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Leykza Vélez, and Jacquie L. Harper

Laboratory Of Bioorganic Chemistry, National Institute of Diabetes and Digestive and Kidney
Diseases, National Institutes of Health, DHHS, Bethesda, Maryland

Strategy, Management and Health Policy

Enabling

Technology,

Genomics,

Proteomics

Preclinical

Research

Preclinical Development

Toxicology, Formulation

Drug Delivery,

Pharmacokinetics

Clinical Development

Phases I-III

Regulatory, Quality,

Manufacturing

Postmarketing

Phase IV

ABSTRACT Loperamide at 3–10mM has augmentative effects on calcium levels elevated by
capacitative calcium entry (CCE) in leukemic HL-60 cells after release of intracellular calcium by ATP
or thapsigargin (Harper et al. [1997] Proc Natl Acad Sci USA 94:14912–14917). The effect of loperamide
on calcium levels was absent at a pH value of 6.8, a pH at which CCE is not active in HL-60 cells. Further
investigations of HL-60 cells in recent years revealed a great reduction in the magnitude of the loperamide
response. However, when preceded by a CCE blocker, namely N-methylnitrendipine (MRS 1844)
or N-propargylnitrendipine (MRS 1845), loperamide caused a significant reversal of the blockade.
Six structural analogs of loperamide were synthesized, but only two showed loperamide-like activity.
Drug Dev. Res. 67:842–851, 2006. �c 2007 Wiley-Liss, Inc.
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INTRODUCTION

Loperamide (ImodiumTM) was developed as an
opioid agonist with potent antidiarrheal activity and no
behavioral effects due to limited access to the central
nervous system [Daly and Harper, 2000; Shriver et al.,
1981]. Loperamide has peripheral analgetic effects
[Dehaven-Hudkins et al., 1999, 2002; Takasuna et al.,
1994; Butelman et al., 2004] and central effects when
transport into brain is facilitated [Emerich et al., 1998].
The antidiarrheal effects of loperamide are due, at least
in part, to agonist activity at intestinal opioid receptors,
but inhibition of calmodulin-mediated secretion may
also play a role [Zavecz et al., 1982; Kachur et al.,
1986; Diener et al., 1988; Ma et al., 1995]. Blockade
of calcium channels by loperamide also appears to play
a role in the antidiarrheal effects [Burleigh, 1988;
Reynolds et al., 1984].

Loperamide was among the most potent drugs in
blocking maitotoxin-elicited calcium influx in fibroblast

cells [Daly et al., 1995] and was later shown to potently
block maitotoxin-elicited calcium influx in Madin-
Darby kidney cells [Olivi and Bressler, 2000]. However,
while loperamide had no effect on ATP-elicited release
of intracellular calcium in leukemic HL-60 cells, a
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response involving activation of phospholipase C,
formation of IP3, and IP3-mediated activation of IP3-
sensitive calcium channels in the endoplasmic reticu-
lum, it did augment the elevated levels of calcium that
were then maintained by capacitative calcium entry
(CCE) [Daly et al., 1995; Harper et al., 1997]. Such
CCE has been proposed to be linked to poorly defined
store-operated calcium (SOC) channels, also called
calcium release-activated calcium (CRAC) channels.
It became clear that loperamide alone had little or no
effect on intracellular calcium in HL-60 cells, but that
it selectively augmented levels maintained by CCE
[Harper et al., 1997]. Loperamide had no effect on
sphingosine-elicited elevation of intracellular calcium
in HL-60 cells [Shin et al., 2000]. Loperamide did
augment CCE-supported elevations of intracellular
calcium seen after treatment of HL-60 cells with
the calcium-ATPase inhibitor thapsigargin or with
N-formyl-met-leu-phe (fMLP) [Harper et al., 1997].
Augmentative effects of loperamide on CCE-supported
elevations of intracellular calcium were found in
astrocytoma 1321 cells after ATP, in RBL-2H3 mast
cells after 50-(N-ethylcarboxamido)adenosine (NECA),
and in DDT-MF2 smooth muscle cells and GH4C1

