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The protozoan parasite Toxoplasma gondii relies on calcium-
mediated exocytosis to secrete adhesins on to its surface where
they can engage host cell receptors. Increases in intracellular cal-
cium occur in response to Ins(1,4,5)P3 and caffeine, an agonist
of ryanodine-responsive calcium-release channels. We examined
lysates and microsomes of T. gondii and detected evidence of
cADPR (cyclic ADP ribose) cyclase and hydrolase activities, the
two enzymes that control the second messenger cADPR, which
causes calcium release from RyR (ryanodine receptor). We also
detected endogenous levels of cADPR in extracts of T. gondii.
Furthermore, T. gondii microsomes that were loaded with 45Ca2+

released calcium when treated with cADPR, and the RyR anta-

gonists 8-bromo-cADPR and Ruthenium Red blocked this res-
ponse. Although T. gondii microsomes also responded to
Ins(1,4,5)P3, the inhibition profiles of these calcium-release chan-
nels were mutually exclusive. The RyR antagonists 8-bromo-
cADPR and dantrolene inhibited protein secretion and motility
in live parasites. These results indicate that RyR calcium-release
channels that respond to the second-messenger cADPR play an
important role in regulating intracellular Ca2+, and hence host cell
invasion, in protozoan parasites.

Key words: calcium channel, cyclic ADP ribose (cADPR), micro-
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INTRODUCTION

Toxoplasma gondii is an obligate intracellular parasite that infects
all types of nucleated cells in a wide range of warm-blooded verte-
brates [1]. Cellular invasion occurs by an active process that relies
on the actin–myosin cytoskeleton of the parasite to drive entry
into the host cells [2,3]. Entry is also very much dependent on the
controlled release of adhesins from apical secretory organelles
called micronemes, which harbour a collection of proteins that
bear distinct adhesive domains [4]. Microneme secretion occurs
at the extreme apex of the parasite and is thought to be responsible
for the polarized attachment to host cells [5].

Microneme secretion is a calcium-mediated event and seque-
stration of intracellular calcium with BAPTA/AM [bis-(o-amino-
phenoxy)ethane-N,N,N ′,N ′-tetra-acetic acid acetoxymethyl ester]
results in the inhibition of secretion and decreased attachment
[6]. Conversely, increase of intracellular calcium with ionophores
results in rapid secretion of microneme proteins [6]. Agonists
that stimulate rapid secretion, such as calcium ionophores or
ethanol [7], uncouple secretion from apical attachment and con-
sequently decrease motility and invasion by the parasite. Insight
into the calcium-mediated motility has also been provided using
the compound calmidazolium, which in most systems is a potent
inhibitor of calmodulin. Similar to Dictyostelium, this compound
acts as a calcium agonist in T. gondii, and treatment with low
micromolar doses results in sustained calcium oscillations that
increase secretion and thereby prolong gliding and also increase
cellular invasion by the parasite [8]. Collectively, these findings
indicate that oscillations in intracellular calcium levels govern
microneme secretion and hence motility in T. gondii.

Intracellular calcium is regulated by two primary pathways in
eukaryotic cells [9]. In response to engagement of receptor tyro-
sine kinase or heterotrimeric G-protein-coupled cell-surface re-
ceptors, generation of IP3 [Ins(1,4,5)P3] acts on calcium channels

in the ER (endoplasmic reticulum) to release calcium into the
cytosol. A separate pathway that operates in various cell types is
governed by the intracellular messenger cADPR (cyclic ADP
ribose), the product of a specific cyclase [10]. cADPR is an endo-
genous regulator of the ryanodine channels [RyR (ryanodine re-
ceptor)], which are also stimulated by caffeine and the plant
alkaloid ryanodine, resulting in release of calcium from ER stores
[11]. In vertebrates, IP3Rs (IP3 receptors) are generally expressed
in all cells, whereas RyRs are typically confined to neuromuscular
and specialized secretory cells [9]. However, T-lymphocytes
[12] and some non-excitable cells also express some isoforms
of RyR [13]. Ryanodine-responsive channels are also known in
invertebrates, including Drosophila [14] and sea-urchin eggs [15].
Additionally, cADPR-induced calcium fluxes occur in Hydra
[16], sponges [17] and plants [18], suggesting an ancient origin
for this signalling pathway.

Intracellular calcium plays an important role in differentiation
[19], motility [8,20], cytoskeletal dynamics [21] and cell growth
[22,23] in protozoan parasites. In addition to the normal intra-
cellular calcium storage pools in the ER and mitochondria, pro-
tozoa also contain a unique intracellular organelle for calcium
storage called the acidocalcisome [24,25]. Acidocalcisomes do
not appear to play a role in the rapid calcium signalling process,
but rather serve as a sink for calcium and are probably also impor-
tant sites for polyphosphate metabolism [24,25]. Previous studies
have demonstrated that intracellular calcium in T. gondii is res-
ponsible for controlling secretion, motility and cell invasion [26].
In contrast, extracellular calcium plays little direct role and cal-
cium levels in the host cell have no effect on parasite invasion.
Two separate response pathways have been inferred by pharma-
cological studies in T. gondii [27]. First, treatment with ethanol
increases intracellular calcium, and this pathway is sensitive to
inhibitors of IP3 channels. T. gondii also responds to agonists
of cADPR-gated channels such as ryanodine and caffeine [27].

