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Summary
Micromolar concentrations of adenosine triphosphate
binding sites, as represented by decreased Bmax values. All
(ATP) and its non-hydrolyzable analog β-γ-methylene ATP
these changes are reversible (de-adaptation) after 12 min in
are both effective depolarizing chemorepellents in
a repellent-free buffer. Electrophysiological analysis
showed that both β-γ-methylene ATP (10 µmol l−1) and
Tetrahymena thermophila. Chemorepellent behavior
consists of repeated bouts of backward swimming
ATP (500 µmol l−1) elicited sustained, reversible
(avoidance reactions) that can easily be quantified to
depolarizations while GTP (10 µmol l−1) produced a
provide a convenient bioassay for purinergic reception
transient depolarization, suggesting that the chemosensory
studies. Chemosensory adaptation occurs following
response pathways for ATP and GTP reception may differ.
prolonged exposure (10 min) to the repellents, and cells
There may be separate ATP and GTP receptors since ATP
regain normal swimming behavior. Adaptation is specific
and GTP responses do not cross-adapt and ‘cold’
since cells that are behaviorally adapted to either ATP or
(unlabeled) GTP is not a good inhibitor of [32P]ATP
β-γ-methylene ATP still retain full responsiveness to the
binding. These results suggests that T. thermophila possess
chemorepellents GTP and lysozyme. However, cross
high-affinity surface receptors for ATP that are downadaptation occurs between ATP and β-γ-methylene ATP,
regulated during chemosensory adaptation. These ATP
suggesting that they involve the same receptor. Behavioral
receptors may act as chemorepellent receptors to enable T.
sensitivity to both ATP and β-γ-methylene ATP is increased
thermophila to recognize recently lysed cells and avoid a
by the addition of Na+, but addition of either Ca2+ or Mg2+
possibly deleterious situation. This is the simplest
dramatically decreases the response to ATP. These ionic
eukaryotic organism to show an electrophysiological
effects are correlated with in vivo ATP hydrolysis,
response to external ATP.
suggesting that divalent ions decrease purinergic sensitivity
by activating a Ca2+- or Mg2+-dependent ecto-ATPase to
hydrolyze the ATP signal. In vivo [32P]ATP binding studies
Key
words:
chemorepellent,
chemosensory
adaptation,
desensitization, down-regulation, ecto-ATPase, P2 receptor,
and Scatchard analysis suggest that the behavioral
Tetrahymena thermophila.
adaptation is due to a decrease in the number of surface

Introduction
Tetrahymena thermophila respond to micromolar
concentrations of depolarizing chemorepellents such as
lysozyme, GTP and oxidants (Francis and Hennessey, 1995;
Kuruvilla et al., 1997; Kuruvilla and Hennessey, 1998) by
showing repeated backward swimming events, or avoidance
reactions. Since these cells can be easily visualized under a
simple dissection microscope, the avoidance reactions can be
used as a quantitative bioassay for these repellents. The ability
to purify chemorepellent receptors and measure the
electrophysiological responses to repellents (Kuruvilla and
Hennessey, 1998) makes Tetrahymena thermophila a very
attractive model system for chemosensory transduction studies
(Csaba, 1985).
Depolarizing chemorepellents are important for unicellular