pituitary cells after thapsigargin [Harper et al., 1997].
The loperamide response was temperature-dependent,
being maximal at 221C in HL-60 cells [Harper and
Daly, 2000]. Loperamide augmented CCE- maintained
increases in intracellular calcium in human neutrophils
after either fMLP or platelet-activating factor (PAF)
[Chen et al., 2000]. Loperamide also could augment
elevations of intracellular calcium elicited in HL-60
cells by miconazole, clotrimazole, and SKF 96365
[Harper and Daly, 1999], perhaps by reversing the
well-known but poorly defined blockade of CCE by
these imidazoles. In addition to blocking CCE, such
imidazoles appeared to activate phospholipase C in
HL-60 cells and thereby trigger an IP3-dependent
elevation of intracellular calcium [Harper and Daly,
1999; Daly and Camerini-Otero, 2006]. All the above
studies were conducted with differentiated HL-60
cells. In undifferentiated cells, loperamide augmented
CCE-supported elevations of intracellular calcium,
but when tested alone caused a modest elevation of
calcium [Harper and Daly, 2000]. As presented in the
current study, the response to loperamide in HL-60
cells was pH-dependent, being absent at pH 6.8 where
no CCE activation is manifest, and being maximal at
pH 8.0 where the CCE activation appeared greatest.
All the above studies with HL-60 cells, including the
now reported pH-dependency, were conducted prior to
the fall of 2000. After about a year, studies on the
loperamide response were resumed and inexplicably
the loperamide effect was greatly reduced or absent.

In spite of various efforts, the reason for the near
disappearance of the loperamide effect was not
resolved, but may be due to culture conditions now
done with current supplies of fetal bovine serum.
However, as presented in the current report, loper-
amide did significantly reverse in HL-60 cells the
reduction in CCE-maintained levels of intracellular
calcium caused by N-substituted nitrendipines (MRS
1844 and MRS 1845), agents previously reported as
potent blockers of CCE in HL-60 cells [Harper et al.,
2003]. Of six structural analogs of loperamide, only two
caused a marginal reversal of the blockade by MRS
1844, indicating a strong structural requirement for the
loperamide response. Thus, one possible rationale of
the present minimal loperamide effect in HL-60 cells
would be that in earlier studies there was an inhibitory
modulatory effect on CCE that loperamide was
reversing.

MATERIALS AND METHODS

Materials

Loperamide was from Sigma/RBI (Natick, MA).
2,2-Diphenylacetonitrile, methyl 2,2-diphenylacetate,
4-hydroxy-4-chlorophenylpiperidine, 4-hydroxy-4-phe-
nylpiperidine, 1-phenylpiperazine, 2-bromoacetalde-
hyde dimethylacetal and dibutyryl cyclic AMP were
from Sigma Chemical Company (St. Louis, MO).
Roswell Park Memorial Institute 1640 media (RPMI),
fetal bovine serum, L-glutamine, and penicillin/strep-
tomycin were from Gibco BRL, Life Technologies
(Frederick, MD). ATP was from Fluka (Ronkonkoma,
NY). N-Propargylnitrendipine (MRS 1845) and
N-methylnitrendipine (MRS 1844) were synthesized
as described [Harper et al., 2003]. The former
dihydropyridine is commercially available from Sigma
Chemical Company. Leukemic HL-60 cells were from
American Type Culture Collection (Manassas, VA).
Fura-2 AM and BCECF-AM were from Molecular
Probes (Eugene, OR).