Abbreviations used: cADPR, cyclic ADP ribose; 8-Br-cADPR, 8-bromo-cADPR; ER, endoplasmic reticulum; FBS, foetal bovine serum; IP3, Ins(1,4,5)P3;
IP3R, IP3 receptor; NGD, nicotinamide guanine dinucleotide; RyR, ryanodine receptor; SERCA, sarcoplasmic/endoplasmic reticulum Ca2+-ATPase.
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Caffeine also stimulates calcium release from intracellular pools
in ciliates, leading to exocytosis [28,29]. However, the molecular
targets of caffeine or ryanodine remain unknown in protozoa and,
despite pharmacological evidence for their existence, intracellular
calcium channels of the IP3R/RyR families have not been iden-
tified at the gene or protein level.

In the present study, we explore the hypothesis that protozoa
contain calcium-release channels using the model parasite
T. gondii. Our studies provide biochemical evidence for a cADPR-
gated calcium channel controlling microneme protein secretion
and motility in T. gondii.

EXPERIMENTAL

Materials

Lytechinus pictus (sea urchin) were obtained from Marinus (Long
Beach, CA, U.S.A.). Fluo-3 was purchased from Molecular
Probes (Eugene, OR, U.S.A.), and IP3, ryanodine, oligomycin
and antimycin were from Calbiochem (San Diego, CA, U.S.A.).
8-Br-cADPR (8-bromo-cADPR), dantrolene, heparin and other
reagents, of the highest purity grade available, were supplied by
Sigma (St. Louis, MO, U.S.A.).

Parasite and cell cultures

RH strain T. gondii were propagated as tachyzoites in monolayers
of human fibroblasts as described previously [26]. Parasites were
harvested after natural egress and then separated by filtration
through 3 µm polycarbonate membranes followed by centrifu-
gation at 400 g for 10 min. Cells were resuspended in Hanks
balanced salt solution containing 0.1 mM EGTA and 10 mM
Hepes (pH 7.2).

MIC2 secretion assay

Purified parasites were treated with different concentrations of
dantrolene, 8-Br-cADPR or DMSO for 1, 6 or 12 min at 4 ◦C on
wet ice. Secretion was stimulated by transferring the samples to
37 ◦C for 5 min followed by returning them to ice. After the sti-
mulation, samples were divided into the supernatant and cell
pellet by centrifugation at 400 g for 10 min at 4 ◦C. Proteins were
separated by SDS/PAGE and transferred on to nitrocellulose
membranes. Western blotting was performed using rabbit anti-
MIC2 antibody (1:10000) and horseradish peroxidase-conjugated
goat anti-rabbit IgG (1:10000; Jackson Immunoresearch Labo-
ratories, West Grove, PA, U.S.A.). Signals were detected using
Super Signal West Pico (Pierce, Rockford, IL, U.S.A.) for quali-
tative analysis and ECL® plus Western blotting detection system
(Amersham Biosciences, Little Chalfont, Bucks., U.K.) for
quantitative analysis. PhosphoImager analysis was performed
using a Fuji FLA-5000 and Image Gauge v.4.0 (Fuji Film,
Tokyo, Japan) and the results were averaged from three separate
experiments.

Trail gliding assay

Parasites were treated with antagonists for 15 min on ice, trans-
ferred to LabTek (Nalge Nunc International, Naperville, IL,
U.S.A.) glass chamber slides that had been precoated with FBS
(foetal bovine serum) and incubated for 20 min at 37 ◦C. After the
incubation, cells were fixed with 4% (w/v) paraformaldehyde,
permeabilized with 0.05% saponin and stained with anti-SAG1
monoclonal antibody (DE52) as described previously [8]. The
stained samples were observed using a Zeiss Axioscope micro-

scope equipped for epifluorescence illumination, and the average
number and length of trails for a high-powered (×63) field from
triplicate samples were determined. The results are expressed as
the average of three independent experiments.

Video microscopy

Glass bottom dishes (MatTek, Ashland, MA, U.S.A.) were coated
with 100% (v/v) FBS for 30 min. Parasites were loaded with
1 µM Fluo-4 AM (Molecular Probes) for 5 min at 37 ◦C, cen-
trifuged and then resuspended in warm Ringer’s buffer (155 mM
NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 3 mM NaH2PO4,
10 mM Hepes and 10 mM glucose) containing 1% FBS + 0.02%
DMSO, 1 µM 8-Br-cADPR or 1 µM dantrolene, and added to
dishes. Alternating time-lapse phase and fluorescent images were
collected at one frame/1.5 s under low-light illumination on a
Zeiss upright Axioskope (Zeiss, Cologne, Germany) over a 15 min
time period using a Hamamatsu ORCA ER camera (Hamamatsu,
Japan) operated with Openlabs version 4.0.1 (Improvision,
Lexington, MA, U.S.A.).

