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Chloroquine, Quinine and Quinidine Inhibit Calcium
Release From Macrophage Intracellular Stores

by Blocking Inositol 1,4,5-Trisphosphate

Binding to Its Receptor

Uma Kant Misra, Govind Gawdi, and Salvatore V. Pizzo*
Department of Pathology, Duke University Medical Center, Durham, North Carolina

Abstract The binding of many ligands to cellular receptors induces a signaling cascade which generates inositol
1,4,5-trisphosphate (IP3). IP3 binding to its receptors in various internal compartments causes a rapid Ca?* efflux into the
cytosol. We now demonstrate that chloroquine blocks ligand-induced Ca?* mobilization without affecting IP; synthesis.
The effect is independent of the ligand employed and occurred with five unrelated ligands; namely, a,-macroglobulin-
methylamine, angiotensin Il, bradykinin, carbachol, and epidermal growth factor. Chloroquine, quinidine, and quinine,
however, block binding of [3H]IP; to its receptors by 90%, 88%, and 71%, respectively. These observations suggest a
previously undetected mechanism by which these agents may in part function as antimalarials. J. Cell. Biochem.
64:225-232.  ©1997 Wiley-Liss, Inc.

Key words: chemotherapy of malaria; inositol trisphosphate receptors; chloroquine; cytosolic calcium; endocytosis

A common mechanism by which ligands acti-
vate receptor-mediated signaling cascades is to
induce synthesis of inositol 1,4,5-trisphosphate
(IP3) [Berridge, 1993]. IP; binding to specific
receptors on the membranes of various intracel-
lular compartments then results in a rapid
efflux of Ca2* from these stores thus increasing
the intracellular Ca?* concentration ([Ca?*];
[Berridge, 1993; Marshall and Taylor, 1993].
The 1P; receptor consists of four subunits and
the complex both binds IP; and contains the
Ca?* channel which becomes activated on li-
gand binding [Berridge, 1993; Marshall and
Taylor, 1993]. The binding of 1P to its receptors
is believed to induce a conformational change
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in the receptor which opens the Ca?* channel
[Mignery and Sudhof, 1990]. We have recently
described a signaling receptor which binds acti-
vated forms of the proteinase inhibitor o,-
macroglobulin (a;M*). Ligation of the a,M* sig-
naling receptor (a;M*SR) by a,M* or a cloned
and expressed receptor binding fragment in-
duces rapid synthesis of IP; with a subsequent
rise in [CaZ"]; [Misra et al., 1993; Misra et al.,
1994a,b]. While employing chloroquine to block
endocytosis of a,M* by macrophages [Howard
et al., 1996], we also noted that this reagent
abolishes a;M*-induced increases in [Ca?*]; by
these cells. This unpublished observation has
led us to reconsider the mechanism of action of
chloroquine on malarial parasites and other
cells.

Chloroquine remains a frontline drug in the
treatment of malaria, although Plasmodium
species resistant to chloroquine are now appear-
ing with increasing frequency [Borst and Ouel-
lete, 1995; Krogstad and Schlesinger, 1987].
Chloroquine is a weak base which is able to
increase the pH of lysosomes of mammalian
cells and the phagocytic vesicles of Plasmodium
species [Ginsburg and Geary, 1987; Brown,
1993]. The mechanism by which chloroquine
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kills malarial organisms is believed to involve
at least in part this alkalinization of the phago-
cytic vesicles in the parasites [Ginsburg and
Geary, 1987; Brown, 1993]. The change in pH
inhibits acid proteinases employed by the para-
sites to digest host hemoglobin which is essen-
tial for supplying the organism with amino
acids. Other mechanisms by which chloroquine
may exert its actions include its ability to inter-
calate into DNA and its ability to bind to ferri-
protoporphyrin IX in the phagocytic vesicles of
the parasite [Ginsburg and Geary, 1987; Brown,
1993]. These effects appear to promote red cell
and plasmodial lysis. Both alkalinization of
phagocytic vesicles and binding to porphyrins
occurs at micromolar concentrations of chloro-
quine; however, DNA binding occurs only at a
drug concentration of about 1-2 mM. Chloro-
quine has been shown to affect a number of
metabolic events in cells and their organelles
[Kubo and Hostetler, 1985; Hurst et al., 1986;
Ginsburg and Geary, 1987; Jancinova et al.,
1994; Nosal, et al., 1991, 1995]. Among these
effects, the drug inhibits lysosomal phospholi-
pase A; promoting lysosomal storage of both
acidic and neutral phospholipids [Pappu and
Hostetler, 1983; Kubo and Hostetler, 1995] and
it inhibits platelet phospholipase A, in throm-
bin-stimulated platelets [Nosal et al., 1995]
thereby affecting the arachidonic acid pathway.
Chloroquine affects phospholipid turnover in
stimulated mast cells inhibiting release of his-
tamine and calcium uptake [Pecivova et al.,
1994]. The compound has also been reported to
inhibit cAMP-dependent protein kinase [Wang
etal., 1991].