Six analogs of loperamide were synthesized. The
structures of loperamide (1) and the six analogs are
shown in Figure 1. Analog 2 was synthesized by
hydrogenation of 1 (514 mg) in ethanol (20 ml)
containing triethylamine (0.4 ml) and 50 mg 10% Pd
on C catalyst for 24 h to yield 192 mg (44%) after
recrystallization. Analog 3 was synthesized by dehydra-
tion of 1 (280 mg) with 15 ml H3PO4 at 1151C for 2 h,
followed by extraction into dichloromethane to yield
177 mg (65%) after purification with silica gel chroma-
tography (dichloromethane:methanol 9:1) and recrys-
tallization. The synthesis of analogs 4 and 5 began by
addition of 2,2-diphenylacetonitrile (2 g) to toluene
(20 ml), containing 990 mg NaH, with stirring under
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N2. After stirring at room temperature for 30 min, 2-
bromoacetaldehyde dimethylacetal (5.2 ml) was added
and the reaction mixture was heated to 801C and
stirred for 2 h. After cooling, the mixture was washed
with water and the toluene phase extracted into
dichloromethane, followed by washing with brine and
then drying with anhydrous Na2SO4. After removal
of solvents, the residue was purified by silica gel
chromatography (hexane: ethyl acetate 9:1) to yield
1.4 g (54%) of the desired dimethylacetal. The acetal
(1.34 g) in acetone (20 ml) H20 (5 ml), containing
224 mg pyridinium p-toluene sulfonate (PPTS), was
refluxed for 8 h. Further PPTS (224 mg) was added,
followed by further reflux. Product formation was
monitored by thin-layer chromatography. The acetone
was removed in vacuo followed by washing of the
residue with brine. After extraction with dichloro-
methane, drying with anhydrous Na2SO4, evaporation
of solvent, purification with silica gel chromatography
(hexane: ethyl acetate 9:1) yielded 490 mg (43%)
2-acetaldehyde-2,2-diphenylacetonitrile. The aldehyde
intermediate (235 mg) was reacted with either
4-hydroxy-4-p-chlorophenylpiperidine (500 mg) or 4-
hydroxy-4-phenylpiperidine (532 mg) in 10 ml metha-
nol containing sodium cyanoborohydride (125 mg) for
90 min at room temperature with stirring under N2.

After addition of aqueous NaHCO3, the product was
washed with brine and then extracted in ethyl acetate,
followed by drying with Na2SO4, evaporation, and
purification by silica gel chromatography (dichloro-
methane: methanol 98:2) to yield, respectively, analog 4
(152 mg, 38%) or analog 5 (150 mg, 37%). A similar
sequence of reactions starting with the commercial
methyl 2,2-diphenylacetate provided analog 6 from
reaction of the intermediate acetaldehyde with
4-hydroxyphenylpiperidine in methanol containing
sodium cyanoborohydride. Reaction of the aldehyde
obtained, starting with commercial 2,2-diphenylaceto-
nitrile, with 1-phenylpiperazine in methanol containing
sodium cyanoborohydride provided analog 7. The
homogeneity of the intermediates and analogs 2–7
was determined by thin-layer chromatography, while
the structures and purity were verified by mass spectral
and NMR spectral analyses.

Cell Preparation

Human leukemic HL-60 cells were grown as
a suspension in RPMI 1640 media supplemented
with 10% fetal bovine serum, 100 U/mL of penicillin,
100mg/mL streptomycin, and 2 mM L-glutamine.
The cells were differentiated in the supplemented
RPMI medium by culture in the presence of 500 mM

O N
CH3

CH3

CH3

CH3

N

R'

OH

O N

N

Cl

C6H5

C6H5

C6H5

C6H5

C6H5

C6H5

C6H5

C6H5
N

R'

OH N

N

R'

1

2

4

5

6

3Loperamide

Deschloroloperamide

Dehydroloperamide

Cyano

Cyanodeschloro

Methylcarboxy

R CN

7 Cyanopiperazinyl

R' = Cl

R' = H

R' = HR = CN

R = CN

R = CO2CH3

R' = Cl

R' = H

R' = H

Fig. 1. Structures of loperamide (1) and analogs (2–7).
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of dibutyryl cyclic AMP for 48 h prior to each
experiment.

Intracellular Calcium and pH Measurements

Aliquots (10–20 mL) of differentiated HL-60 cells
were centrifuged at 1,000 rpm for 10 min at 251C and
the supernatant was removed. Cells were resuspended
in buffered media consisting of a 1:1 mixture of
supplemented RPMI 1640 media and Krebs Ringer
HEPES buffer (125 mM NaCl, 1.2 mM KH2PO4,
1.2 mM MgSO4, 2 mM CaCl2, 6 mM glucose, 25 mM
HEPES, pH 7.4) to give a final cell count of 106 cells
per mL. The calcium-sensitive fluorescence probe
fura-2 AM (10mg in DMSO) or the pH-sensitive
probe BCECF-AM (10 mg in DMSO) were then added
to the cell suspension, followed by incubation for
40 min in the dark at 251C. The cells were then washed
and resuspended in KRH buffer at different pH values:
pH 6.8, pH 7.4, and pH 8.0.