The average duration of gliding was calculated using five
random fields containing at least ten parasites for each condition.
Fluo-4 analysis was based on previously defined parameters
for the ‘average duration’ (time between the start of successive
cycles), ‘peak-to-low’ (time between the highest signal and the
lowest signal during a cycle), and ‘time between’ (time between
successive peaks) as described previously [8,26]. The average
values for each experiment were calculated for three or more
parasites per condition from three separate experiments.

T. gondii homogenates

Cells were resuspended in a medium containing 0.25 M sucrose,
20 mM Tris/HCl (pH 7.2) and 20 µg/ml leupeptin. Parasites were
sonicated, and the homogenized cells were centrifuged at 2000 g
for 10 min at 4 ◦C. The supernatants were collected and used for
the determination of enzymatic synthesis of cADPR.

Synthesis and hydrolysis of cADPR

ADP-ribosyl cyclase activity was assayed using NAD+ as des-
cribed previously [30]. The T. gondii homogenates were incubated
at 1 mg/ml in a medium containing 1 mM NAD, 0.25 M sucrose
and 40 mM Tris/HCl (pH 7.2) at 37 ◦C. Aliquots before and after
the incubation were assayed for cADPR content using the sea-
urchin egg homogenate bioassay and HPLC as described previ-
ously [30]. Specific activity was expressed as nmol of cADPR
produced/mg of protein. Activity of the ADP-ribosyl cyclase was
also performed using the NGD (nicotinamide guanine dinucleo-
tide) technique as described previously [31]. Enzyme preparations
were incubated in a medium containing 0.2 mM NGD, 0.25 M
sucrose and 40 mM Tris/HCl (pH 7.2) at 37 ◦C. Activity was
measured by a fluorimetric assay at 300 nm excitation and 410 nm
emission. Hydrolysis of cADPR was determined using the sea-
urchin egg homogenate bioassay [32].

HPLC analysis of nucleotides

The synthesis of cADPR by T. gondii extracts was verified by
HPLC anion-exchange chromatography using an AG MP-1 (Bio-
Rad Laboratories, Hercules, CA, U.S.A.) column eluted with a
nonlinear gradient of trifluoroacetic acid as described previously
[30,32]. The nucleotides were detected by UV absorption at
254 nm. The authenticity of the cADPR produced was confirmed
by co-elution with standard compounds and by the sea-urchin egg
bioassay as described previously [30,32].
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Synthesis of standard nucleotides

cADPR was synthesized by Aplysia ADP-ribosyl cyclase, using
homogenized Aplysia ovotestes as described previously [30,32].
The reaction was stopped by acetone precipitation as described
above for the synthesis of cADPR.

After acetone precipitation, the nucleotides were purified by
HPLC anion-exchange chromatography using AG MP-1 (Bio-
Rad Laboratories) resin packed into a 1 cm × 10 cm column. The
nucleotides were eluted with a nonlinear gradient of 150 mM
trifluoroacetic acid and water, and monitored by UV absorption at
250 nm. Purified cADPR was evaporated to dryness in a SpeedVac
concentrator. The cADPR used in all experiments was at least
97% pure as determined by HPLC.

Detection of cADPR in T. gondii

Nucleotides were extracted from T. gondii cells with 5% (v/v)
trichloroacetic acid at 4 ◦C, followed by removal with water-
saturated diethyl ether as described previously [33]. The aqueous
layer containing the cADPR was adjusted to pH 8 with 20 mM
sodium phosphate. To remove nucleotides other than cADPR, a
mixture containing hydrolytic enzymes was added to the samples,
with the following final concentrations: 0.44 unit/ml nucleo-
tide pyrophosphatase, 12.5 units/ml alkaline phosphatase,
0.0625 unit/ml NADase, 2.5 mM MgCl2 and 20 mM sodium phos-
phate (pH 8.0). Incubation proceeded overnight at 37 ◦C. Detec-
tion of cADPR was performed with some modifications to the
cycling method described recently [33,34]. In brief, 0.1 ml of
cADPR standard or nucleotides extracted from T. gondii samples
were incubated with 1000 µl of cycling reagent containing 0.3 µg/
ml ADP-ribosyl cyclase, 4 mM nicotinamide, 100 mM sodium
phosphate (pH 8), 2 % (v/v) ethanol, 40 µg/ml alcohol dehydro-
genase, 8 µM resazurin, 0.04 µg/ml diaphorase and 4 µM flavin
mononucleotide. Increase in the resorufin fluorescence (with
excitation at 544 nm and emission at 590 nm) was measured
using a Hitachi F-2000 fluorimeter. The results are expressed as
means +− S.E.M. from at least three independent measurements.
The recovery rate of exogenous cADPR detected by this method,
after trichloroacetic acid extraction of the standard concentrations
of cADPR, was in the range 75–80%.

