least three independent experiments.
(C) Cells were treated with 10 mM BU-E-75 for 2 hr, washed
(2), and total binding at different times was evaluated. Data
represent the Q total from a saturation assay with [3H]tiotidine
on intact cells, calculated as the means 6 SEM of three indepen-
dent experiments. Key: (*) P < 0.01 with respect to control.

TABLE 2. Inhibition constants (Ki) for [3H]tiotidine binding

Compound IC50 (nM) Ki (nM)

Tiotidine 74.5 6 20 37 6 17
Famotidine 317 6 60 156 6 34
BU-E-75 319 6 20 160 6 19
Mepyramine ND ND

The IC50 Values were calculated from a nonlinear regression program by the
method of Cheng and Prusoff [20]. Results are expressed as the means 6 SEM, N
5 3– 4. Ki 5 IC50/1 1 [T]Kd21, where IC50 is the concentration of the agent
required for 50% inhibition of specific [3H]tiotidine binding, [T] is the concen-
tration of [3H]tiotidine in the assay (20 nM), and Kd is the dissociation constant
for [3H]tiotidine, considered as 20 nM. ND, , 20% inhibition at 5 3 1025 M.
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kinetics, indicating that neither PKA nor PKC is involved
in this process. Desensitization of the histamine H2 receptor
has been noted in the human leukemia cell line HL-60, and
the human gastric adenocarcinoma cell line MKN-45.
Rapid homologous and heterologous desensitizations have
been observed in HL-60 cells. In the case of the MKN-45
cell line, cAMP-independent homologous desensitization
(via GRK2) could be detected, but heterologous desensiti-
zation was absent [24, 25]. For other receptors such as the
b2-adrenergic receptor, both PKA-dependent and PKA-
independent mechanisms (GRKs) have been shown to
contribute to agonist-induced desensitization, as well as in
the sequestration of the receptors from the cell surface [26].
However, there are several reports of Gs-coupled receptors
in which no PKA-mediated desensitization was observed
[11]. In U937 cells, we recently reported heterologous
desensitization of H2 receptors via PKA, following forskolin
stimulation [16].

Zn21 has been shown to inhibit phosphorylation of the
b2-adrenergic receptor by bARK, and completely blocks
the time-dependent desensitization and phosphorylation of
the d-opioid receptors in SK-N-BE cells [18]. In the present
study, we detected an inhibition of the desensitization
process in the presence of Zn21. Furthermore, a pro-
nounced inhibition of desensitization in the presence of 5
mM heparin was also observed, a result that strongly
suggests that a member of the GRK family is involved in
this event. Immunoblots showed the expression of three
members of this family in U937 cells (GRK2, 3, and 6),
indicating that some GRKs could be involved in H2

receptor desensitization.
The decrease in the basal levels of cAMP after 2 hr of

treatment is a consequence of the induction of PDE
activity. Previous studies with U937 cells have shown that
the activity of cyclic nucleotide phosphodiesterase 4
(PDE4) is increased by agents that elevate cAMP content
[27]. PDE4 is the predominant cAMP-hydrolyzing isoen-
zyme class found in most, if not all, immune and inflam-
matory cells [28].

The present data show that up to 2 hr, the time in which
receptor desensitization is nearly complete, internalization
does not take place. Similar results have been described for
H2 receptors in HL-60 cells [24], and in the gastric
carcinoma cell line HGT-1 [29]. Moreover, desensitization
studies of histamine H2 receptor expressed in the HEK-293
cell line [30] and in CHO cells [12] indicate a rapid
receptor desensitization with subsequent internalization,
followed by a rapid recovery of the response.

Binding experiments showed that receptor internaliza-
tion began after 2 hr, when total desensitization took place.
After removal of the desensitizing stimulus, the number of
sites reached a minimum at approximately 4 hr, and total
recovery of the binding sites was achieved after 10 hr. H2

receptor internalization and recycling to the membrane
correlates with the recovery of the cAMP response dis-
cussed previously.

It has been postulated that the internalization of seven

transmembrane receptors is necessary for the dephosphor-
ylation and recycling of the receptor to the membrane to
allow recovery of the response [11]. In addition, it has been
reported that in b-adrenergic receptors prevention of se-
questration abolishes the recovery of the biological re-
sponse [11].

Histamine receptors have been classified according to
their pharmacological properties [31]. During the last few
years, study of the molecular biology of G protein-coupled
receptors has led to a dramatic increase of receptor subtypes
[11, 32], and in many cases has allowed the explanation of
different regulatory mechanisms.

cAMP levels are implicated in growth regulation of
normal and malignant cells [33, 34]. This second messenger
is also involved in apoptotic cell death in lymphoid [35]
and myeloid cells [36–38]. In HL-60 cells, histamine,
acting through H2 receptors, produces an increase in cAMP
intracellular levels that induces cell maturation. In this
system, the reported T1/2 of desensitization is 60 min [39].

We recently have found that histamine is not capable of
inhibiting U937 cell proliferation, despite the marked but
transient increase in cAMP levels, whereas important
inhibition was observed with db-cAMP and forskolin [14,
16]. Accordingly, we have shown that forskolin and db-
cAMP, but not H2 agonists, induced cells to acquire the
ability to produce superoxide anion, to express cell surface
maturation markers, and to increase chemotaxis, indicating
cellular differentiation [14, 16]. These results suggest that
the binding of agonists to H2 histamine receptors triggers
an early specific response characterized by an increase in
cAMP levels, but the rapid desensitization (T1/2 5 20 min)
makes this response insufficient to induce differentiation of
U937 cells [14, 16].

The histamine receptor has an important role in many
physiological and pathological processes. A better under-
standing of the receptor signal transduction regulation
might be of importance in therapeutic manipulation.
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