Aliquots (2 mL) of fura-2 AM–loaded cells or
BCECF-AM-loaded cells were transferred into a

cuvette and stirred with a magnetic stirrer bar at
ambient temperature. ATP and loperamide were added
to the cell suspensions in 1–20mL. Intracellular
calcium and pH-dependent changes in fluorescence
were monitored using a PTI Deltascan Fluorescence
Spectrophotometer (Photon Technology International,
South Brunswick, NJ). The spectrophotometer was set
at 340 and 380 nm for excitation and 510 nm for
emission for the fura-2 probe, and at excitations of
490 and 440 nm and an emission of 535 nm for the
BCECF probe. Intracellular calcium concentrations
and intracellular pH levels were calculated from the
fluorescent excitation ratios of the appropriate probes
as described [Grynkiewicz et al., 1985; Rink et al.,
1982]. Representative experiments (n 5 3–4) are de-
picted in Figures 2 and 3. These experiments were
conducted in the summer 2000. The experiments of
Figures 4 and 5 were conducted in a similar manner in
2003–2004 [see Daly and Camerini-Otero, 2006].
Results are expressed as the excitation ratio, i.e., the
ratio of emission intensities from the two excitation
wavelengths. The excitation ratio is proportional to the

Fig. 2. Effect of pH on ATP-evoked release of intracellular calcium and on calcium influx through CCE channels. HL-60 cells were incubated in
the presence of 1 mM EGTA for 2 min before addition of 10 mM ATP, followed by 2 mM of CaCl2 as indicated.
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levels of intracellular calcium. Basal levels of calcium
were in the range of 70–100 nM.

RESULTS

Effect of pH on Elevations of Intracellular Calcium

In the presence of 1 mM EGTA to chelate
external calcium, ATP (10mM) caused a transient
elevation in intracellular calcium (Fig. 2). The transient
response to ATP was slightly less at pHe 6.8 than at pHe

7.4 and 8.0. At pHe 6.8 and 7.4, the intracellular
calcium returned to control levels of about 100 nM,
but at pHe 8.0, levels returned to about 160 nM and
remained at this somewhat elevated level. Subsequent
reintroduction of extracellular calcium (2 mM) caused
a further elevation in intracellular calcium at pHe 7.4
and 8.0, but not at pHe 6.8. In the presence of 2 mM
external calcium, ATP elicited the initial release of
calcium followed by a sustained elevation (Fig. 3). The
sustained elevation in calcium levels was minimal at
pHe 6.8, and was markedly greater at pHe 7.4 and 8.0.
Loperamide (30 mM) caused a further marked increase
in the sustained calcium levels at pHe 7.4 and 8.0, but
not at pHe 6.8 (Fig. 3).

Intracellular pH (pHi) was found to follow that of
the pHe as the latter was increased from pH 6.8 to pH
7.4 to pH 8.0 (data not shown). The addition of ATP
caused a further increase in pHi from 6.8 to 7.2, from

7.4 to 7.7 and from 8.4 to 8.9. The subsequent addition
of loperamide (30 mM) after ATP had no effect at pHe

6.8, but caused a transient slight increase in pHi at pHe

7.4 and 8.0. The magnitude of loperamide-elicited
elevation was greatest at pHe 8.0, i.e., about 0.3 pH
units. Thus, after ATP, loperamide only caused eleva-
tion of pHi under those conditions where an augmen-
tation of calcium levels was also observed.

Effects of Loperamide and Analogs in Combination
With N-Substituted Nitrendipines

Loperamide alone in experiments from 2002–2004
had only a marginal calcium-elevating effect on
intracellular calcium after ATP (see Fig. 4A and compare
with the response at pHe 7.4 in Fig. 3). Analogs 2 and 3
also had marginal effects, while analogs 4–7 had no
effect (data not shown). When N-methylnitrendipine
(MRS 1844) was added after ATP to partially block
CCE, loperamide at 10 and 30mM now caused a
significant reversal of the reduction in intracellular
calcium elicited by MRS 1844 (compare Fig. 4B with
4C and D). Loperamide at 3 mM had no significant
effect (data not shown). Analogs 2 and 3 caused a
minimal reversal (Fig. 4E and F), while the other
analogs had no effect. Loperamide at 3 and 10mM also
enhanced CCE-supported levels of calcium when N-
propargylnitrendipine MRS 1845 was added before
ATP (Fig. 5 and data not shown).