Microsomal fractionation

Microsomal fractions were prepared by the method described
previously [34]. T. gondii were homogenized in 30 % (w/v)
homogenizing buffer containing 0.25 M sucrose and 40 mM
Tris/HCl (pH 7.2). The cells were homogenized with a glass-
Teflon homogenizer at 1500 rev./min using four to six strokes. The
homogenates were centrifuged at 660 g for 15 min and the re-
sulting supernatant was centrifuged at 6800 g for 15 min. The
resulting supernatant was further centrifuged at 20000 g for
20 min and the supernatant was collected and centrifuged at
100000 g for 60 min in an ultracentrifuge. The pellet of the last
centrifugation was resuspended in a medium containing 0.25 M
sucrose and 40 mM Tris/HCl (pH 7.2), and is denoted hereinafter
as the microsomal fraction.

45Ca2+ uptake and release

Microsomes from T. gondii were prepared as described above.
Fresh isolated microsomes were incubated at 37 ◦C in a water bath
and diluted to 1.0 mg/ml with an intracellular medium containing
250 mM N-methyl glucamine, 250 mM potassium gluconate,
20 mM Hepes buffer (pH 7.2), 1 mM MgCl2, 2 units/ml creatine
kinase, 4 mM phosphocreatine, 1 mM ATP, 3 µg/ml oligomycin
and 3 µg/ml antimycin, in the presence or absence of thapsigargin.

Microsomes were incubated with 45Ca at 5000 c.p.m./nmol of
Ca2+ for 30 min at 4 ◦C, after which they maintained a stable
amount of intravesicular Ca2+. 45Ca uptake and release were mea-
sured by a filtration method using glass-fibre filters as described
previously [35]. The remaining intravesicular 45Ca was deter-
mined by filtration of 0.2 ml of 1.0 mg/ml T. gondii microsomes
through a prewashed GF/C glass fibre filter (Whatman Biosys-
tems, Maidstone, Kent, U.K.) under vacuum, followed by three
rapid washes with 1 ml of an ice-cold intracellular medium
containing 3 mM LaCl3. The radioactivity retained on the filter
was determined by standard scintillation counting.

Ryanodine binding

[3H]Ryanodine binding was performed using a filtration method
described previously [35]. In brief, T. gondii microsomal fractions
(100–200 µg of protein) were incubated in a medium containing
(final concentrations) 600 mM KCl, 100 µM EGTA, 0.2 mM
PMSF, 25 mM Hepes (pH 7.2) and saturating concentrations of
[3H]ryanodine (180 nM) for 30 min at 35 ◦C. The reaction was
stopped by applying the sample to a GF/C glass fibre filter and
washing under vacuum three times with ice-cold water. The radio-
activity remaining in the filter was determined with standard
scintillation counting techniques.

Statistics

The reported experiments were repeated three to six times.
Statistical comparisons were performed using Student’s t test.
Values are reported as means +− S.D.

RESULTS

Evidence that T. gondii contains an endogenous cADPR pathway

Previous studies have suggested the presence of RyR-type chan-
nels in T. gondii on the basis of increases in intracellular calcium
in parasites treated with ryanodine or caffeine [27]. One natural
agonist of ryanodine channels is cADPR, a product of cADPR
cyclase [11]. Therefore we examined extracts of T. gondii for
cADPR cyclase activity using the substrate NAD. cADPR was
monitored using the sea-urchin egg homogenate bioassay and
confirmed by HPLC as described previously [30]. Increasing
concentrations of cADPR were detected in lysates of the parasite
incubated with NAD over a course of time (Figure 1A). Addi-
tionally, when cADPR was added exogenously to parasite lysates,
it was progressively hydrolysed over time, indicating that the
parasite also possesses a cADPR hydrolase activity (Figure 1B).
T. gondii cADPR cyclase activity showed an optimum pH of ap-
prox. 7.2 (Figure 1C) and was significantly inhibited by incubation
with nicotinamide and dithiothreitol and was stimulated by Zn
(an effect blocked by EDTA) (Figure 1D). These results indicate
that the ADP-ribosyl cyclase in T. gondii has features similar to
the well-characterized mammalian ADP-ribosyl cyclase CD38
[30–32]. As this assay is highly sensitive for cADPR, these
results indicate the presence of cyclase and hydrolase enzymes
that control the production and turnover of cADPR in T. gondii.
Extraction of intracellular nucleotides in T. gondii revealed the
presence of cADPR at the level of 0.6 +− 0.02 pmol/mg of protein
(mean +− S.D., n = 3) using the cyclin assay for detecting cADPR.
Collectively, these findings indicate that cADPR is an endogenous
nucleotide in T. gondii.