The current investigation probes the observa-
tion that chloroquine blocks the rise in macro-
phage [Ca?*]; triggered by a,M* and demon-
strates that the phenomenon is independent of
the ligand employed to induce a rise in [Ca2];.
Our studies suggest that the compound does
not block 1P; synthesis but its effect is directly
dependent on the ability of chloroquine to block
IP; binding to its receptor.

MATERIALS AND METHODS
Reagents

Sources of reagents have been described in
our previous publications [Misra et al., 1993;
Misra et al., 1994a,b; Howard et al., 1996]. a,M
was activated by use of methylamine and char-
acterized with regard to purity, receptor-recog-

nition and signaling properties as described
[Misraetal., 1993; Misra et al., 1994a,b; Howard
etal., 1996].

Digital Imaging Microscopy of Fura-2/AM
Preloaded Macrophages

Murine peritoneal macrophages were incu-
bated overnight on glass coverslips in RPMI
1640 medium containing 5% fetal bovine serum
with glutamine, 1 mM, penicillin, 12.5 units/
ml, and streptomycin, 6.5 pg/ml, at 37°C in a
humidified CO, (5%) incubator as reported pre-
viously [Misra et al., 1993; Misra et al., 1994a;
Misra et al., 1994Db]. Fura-2/AM (1-1.5 pM) was
then added and the culture dishes incubated for
30 min. The monolayers were washed 3 times
in Hanks' balanced salt solution containing
Hepes, 10 mM, and NaHCOg;, 3.5 mM (pH 7.4)
and then placed on the stage of the digital
imaging microscope for determination of [Ca2*];
[Misraetal., 1993; Misra et al., 1994a; Misra et
al., 1994b]. Basal [Ca?*]; levels in the Fura-
2/AM preloaded cells were measured for 3 min
prior to addition of the stimulant. Thapsigargin
(100 nM) was employed to further probe the
mechanism by which chloroquine blocks ligand-
induced increases in [Ca?']; in macrophages.
Thapsigargin is a sesquiterpene lactone de-
rived from plants which specifically inhibits
Ca?* transport and blocks reuptake of cytosolic
Ca?" into both IP5-sensitive and insensitive stor-
age pools [Thastrup et al., 1990; Bian et al.,
1991].

IP5 Synthesis

IP; synthesis was measured as previously
described employing [2-3H] myo-inositol (spe-
cific activity, 10-20 Ci/mmol) as previously de-
scribed [Misraetal., 1993; Misraetal., 1994a,b;
Howard et al., 1996]. For each determination
4 x 106 cells were employed.