DISCUSSION

Loperamide, in addition to potent agonist activity
at opioid receptors and blockade of calcium channels,
both of which appear responsible for antidiarrheal
activity (see Introduction), has been investigated for
other effects. Loperamide at 10mM had no apparent
effect on mucosal guanylyl cyclase [Farack et al., 2000],
but in rat colon partially inhibited forskolin-elicited
secretion [Diener et al., 1988]. Whether the inhibition
was due to a direct effect on adenylyl cyclase is
unknown.

In rat anterior pituitary cells, loperamide inhib-
ited the release of ACTH elicited by corticotrophin-
releasing hormone [Auernhammer et al., 1993]. It
appeared that the inhibition was due to effects on
calmodulin. Inhibitory effects of loperamide on chlor-
ide transport in ileum-derived vesicles also appeared
due to effects on calmodulin [Stoll et al., 1988].

In vivo loperamide, through activation of opioid
receptors, lowered plasma glucose levels in streptozo-
tocin-induced diabetic rats [Liu et al., 1999; Tzeng
et al., 2003] and reversed interleukin-6-induced insulin
resistance [Tzeng et al., 2005]. With HIT-T15 cells,
loperamide at high micromolar concentrations was
found to elevate intracellular calcium through release

Fig. 3. Effect of pH on loperamide-induced augmentation of CCE-
mediated elevation of intracellular calcium in HL-60 cells. Intracel-
lular calcium levels were elevated using 10mM ATP, followed by
30 mM loperamide at (a) pHe 6.8, (b) pHe 7.4, and (c) pHe 8.0 as
indicated.
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from internal stores and thereby cause activation of
calcium-dependent potassium channels [He et al., 2003].
The effect of loperamide persisted in calcium-free
media, but was blocked by thapsigargin-elicited deple-
tion of calcium from the endoplasmic reticulum.
Loperamide was a potent inhibitor of a carboxyesterase
[Quinney et al., 2005]. It blocked delayed rectifier
potassium channels in cortical neurons [Yang et al., 2005]
and inhibited multidrug resistance P-glycoprotein [Wan-
del et al., 2002]. Loperamide reduced viability of
a variety of cancer cell lines [Yoshida et al., 2000].
The effect was not blocked by opioid antagonists.

In colonic preparations, loperamide inhibited
tachykinin receptor-mediated serotonin release

[Kojima et al., 2005], inhibited electrically stimulated
acetylcholine release [Burleigh, 1988], and inhibited
prostaglandin-elicited chloride secretion [Suzuki et al.,
2000]. In mouse small intestine, loperamide inhibited
the glucose transporter by a calmodulin-independent
mechanism [Klaren et al., 1999].

The analgetic effects of loperamide at the spinal
level in the formalin-test appeared due to a blockade of
calcium channels [Hagiwara et al., 2003]. However,
another group reported that naloxane methiodide
reversed the analgetic effects of both loperamide and
morphine in the formalin-test [Sevostianova et al., 2005].

An augmentation by loperamide of the intracel-
lular levels of calcium during CCE in leukemic HL-60
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cells was first reported in 1995 [Daly et al., 1995].
Further studies provided evidence that the augmenta-
tion by loperamide of intracellular calcium pertained
only when CCE was involved, not when calcium was
elevated by other pathways [Harper et al., 1997; Shin
et al., 2000], and that loperamide reduced the ability of
imidazoles, such as SKF96365, to block CCE [Harper
and Daly, 1999]. Since CCE is markedly reduced upon
acidification of cells (see below), studies at varying
pHs were then conducted with loperamide after
ATP-stimulated release of intracellular calcium.