Calcium release by cADPR

cADPR has been shown to stimulate calcium release in a variety
of systems including sea-urchin eggs [36], T-lymphocytes [12]
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Figure 1 Synthesis and degradation of cADPR by T. gondii

(A) Activity of ADP-ribosyl cyclase from T. gondii homogenates incubated with 1 mM NAD as described in the Experimental section. (B) Hydrolysis of cADPR. T. gondii homogenates were incubated
with 10 µM cADPR and the remaining cADPR was determined as described in the Experimental section. (C) Extracts from T. gondii were assayed for cyclase activity using 0.2 mM NGD as a substrate,
and effects of several inhibitors and stimulators of the cyclase activity and the optimal pH were tested. (D) Extracts were incubated with cyclase stimulators or inhibitors 1 min before the addition of
the cyclase substrate NGD. The incubations were performed with: none (CTL), 1 mM nicotinamide (NM), 1 mM dithiothreitol (DTT), 1 mM ZnCl2 and 1 mM ZnCl2 + 1 mM EDTA. *P < 0.05 indicates
significant difference from control (Student’s t test).

Figure 2 cADPR induced Ca2+ release in T. gondii microsomes

(A) Ca2+ uptake by T. gondii microsomes in the absence (�) or presence (�) of 10 µM thapsigargin. After 30 min, Ca2+ release was monitored after adding control diluent (�), 10 µM IP3 (�)
or 10 µM cADPR (�). The inset demonstrates the rate of Ca2+ efflux induced by cADPR or IP3. (B) Ca2+ release induced by different concentrations of cADPR using the same procedure as that
described in (A). Ca2+ uptake and release in T. gondii microsomes were measured as described in the Experimental section.

and neurosecretory cells [11]. Therefore we sought evidence that
cADPR could effect the release of calcium from membranes
of T. gondii in vitro. Microsomes prepared from tachyzoites of
T. gondii demonstrated a time-dependent uptake of 45Ca2+ that was
partially inhibited by thapsigargin (Figure 2A). This result is con-
sistent with previous reports that thapsigargin causes the release
of intracellular calcium in T. gondii [7]. Addition of IP3 or cADPR

caused rapid release of calcium from T. gondii microsome vesicles
(Figure 2A). Efflux was most rapid in the first 1 min and, then, the
rate of release reached a plateau (Figure 2A, inset). Release of cal-
cium from T. gondii microsomes showed a dose-dependent rate of
increase with increase in the concentration of cADPR (Figure 2B).

cADPR is known to cause the release of calcium from RyR
through a process that is sensitive to several inhibitors [37]. The
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Figure 3 cADPR and IP3 induced Ca2+ release in T. gondii microsomes

(A) Ca2+ release was induced by 10 µM cADPR in the presence of different inhibitors including 100 µM 8-Br-cADPR, 100 µM Ruthenium Red (RR), 100 µM xestospongin C (XesC) or 1 mg/ml
heparin (Hep). (B) Ca2+ release was induced by 10 µM IP3 in the presence or absence of inhibitors as described in (A). In (A, B), Ca2+ release was monitored using the same procedure as that
described in Figure 2. (C) Binding of [3H]ryanodine to T . gondii microsomes was measured as described in the Experimental section. Microsomes were incubated for 10 min with 100 µM unlabelled
ryanodine (Rya), 10 µM cADPR, 10 µM cADPR with 100 µM 8-Br-cADPR, 100 µM Ruthenium Red (RR), 10 mM caffeine and 10 µM IP3.

ability of cADPR to cause the release of calcium from T. gondii
microsomes was efficiently blocked by 8-Br-cADPR and Ruthe-
nium Red (Figure 3A), consistent with the properties of this
inhibitor in blocking the activity of RyR in other systems [37]. In
contrast, addition of xestospongin C or heparin, competitive in-
hibitors of IP3 channels [38], had no effect on the release of cal-
cium by cADPR from T. gondii microsomes (Figure 3A). As
shown in Figures 2 and 3, T. gondii microsomes also responded
to IP3 and this response was not inhibited by Ruthenium Red or
8-Br-cADPR, but was potently inhibited by xestospongin C and
heparin (Figure 3B). Consistent with these results, the binding
of radiolabelled ryanodine to T. gondii microsomes was compe-
titively inhibited by unlabelled ryanodine, cADPR and ruthenium,
and stimulated by caffeine but not influenced by IP3 (Figure 3C).
Collectively, these results indicate that T. gondii microsomes
contain cADPR-responsive channels that release calcium and
conform to the properties of RyRs characterized in other systems.
Additionally, T. gondii microsomes appear to contain independent
calcium-release channels that are stimulated by IP3.