IP; Binding to Microsomal Preparations

The assay was performed as described by
Mignery et al. [1989, 1990] except that macro-
phages were substituted for brain tissue to
obtain the microsomal preparations. Macro-
phages (10-12 x 108 cells) were incubated in a
humidified CO, (5%) incubator for 16 to 18 h at
37°C in RPMI 1640 medium containing the
additions listed above. Monolayers were washed
three times with cold Hepes, 10 mM, and
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NaHCO3;, 3.5 mM (pH 7.2). To the monolayers
was then added a buffer containing Tris-HCI,
50 mM, EDTA, 1 mM, phenylmethylsulfonyl
fluoride, 1 mM, and leupeptin, 10 pM (pH 8.3).
The cells were scraped off the tissue culture
wells into tubes and maintained at 4°C. The
suspensions were then passed through a sterile
27 gauge needle 40 to 45 times on ice and the
lysate centrifuged at 289,000g for 30 min at
4°C. The pellet was suspended in another vol-
ume of the Tris-HCI buffer described above and
the protein content measured [Bradford, 1976].
The binding of [BH]IP3 (New England Nuclear,
specific activity 21 Ci/mmol) to membranes (75—
100 pg protein in a volume of 100 pl) was
studied in 1.5 ml Eppendorf tubes at 4°C under
the desired conditions. For competition studies,
[BH]IP; (5 pM) was incubated with unlabeled
IP3, chlorogquine, quinine, or quinidine at the
concentrations indicated in the text and figure
legends. After incubation, the tubes were centri-
fuged in an Eppendorf microcentrifuge for 4
min at 4°C and the pellet washed four times
with centrifugation in the Tris-HCI buffer de-
scribed above. The pellet was then dissolved in
a volume of 1N NaOH and radioactivity deter-
mined by liquid scintillation counting. The con-
centration of [34]1P; was chosen based on the
measured Ky for binding to the IP; receptor
preparation. The rationale for the concentra-
tions of antimalarials and other compounds
tested in these studies is based on the known
pharmacology of antimalarials [see for ex-
ample, White, 1988]. Tissue concentrations of
chloroquine at the time of drug administration
range from 100 to 500 pM.

RESULTS

Chloroquine and Ligand-Induced Increases
in Macrophage [Ca?*];

Binding of a,M-methylamine to murine peri-
toneal macrophages causes a biphasic increase
in [Ca?*]; [Misra et al., 1993, 1994a,b]. The
initial increase results from IPs-induced re-
lease of Ca?* from intracellular Ca?" stores
while the later increase is due to entry of Ca?*
from the medium by a capacitative mechanism
[Misraetal., 1993]. Incubation of intact murine
peritoneal macrophages with chloroquine (75
pHM) for 5 min at 37°C prior to stimulation of the
cells with a,M -methylamine (100 nM) com-
pletely suppressed the initial IPs-induced in-
crease in [Ca?"]; (Fig. 1la, Table I). However,
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Fig. 1. [Ca2*]; in intact macrophages stimulated with a;M-
methylamine or thapsigargin in the presence and absence of
chloroquine. a: Compares the effect of a,M-methylamine (100
nM) added at arrow “a” alone (@) or added at arrow “b” to cells
pretreated with chloroquine (75 pM) for 5 min prior to the
addition of ligand (O). Extracellular calcium (1 mM), was added
at arrow “c” in chloroquine-untreated cells and at arrow “d” in
chloroquine-treated cells. b: Thapsigargin (100 mM) was added
at arrow “a” in the absence (@) or at arrow “b” in the presence
(O) of chloroquine (75 uM). Extracellular calcium (10 nM) was
added at arrow “c” in chloroquine-untreated cells and at arrow
“d” in chloroquine-treated cells. The Ca2* concentrations cho-
sen for these studies were based on previous protocols for use of
ap,M-methylamine [Misra et al., 1993] and thapsigargin [Thastrup
etal., 1990]. For both panels a and b between 200 and 250 cells
were studied in four separate experiments. The single cells are
representative of typical responses. Table | shows the averaged
data for all cells studied.