The effects of acidification/alkalinization of ex-
ternal media on calcium release from internal stores
and on CCE have been extensively studied in various
cell lines [Danthuluri et al., 1990; Laskay et al., 2005;
Li et al., 2000; Malayev et al., 1995; Marumo and
Wakabayashi, 2005; Minelli et al., 2000; Muallem et al.,
1989; Sepulveda et al., 2000; Wojnowski et al., 1994;
Yagodin et al., 1999; Yodozawa et al., 1997]. In some
cases, high extracellular concentrations of NH4Cl
have been used to elicit the alkalinization of cells.
The results of such studies have depended on the cell
type and the manner in which acidification/alkaliniza-
tion of the cell was elicited. Alkalinization in most cases
appeared to enhance CCE, while acidification reduced
entry [Danthuluri et al., 1990; Laskay et al., 2005;
Li et al., 2000; Malayev et al., 1995; Marumo and
Wakabayashi, 2005; Muallem et al., 1989; Sepulveda
et al., 2000; Wojnowski et al., 1994; Yodozawa et al.,
1997]. In many studies, alkalinization was reported to
cause release of intracellular calcium [Minelli et al.,
2000; Muallem et al., 1989; Wojnowski et al., 1994;
Yagodin et al., 1999; Yodozawa et al., 1997]. The
mechanism for calcium release might involve alkalini-
zation-evoked formation of IP3 and/or an enhanced
calcium release in response to IP3. The response to and
binding of IP3 have been reported to be enhanced at
higher pH values [Joseph et al., 1989; Tsukioka et al.,
1994; Worley et al., 1987]. The negative effect of
acidification on function of CCE has been proposed to
be due to an external effect of protons, rather than an
effect on pHi [Li et al., 2000].

In the present study with differentiated human
leukemic HL-60 cells, alkalinization or acidification
had only slight effects on intracellular levels of calcium
or on the initial release of calcium evoked by ATP
(Fig. 2). However, at the alkaline pHe 8.0, the levels
of calcium after ATP remained somewhat elevated for
a prolonged period. These results were in the presence
of 1 mM EGTA so that entry of calcium was not
involved. Introduction of 2 mM calcium resulted in a
marked entry of calcium at normal pHe 7.4 and an even
greater entry at alkaline pHe 8.0, while no entry
occurred at slightly acidic pHe 6.8 (Fig. 2). Thus, it

would appear that functional activation of CCE did not
occur at the slightly acidic pHe in the HL-60 cells. The
results are similar to those reported for pancreatic
acinar cells [Muallem et al., 1989].

In the presence of external calcium, the ATP-
elicited release of intracellular calcium was followed
by a prolonged and marked elevation of intracellular
calcium through capacitative calcium entry at normal
pHe 7.4 and at alkaline pHe 8.0 (Fig. 3). However, at
the slightly acidic pHe of 6.8, only a slight prolonged
elevation of intracellular calcium occurred. Lopera-
mide at pHe 6.8 had no significant effect on
intracellular calcium levels, while causing a marked
augmentation at normal pHe 7.4 and an even greater
augmentation at alkaline pHe 8.0 (Fig. 3). Thus,
loperamide had effects on intracellular calcium con-
sistent with the hypothesis that loperamide selectively
augments calcium levels that are maintained through
CCE. The lack of effect of loperamide when CCE
is not functioning (pHe 6.8) reinforces earlier data
indicating that loperamide selectively augments only
elevations of intracellular calcium that are dependent
on CCE.

After a period of about one year, studies with
HL-60 cells again turned to an investigation of the
loperamide effect. Remarkably, the augmentation of
calcium levels by loperamide was found to be minimal
(Fig. 4A) or in some experiments absent. In spite
of many efforts, the cause of this loss of what had been
a robust response was not found. One possible
explanation is that the batches of fetal bovine serum
used in earlier studies in some way had effects on the
expression of membrane constituents necessary for the
loperamide response.

However, if after the ATP-elicited IP3 formation
and resultant release of intracellular calcium, the CCE
was partially blocked by the dihydropyridine MRS
1844 in HL-60 cells, loperamide now caused a marked
augmentation of CCE-supported levels of intracellular
calcium (compare Fig. 4B with C and D). Such results
suggest that in earlier studies in HL-60 cells, there was
an inhibitory modulation of CCE that loperamide
reversed.