Role of cADPR in the secretion and motility of T. gondii

Increases in intracellular calcium stimulate microneme secretion
in T. gondii and this step is essential for motility and cell invasion
[6,7]. Previous studies have demonstrated a role for IP3 in this
process, but the potential contribution of RyR has not been tested
[27]. To evaluate the role of RyR in this process, we employed
the non-hydrolysable analogue 8-Br-cADPR, which is a cell-
permeant antagonist of the action of cADPR [39]. We also tested
the effects of dantrolene, an inhibitor of RyR activities [37].
We examined the release of MIC2, a prominent protein in the
micronemes that is implicated in cell binding and invasion [40].
Exocytosis of MIC2 is followed by C-terminal proteolytic proces-
sing that releases the protein from the cell surface; consequently,
the secreted form migrates faster in SDS/PAGE [41]. Treatment of

Figure 4 Effect of cADPR antagonists on the secretion of MIC2

Secretion of MIC2 into the supernatant after treatment with inhibitors. (A) Parasites were treated
with dantrolene (left panel) or 8-Br-cADPR (right panel) or DMSO alone (both panels) on ice for
15 min. The parasites were further incubated for 5 min at 37◦C to induce secretion, separated
by centrifugation and the supernatants were subjected to Western blotting. The form of the
protein found in the supernatant migrates faster due to proteolytic processing at the C-terminus
[41]. (B) Densities of the bands from secreted samples were quantified by a PhosphoImager as
described in the Experimental section. The value 0 of the concentration represents secretion in
DMSO that was set to 100 %. Results shown in (B) are the means +− S.D. for three experiments.

extracellular parasites with increasing doses of 8-Br-cADPR or
dantrolene blocked parasite secretion of MIC2 into the super-
natant (Figure 4A). This effect required preincubation and was
most effective in parasites that were treated for 6 or 12 min before
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Figure 5 Effects of cADPR antagonists on the gliding motility of T. gondii

The formation and elongation of trails formed by the parasite during gliding motility was monitored by fluorescence microscopic observation. After treatment at 4◦C, gliding was induced by warming to
37◦C and trails were revealed by staining for the surface protein SAG1 using DG52 monoclonal antibody (see the Experimental section). The average number of trails and length of trails are indicated in
(A) and (B) respectively. Results shown are the means +− S.D. for three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 represent statistically significant differences determined by Student’s t
test.

the induction of secretion (results not shown). Quantitative
analysis indicated that the inhibition was significant at doses of
� 10 µM as shown by PhosphoImager analysis (Figure 4B).

Oscillations in intracellular calcium have been shown to be
important for modulating the gliding motility by T. gondii [8].
Therefore we tested whether treatment with inhibitors of the
cADPR pathway would block the motility of the parasite. Gliding
motility leads to characteristic trails being deposited on the
substrate and these trails can be visualized by staining with
antibodies to cell-surface proteins [8]. Treatment with dantrolene
or 8-Br-cADPR led to a marked inhibition in the number of trails
deposited on the substrate (Figure 5A) and a shortening of the
average length of trails (Figure 5B). A significant inhibition of
the average number of trails was observed even with the lowest
concentrations of inhibitors (1 µM), indicating that this assay is
more sensitive than the secretion of MIC2 shown in Figure 4.
Although fewer parasites responded in the presence of inhibitors,
a decrease in the average length of trails was only evident at
higher levels of the inhibitors (10 and 100 µM for dantrolene and
8-Br-cADPR respectively) (Figures 5B and 5C).

Video analysis of the gliding motility

Since 8-Br-cADPR and dantrolene decreased microneme secre-
tion and lowered the motility in static assays, we next examined
parasites in real time to determine if RyR antagonists decreased
the gliding. The treated parasites underwent three stereotypical
behaviours: twirling, circular gliding and helical gliding as
described previously [8]. The relative speeds of these movements
in the treated cells were similar to controls, indicating that the
basic gliding behaviour and velocity were not affected (results
not shown). However, 8-Br-cADPR and dantrolene decreased the
duration of time that the parasites spend gliding from an average
of 35.0 s to 18.6 and 19.7 s respectively, and also decreased
the number of parasites moving from 24% to 10.5 and 11%
respectively (Table 1; P < 0.05). Combined with the results from
static assays described above, these results indicate that, by
decreasing the amount of time that the parasites spend gliding,
RyR antagonists diminished the net motility of T. gondii.

Table 1 Effects of treatment with RyR antagonists on gliding by T. gondii

*P < 0.05, significantly less than control (Student’s t test).