chloroquine had little or no effect on the capaci-
tative entry of Ca?* from the medium (Fig. 1a).
Since capacitative Ca?* entry is believed to be
activated by the depletion of Ca2* from internal
stores [Berridge, 1993; Marshall and Taylor,
1993; Putney and Bird, 1993], this latter obser-
vation was unexpected.
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TABLE I. Changes in [Ca2*]; in Macrophages Treated with Ligands in the Presence
and Absence of Chloroquine

Cell number Cells [Ca?*] nM
Additions n studied responding (%) Basal Peak
Chloroquine (75 uM) 2 50-60 — 7441 + 428 72.99 + 3.91
a;M-methylamine (100 nM) 4 200-250 90-95 146.14 = 9.28 358.15 * 20.75
ao,M-methylamine + Chloroquine (75 pM) 4 250-300 — 56.61 + 0.98 59.91 + 1.42
Angiotensin 11 (100 nM) 2 30-35 90-95 59.88 + 6.36 136.68 * 8.34
Angiotensin Il + Chloroquine (75 uM) 2 45-50 — 59.70 £ 2.72 58.93 + 3.53
Bradykinin (50 nM) 2 45-50 90-95 74.14 + 546 185.09 + 9.83
Bradykinin + Chloroquine (75 pM) 2 30-35 — 62.70 = 3.38  60.32 * 3.43
Carbachol (100 pM) 2 30-35 90-95 62.70 = 3.38 353.03 = 40.36
Carbachol + Chloroquine (75 puM) 2 25-30 — 68.70 = 2.25  67.29 = 3.12
EGF (100 ng/ml) 3 50-55 80-85 108.16 = 3.93 263.55 = 25.00
EGF + Chloroquine (75 uM) 2 25-30 — 56.92 +1.38 57.19 = 2.15

In order to further define these effects, experi-
ments were then performed with thapsigargin.
This compound has been used extensively to
study the relationship of the filling status of
intracellular Ca?* stores and capacitative Ca?*
entry. Thapsigargin causes release of Ca?* from
intracellular Ca?* stores independently of IP;
[Thastrup et al., 1990; Bian et al., 1991; Mig-
nery et al., 1989]. Chloroquine pretreatment of
macrophages prior to addition of thapsigargin
resulted in a significant decrease in the thapsi-
gargin-dependent increase in [Ca?*]; but little
effect on capacitative entry (Fig. 1b). Chloro-
quine itself did not cause an increase in [Ca?*];
but rather a decrease in basal levels of [Ca?*];
(Table I). These studies suggest that one effect
of chloroquine may be to increase leakiness of
cellular membranes to Ca?*. This leakiness
could result in internal Ca2* stores emptying
and thus triggering Ca?* entry from the extra-
cellular medium. This effect was not further
explored in the present study.

The effect of chloroquine on IPs-induced in-
creases in [Ca?"];, however, was studied in
greater detail by probing its effect on the in-
crease in macrophage [Ca?*]; induced by other
ligands. Four unrelated ligands angiotensin 11,
bradykinin, carbachol (carbamylcholine), and
epidermal growth factor (EGF) were chosen for
study. In each case, chloroquine inhibited the
IP;-dependent rise in [Ca?*]; induced by these
ligands (Table 1). These observations suggest
that the effect of chloroquine on IP;-dependent
Ca?* stores is independent of the nature of the
agonist employed to stimulate the cells. Chloro-
quine did not significantly affect a,M-methyl-

amine-induced IP; synthesis by stimulated mac-
rophages (Fig. 2b). These results suggest that
chloroquine exerts its effect subsequent to 1P;
synthesis. Given the role of chloroquine as an
antimalarial, we also studied the effects of qui-
nine and quinidine on a;M-methylamine-in-
duced increases in IP; synthesis and [Ca?'];.
Both agents also suppressed ligand-induced in-
creases in [Ca?']; as effectively as chloroquine
(data not shown) without affecting IP; synthe-
sis (Fig. 2b).