A small set of analogs of loperamide were
synthesized to probe the specificity of the CCE
augmentation by loperamide and to perhaps obtain
more potent agents. There had been thousands of
loperamide analogs synthesized [Shriver et al., 1981],
but repeated efforts to obtain any of these were
unsuccessful. The minor structural alterations con-
sisted of lack of the 4-chloro substituent on the phenyl
ring (Analog 2), elimination of the hydroxyl group
of the piperidine ring to form a dehydro-derivative
(Analog 3), replacement of the N,N-dimethyl carbox-
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amide function with a nitrile or methyl carboxy group
(Analogs 4–6), along with, in one case, replacement
of the piperidine ring with a pyrazine ring (Analog 7).
Initial studies with the HL-60 cells in which the
loperamide response was minimal were inconclusive
although the deschloro analog 2 and the dehydro
analog 3 appeared to have some activity (data not
shown). With the ATP/MRS 1844 protocol, both the
deschloro analog 2 (Fig. 4E) and the dehydro analog 3
(Fig. 4F) appeared to have some activity, but were both
less potent and at 30mM less efficacious than
loperamide. None of the other analogs (4–7) had any
effect (data not shown). Thus, the results indicate a
high dependency on certain elements of the loper-
amide structure. It is noteworthy that the structurally
related diphenoxylate and trifluperidol had no effect on
CCE-supported calcium levels in HL-60 cells [Daly
et al., 1995; Harper et al., 1997]. Loperamide had an
augmentative effect on intracellular calcium at 10mM
in the ATP/MRS 1844 experiments (Fig. 4C), but not at
3 mM (data not shown). In subsequent experiments in
which the dihydropyridine MRS 1845 was added
before ATP, loperamide at both 3 and 10mM caused
an augmentation of CCE-maintained levels of intra-
cellular calcium (Fig. 5 and data not shown).

The mechanism(s) underlying effects of loper-
amide on CCE-supported elevations of calcium remain
a mystery. Indeed, the nature of the channel protein(s)
responsible for CCE in various cell types remains
unresolved, although it appears that members of the
transient receptor potential (TRP) channels are
involved [Martin and Cooper, 2006; Putney, 2005;
Ramsey et al., 2006]. In A7r5 rat aortic smooth muscle
cells, evidence has been presented that the TRPC1
channel is responsible for CCE [Brueggenmann et al.,
2006]. In hippocampal neuronal cells, both TRPC1 and
TRPC3 appeared involved in CCE [Wu et al., 2004].

However, this in no way proves that in other cells, other
TRP channels may not be involved or responsible
for CCE. Mechanisms for activation of CCE remain
elusive. Early proposals suggested a CIF factor, or a
direct coupling of IP3-receptor in the endoplasmic
reticulum to the CCE channels of the plasma
membrane [Putney, 1997, 2005, and references
therein]. Translocation of TRP proteins to the plasma
membranes might be involved [Smyth et al., 2006 and
references therein]. Recently, proteins such as STIM1
[Spassova et al., 2006; Zhang et al., 2005] and
CRACM1 [Vig et al., 2006] have been shown to have
important roles in activation of CCE. The blockade
of CCE by various agents is also poorly defined with
respect to mechanism. The imidazoles, in particular,
have other effects on calcium release [Harper et al.,
1999; Daly and Camerini-Otero, 2006]. A striking
example of an agent with diverse effects is
2-aminoethoxydiphenyl borane (2-APB), an agent first
considered a selective antagonist at IP3-receptors [Ma
et al., 2000], but now known to have many effects [see
Hu et al., 2004 and references therein]. Reminiscent of
loperamide effects, APB at 1–10mM augmented CCE-
supported calcium levels in lymphocytes [Ma et al.,
2002] and Barkat human T cells [Prakriya and Lewis,
2006]. At higher concentrations, 2-APB inhibited CCE.
Further studies are needed to define the sites of action
in various cell types, whereby various agents, such as
the imidazoles (miconazole, SKF96365), the N-sub-
stituted dihydropyridines (MRS 1844, MRS 1845),
loperamide, and 2-APB can affect the activation/
inactivation of CCE in response to calcium store
depletion, mediated by IP3-receptor activation or
caused by inhibition of the calcium-ATPase of the
endoplasmic reticulum with thapsigargin.
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