Average time for
Mean % of parasites gliding which gliding continues (s)

Control 24.0 +− 0.81 35.0 +− 2.4
1 µM 8-Br-cADPR 10.5 +− 0.86* 18.6 +− 2.7*
1 µM Dantrolene 11.0 +− 1.66* 19.7 +− 2.7*

Decreased motility was correlated with less intense
intracellular calcium fluxes

To determine how intracellular calcium levels were affected by 8-
Br-cADPR and dantrolene treatment, we used parasites loaded
with fluo-4 to visualize changes in calcium. Calcium fluxes
correlate with gliding motility and often precede initiation of
gliding, whereas calcium levels are quickly dampened in invad-
ing parasites [26]. We found that control gliding parasites under-
went cycles of oscillating fluorescence that gradually decreased
in intensity, whereas non-motile parasites did not undergo
changes in fluorescence, as reported previously [8,26]. After treat-
ment with 8-Br-cADPR or dantrolene, gliding parasites dis-
played less frequent and lower-intensity calcium oscillations rela-
tive to controls (Table 2). Plotting the kinetic changes in fluo-4
fluorescence in a representative parasite for each condition also
demonstrated that parasites treated with RyR antagonists had
slower, less significant fluxes in intracellular calcium (Figure 6).

DISCUSSION

The present study demonstrates that the protozoan parasite
T. gondii has all the essential components of a cADPR-mediated
signalling pathway that controls the release of intracellular
calcium. This pathway governs protein secretion in an analogous
manner to regulated secretion in higher eukaryotes. Exocytosis
of parasite proteins from the micronemes is responsible for the
release of adhesive proteins necessary for motility and cellular
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Table 2 Duration of calcium transients in gliding control, 8-Br-cADPR and
dantrolene-treated parasites

Results are means +− S.E.M. (s); n = 9 (three parasites were analysed in each of the three
separate experiments). Duration is the average time between the start of successive cycles;
Peak-to-low is the time from the highest to the lowest intensity during a cycle; Time between is
the average time between successive intensity peaks; Average amplitude is the average change
in pixel intensity for the first flux, as shown in Figure 6. *P < 0.05, significantly different from
control (two-tailed Student’s t test).

Category Duration Peak-to-low Time between Average amplitude

DMSO 22.3 +− 2.4 15.1 +− 0.6 24.6 +− 0.8 390.0 +− 40.5
1 µM 8-Br-cADPR 41.5 +− 5.4* 26.6 +− 5.5 46.7 +− 9.2* 197.7 +− 38.7*
1 µM Dantrolene 39.2 +− 5.0* 28.8 +− 6.0 43.4 +− 6.5* 234.5 +− 22.2*

Figure 6 Real-time calcium measurements in gliding parasites

Plot of the absolute frame-by-frame fluorescence pixel intensity of one representative parasite per
condition, showing fluo-4 fluorescence intensity oscillations during DMSO (——), 8-Br-cADPR
(----) or dantrolene ( · · · · )-treated gliding. Gliding parasites were observed by fluorescence
and phase microscopy, recorded at 1.5 s intervals, and analysed for fluorescence intensity
during each frame. DMSO- or dantrolene-treated parasites stopped gliding movements during
observation (indicated by an asterisk). Terms used in Table 2 (duration, peak-to-low, time
between and intensity) are indicated.

invasion. The presence of an RyR pathway in protozoa reflects
the ancient ancestry of this signalling pathway and suggests that
simple eukaryotes may provide useful models for the study of
signalling pathways common to animals and plants.

Our studies provide evidence for a functional cADPR and
ryanodine-responsive, calcium-release channel in T. gondii on
the basis of several independent experiments. Treatment of intact
parasites with caffeine or ryanodine causes increases in intracel-
lular calcium as monitored by fura 2 [27]. Extracts of T. gondii
are capable of synthesizing cADPR from NAD and to degrade
it through hydrolase activity. The inhibition profile of T. gondii
cADPR cyclase suggests that the T . gondii cyclase has pharma-
cological features similar to those of the well-characterized mam-
malian cyclase CD38 [30–32]. Furthermore, T. gondii microsomes
that were loaded with 45Ca2+ in vitro released calcium in response
to cADPR. This response was blocked by the antagonist 8-Br-
cADPR and Ruthenium Red but not by xestospongin C, an inhibi-
tor of IP3R. Finally, radiolabelled ryanodine bound specifically
to T. gondii microsomes, indicating the presence of an RyR-type
calcium-release channel in the parasite.

Intracellular calcium plays an important role in protein secre-
tion and hence in motility and cell invasion by T. gondii. Agents
that increase intracellular calcium levels trigger a rapid exocytosis
of micronemes [6,7], organelles that contain adhesive proteins

involved in substrate and host cell recognition [4]. Previous studies
have shown that intracellular calcium stores in the parasite are
required for motility and invasion [26]. These calcium storage
pools are responsive to agonists of both IP3R- and RyR-type chan-
nels [27]. Results of our studies with in vitro-loaded microsomes
from T. gondii demonstrate that these two channels release cal-
cium in a mutually exclusive manner. We demonstrate in the
present study that antagonists of RyR inhibit the secretion of
microneme proteins and lead to decreased motility by the parasite.
Since microneme protein secretion is essential for both motility
and cell entry [6], these results imply that an RyR response
pathway governs the calcium-mediated secretion associated with
invasion. Previous studies have also shown that IP3-gated channels
are important for parasite motility and invasion on the basis of
inhibition with xestospongin C [27]. Collectively, these results
indicate that both IP3 and RyR channels are important for efficient
motility and cellular invasion, suggesting that they may work
co-operatively, as in other systems [9]. At present, it is unclear
what intracellular organelle houses the calcium that is released
in response to IP3 or cADPR, although, based on other systems,
a probable candidate is the ER. A less probable source is the
acidocalcisome and the acidic calcium storage organelle found in
protozoans, plants and prokaryotes [24,25]. Current knowledge
about acidocalcisomes suggests that they are not involved in rapid
calcium release and do not respond to agonists that stimulate
intracellular calcium channels.