Chloroquine and IP; Binding to Its Receptor

One possible mechanism by which chloro-
quine, quinine, and quinidine might exert their
action is at the level of the IP; receptor. We,
therefore, tested the effect of chloroquine on the
binding of [*H]IP; to IP; receptors in prepara-
tions of microsomal vesicles from macrophages.
The maximal binding of [3H]IP; to this micro-
somal preparation was achieved within 5 min
and thereafter plateaued (Fig. 3a). Unlabeled
IP; competed for the binding of [*H]IP; to the
preparation (Fig. 3). The binding of [3H]IP; was
concentration-dependent (Fig. 3b) and Scatchard
analysis demonstrated a single class of binding
sites with a K4 0f 4.3 = 0.6 pM (Fig. 3c). Chloro-
guine inhibited the binding of [3H]IP; to IP;
receptors in the microsomal preparation in a
dose-dependent manner (Fig. 3d) and maximal
inhibition under the experimental conditions
was achieved at ~100 puM chloroquine (Fig. 3d).
The maximal inhibition of [BH]IP; by chloro-
qguine showed some variation between micro-
somal preparations. For this reason, all of the
experiments shown in Figure 3 were performed
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Fig. 2. IP3 synthesis by intact macrophages treated with a;M-
methylamine in the presence and absence of chloroquine. a:
The formation of IP; in macrophages stimulated with a,M-
methylamine (100 nM) in the absence (@) or presence (O) of
chloroquine (75 puM). The sharp rise of IP3 in the absence of
chloroquine is consistent with previous studies (Misra et al.,
1993, 1994a,b). Chloroquine added alone (A) caused a de-
crease in IP3 synthesis. The values reported are the mean (SEM
from three separate experiments. b: Either quinine (@) or quini-
dine (A) was substituted for chloroquine in duplicate experi-
ments where macrophages were treated with a«;M-methylamine
(100 nM). Like chloroquine, quinine (O) or quinidine (A)
added without ligand somewhat suppressed IP3 synthesis. For
each experiment chloroquine quinine and quinidine were added
5 min before the assay as in Figure 1.

on the same day. In this particular study chloro-
quine, 100 pM, blocked 70% of the binding of
the [3H]IP3. The range of inhibition observed in
multiple experiments with different micro-
somal preparations was 70% to 90%.

Like chloroquine, quinine (100 uM), and
guinidine (100 uM) also inhibited [H]IP; bind-
ing to the IP; microsomal preparation. When
the ability of chloroquine, quinidine, and qui-
nine to inhibit [H]IP; binding to IP; receptors
was examined with the same preparation of
macrophage microsomes at the same time, these
compounds caused a 90%, 88%, and 71% inhibi-
tion, respectively of the binding of [3H]IP; to its
receptor. We also studied the effects of a num-
ber of other compounds containing one or more
rings with aromatic character on [3H]IP; bind-
ing to the receptors in the microsomal prepara-
tion. Pyrimidine, purine, a-naphthol, and 1,4-
benzoquinone, all 100 uM, decreased [?H]IP;
binding to the microsomal preparation by 11, 7,
30, and 20%, respectively suggesting that there
is specificity to this competitive effect.

DISCUSSION

The data presented here raise implications
pertinent to the therapy of malaria and the
mechanism by which chloroquine affects endo-
cytosis of receptor-ligand complexes by mamma-
lian and other cells. The present study suggests
that chloroquine and other antimalarials may
have an additional mode of action other than
effects on intracellular pH, binding to ferripro-
toporphyrin Il or DNA intercalation; namely,
abrogation of IP;-dependent signal transduc-
tion events mediated by [Ca?*];. The potential
effects of disrupting IP; binding to its receptors
in Plasmodium species is at present specula-
tive. These organisms, however, require IP;
synthesis to regulate a number of cellular pro-
cesses not unlike other organisms. Ogwan’g et
al. [1993] have shown, for example, that IP;
synthesis is essential to malarial gamete forma-
tion. They found that both chloroquine and
quinine at concentrations of 500 and 250 pM,
respectively completely blocked gamete forma-
tion [Ogwan’g et al., 1993]. These investigators
did not determine the ECx, for these antimalari-
als, but clearly the concentrations employed
are not significantly greater than those where
we observed the blockade of IP; binding to its
receptors. Moreover, Plasmodium species highly
regulate their intracellular concentrations of
both Na* and Ca?* [Ginsburg, 1990; Tanabe,
1990]. The intracellular concentrations of these
cations increases at the expense of K* and it
seems likely that the elevated Na* and Ca2*
levels are important for the function of malarial
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Fig. 3. The binding of [3H]IP3 to IP3 receptors in macrophage
microsomal preparations. a: A time course study performed to
determine equilibrium binding conditions for [3H]IPs. b: The
specific binding of [3H]IP3 as a function of [3H]IP; was deter-
mined by subtracting the non-specific binding determined in
the presence of a 100-fold excess of unlabeled IP3. The micro-
somal preparation was incubated with [3H]IP3 for 10 min at 4°C.

parasites. Supporting this notion is the observa-
tion that depletion of extracellular Ca2* blocks
the development of P. falciparium in phagocy-
tized human red blood cells [Wasserman et al.,
1982].

Our studies also demonstrated that chloro-
quine had a much greater effect on the initial
IPs-induced increase in cellular [Ca2*]; than on
the capacitative entry of Ca?" from the me-
dium. This was unexpected since it is currently
believed that depletion of internal Ca2* stores
triggers capacitative Ca2* entry from the exter-
nal environment of the cell [Berridge, 1993;
Marshall and Taylor, 1993; Putney and Bird,
1993]. In part our data suggest that chloro-
quine may increase leakiness of cellular mem-
branes to Ca?* thus explaining our observation.
However, some studies [Nasmith and Grin-
stein, 1987; Demaurex et al., 1992; Shuttle-
worth and Thompson, 1996] have called into
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The nonspecific binding was then subtracted from the total
binding. c: The Scatchard analysis of the data presented in b.
The data showed an R2 of 0.917. d: The effect of chloroquine on
[3H]IP3 binding. The time course was performed in duplicate
while the other studies were performed in triplicate and re-
ported as the mean = SEM.

question the current view with regard to the
relationship between capacitative Ca?* entry
and mobilization of internal Ca?* stores.
Shuttleworth and Thompson (1996) have re-
cently reported that the initial exposure of cells
to an agonist is capable of activating Ca?* entry
from the medium prior to release of Ca?* from
internal stores. It is conceivable, therefore, that
our data also reflect the fact that capacitative
Ca?* entry, at least in part, is independent of
mobilization of internal stores. This observa-
tion will require further investigation with re-
spect to these issues.

The current observations with chloroquine
may also have implications for our understand-
ing of the effects of chloroquine on inhibiting
endocytosis of ligand-receptor complexes. This
is generally believed to result from the weak
base effect of this agent in lysosomes where it
raises the pH and interferes with ligand disso-
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ciation from the receptor and subsequent recy-
cling of the receptor [Stahl et al., 1980; Tietze et
al., 1980; Dautry-Varsat et al., 1993; Hunyady
etal., 1991]. The elevation of pH also interferes
with the ability of lysosomal acid proteinases to
degrade protein ligands. More recently, Hun-
yady et al. [1991] have suggested that internal-
ization of angiotensin l1-receptor complexes by
adrenal glomerular cells is dependent on poly-
phosphoinositide hydrolysis to produce IP; and
the subsequent rise in [Ca?*];. The ability of
chloroquine to block IP; binding to its receptor
suggests a novel mechanism whereby this agent
may disrupt ligand-receptor uptake and signal
transduction. Whether chloroquine and other
antimalarials disrupt IP; binding to Plasmo-
dium IP; receptors will require study; however,
these receptors are likely to be highly con-
served and such an effect is predicted.
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