During gliding motility, cytoplasmic calcium levels in the para-
site undergo significant oscillations, indicating that continued
waves of release and re-uptake are involved in mediating gliding
motility [26]. The precise relationship of these oscillations to
microneme secretion is not clear; however, previous studies have
shown that increases of intracellular calcium are both necessary
and sufficient to stimulate secretion [6,7]. Although, in most
systems, calmidazolium is a potent calmodulin inhibitor, we have
previously shown that it acts as a calcium agonist in T. gondii
[8]. Treatment with calmidazolium increases the frequency of
oscillations and results in sustained secretion and motility [8].
One potential mechanism for this effect would be by enhancing
the sensitivity of calcium channels to respond to natural stimuli,
perhaps by allowing the influx of low levels of calcium that are
known to stimulate release in other systems [9]. In the present
study, we extend this correlation by showing that RyR antagonists
dantrolene and 8-Br-cADPR decrease the amplitude and duration
of calcium oscillations, thus indicating that calcium release is
responsible for continued motility. Oscillations in cytoplasmic
calcium in T. gondii probably involve re-uptake as well, a process
typically mediated by the SERCA (sarcoplasmic/endoplasmic-
reticulum Ca2+-ATPase). Recent evidence indicates that the
Chinese herbal medicine artemisinin targets the SERCA in
Plasmodium falciparum and is the basis of selective antiparasitic
action of this compound [42]. Identification of additional calcium
response pathways in a parasitic protozoan is thus relevant to the
identification of new targets for therapeutic intervention.

Three different RyR genes have been identified in mammalian
cells and are often designated skeletal muscle, cardiac and brain
isoforms [37]. Lower animals such as Caenorhabditis elegans
and Drosophila typically contain only one IP3R-like channel and
one RyR-like channel [43]. RyR and IP3 receptors in animals
share similar domains and are thought to have evolved from a
common ancestry [43]. Hydra [16], sponges [17] and plants [18]
also respond to cADPR by releasing intracellular calcium. Despite
the presence of a common signalling intermediate in cADPR,
genes encoding RyR calcium-release channels have not been
characterized from these organisms and plants do not contain
IP3R or RyR genes homologous with those found in animals [44].
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Consequently, calcium channels may have evolved independently
in the early branching taxa that gave rise to metazoans. Protozoan
parasites such as T. gondii branched very early in evolution
either near or before the plant–animal–fungal kingdom split [45].
Apicomplexans also contain a vestigial plastid-like organelle that
is a remnant of an algal symbiont [46]. Consequently, many genes
in apicomplexans are more similar to plants than to animals, either
owing to their early evolutionary branch point or to horizontal
acquisition [47].

The presence of the RyR response pathway in T. gondii predicts
that they should also contain genes encoding such channels.
BLASTX and tBLASTN analysis of the recently completed 10×
genome sequence of T. gondii (http://toxodb.org/ToxoDB.shtml)
does not reveal any good candidate for either IP3 or RyR receptor
on the basis of similarity to animal receptor genes (results not
shown). BASTP comparison using the Arabidopsis SPRY do-
main-containing protein (NCBI accession no. NP 973963) identi-
fied two putative genes containing SPRY domains, one corres-
ponding to the predicted open reading frame TwinScan 2519 and
the other to TwinScan 0829. The SPRY domain is named so
because it is a domain found in animal RyR genes and in SPL1a,
a kinase that is involved in spore differentiation in Dictyostelium
discoideum [48]. TwinScan 2519 encodes a putative protein of
only 428 amino acids, which does not contain any significant
hydrophobic transmembrane domain. TwinScan 0829 encodes a
putative protein that contains a DEAD helicase domain and is
probably involved in transcription regulation rather than calcium
homoeostasis. Consequently, it is unlikely that either of these
SPRY-containing genes in T. gondii encodes a functional RyR
calcium-release channel.

Identification of calcium-release channels in protozoa will
probably require further functional characterization before identi-
fication of the genes that encode them. Their identification might
provide useful targets for intervention, given the essentialness of
secretion for parasite motility and invasion of host cells. They
may also provide fundamental knowledge about the origin and
function of calcium-release channels and this would be beneficial
for understanding these important pathways in other systems.
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