chemosensory responses because they serve not only as signaling
ligands on their own but they can also modify attractant
hyperpolarizing responses. As a result, these cells integrate
positive and negative chemosensory stimuli in a manner similar
to that of neuronal integration of excitatory and inhibitory inputs.
Chemorepellent responses are not only relevant for ciliate
motility, but also to the axonal guidance systems of developing
neurons (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997;
Messersmith et al., 1995). It has been shown that the direction
of axonal development is determined by both chemoattractant
and chemorepellent gradients (Messersmith et al., 1995). A
chemorepellent receptor has recently been purified from
developing neurons and identified as neuropilin (He and TessierLavigne, 1997; Kolodkin et al., 1997).
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Most sensory cells show chemosensory adaptation and
decrease their responsiveness to an external ligand following
prolonged exposure to that stimulus. This chemosensory
adaptation often involves some type of receptor
desensitization. Desensitization can occur via receptor downregulation, covalent modification of the receptor structure or
regulation of a component of the second-messenger pathway.
Chemosensory adaptation to the repellents GTP and lysozyme
in both Paramecium tetraurelia (Kim et al., 1997) and
Tetrahymena thermophila (Kuruvilla et al., 1997) involves a
reversible decrease in the behavioral response of the cell to the
repellent together with a decrease in the number of cell surface
receptors. However, it is not yet known how the number of
functional surface receptors is regulated in these cells.
Along with the well-established role of nucleoside
triphosphates in intracellular metabolism, these compounds have
also been found to have external effects in virtually every major
organ and/or tissue system studied (Burnstock, 1972, 1996; North
and Barnard, 1997). The receptors for nucleoside triphosphates,
such as ATP, constitute a large and diverse family and have been
referred to as P2-purinergic receptors, purinoceptors (Abbracchio
et al., 1993; Harden et al., 1995) or simply P2 receptors (North
and Barnard, 1997). This family of P2 receptors is further
subdivided on the basis of pharmacological potencies and
selectivity of coupling to second-messenger pathways (North and
Barnard, 1997). However, definitive classification often requires
purification, cloning and expression of the receptor (North and
Barnard, 1997; Soto et al., 1997).
Many P2 receptors utilize ligand-gated ion channels and are
involved in the physiology of peripheral and central neurons
(Edwards et al., 1992; Evans et al., 1992; North and Barnard,
1997; Silinsky and Gerzanich, 1993; Valera et al., 1994), cardiac
muscle cells (Danziger et al., 1988; Christie et al., 1992) and
smooth muscle cells (Valera et al., 1994). The P2 receptors are
further divided into multiple subtypes since channels in different
cell types may not have identical ligand selectivities, ion
permeabilities and intracellular second-messenger involvement
(Brake et al., 1994; North and Barnard, 1997; Soto et al., 1997;
Valera et al., 1994). For example, seven subtypes of P2X
receptors have been cloned and are known to be ligand-gated
channels, while the five mammalian subtypes of P2Y receptor
that have been cloned are coupled to G-proteins linked to secondmessenger systems (North and Barnard, 1997; Soto et al., 1997).
The interactions of ATP and its analogs with many P2 receptors
on neurons and muscle cells have been found to result in a
depolarizing current (Bean and Friel, 1990; Dubyak and ElMoatassim, 1993; North and Barnard, 1997; Soto et al., 1997).
While ATP is a potent agonist for many P2 receptors, the
non-hydrolyzable analogs α-β-methylene ATP and β-γmethylene ATP are often more potent in tissue studies
(Abbracchio et al., 1993; Burnstock, 1996; Harden et al., 1995).
Although it was initially thought that the potencies of these
analogs was due to the ligand selectivity of the receptors
involved, it was later found that most of these cells also have a
very active ecto-ATPase (Plesner, 1995), which may decrease
the amount of intact ligand recognized at the receptor (White,

1988). This could explain the increased potencies of the nonhydrolyzable analogs. Since no universally reliable ectoATPase inhibitors are known (Plesner, 1995), it is difficult to
resolve this problem in such tissue studies. However, the
cloning and expression of P2 receptors has demonstrated that
ATP is the most potent analog for many P2X-type P2 receptors
(North and Barnard, 1997; Soto et al., 1997).
In the present study, we report that both ATP and β-γmethylene ATP are depolarizing chemorepellents in T.
thermophila and that the chemosensory transduction of this
response may be mediated via functional surface receptors that
show specific desensitization during adaptation.
Materials and methods
Cell cultures
Tetrahymena thermophila B, serotype H3, was a generous
gift from N. E. Williams, University of Iowa. For behavioral
studies, cells were grown for 48 h at 25 °C in the axenic
medium of Dentler (1998) without the addition of antibiotics
and without shaking. For all other studies, cells were grown
for 72 h in the same medium and incubated on a rotary shaker
at 25 °C during growth.
Chemicals and solutions
The general wash solution for the behavioral bioassays
contained 10 mmol l−1 Trizma base, 0.5 mmol l−1 Mops,
1.0 mmol l−1 disodium tartarate, 50 µmol l−1 CaCl2, pH 7.0 at
25 °C. However, disodium tartarate was not added to either the
test solutions in the experiments described in Fig. 2 or the in
vivo ecto-ATPase assay solutions.
Electrophysiological recordings were carried out at 25 °C in a
buffer containing 1.0 mmol l−1 CaCl2, 1.0 mmol l−1 Mops, pH 7.2,
under conditions previously described (Kuruvilla and Hennessey,
1998) or with the addition of 10 mmol l−1 tetraethylammonium
chloride (TEA-Cl) (with 2 mol l−1 CsCl electrodes) to block K+
conductances (Hennessey and Kung, 1987).
The [32P]ATP in vivo binding assays were performed at
25 °C in a buffer containing 10 mmol l−1 Trizma base,
0.5 mmol l−1 Mops, 1.0 mmol l−1 disodium tartarate,
10 µmol l−1 EGTA, pH 7.0. EGTA was added to inhibit ATP
hydrolysis by the Ca2+-dependent ecto-ATPase (Smith et al.,
1996), while disodium tartarate was added as a precaution,
since preliminary evidence showed that tartrate may inhibit
ATP hydrolysis by a non-specific acid phosphatase.
For ATP binding studies, γ-labeled [32P]ATP Easytides
(with a specific activity of 1.1×1014 Bq mmol−1) were obtained
from Dupont/NEN, Boston, MA, USA. All other compounds
were supplied by Sigma Chemical Co., St Louis, MO, USA,
unless otherwise noted.
Behavioral assays
The chemorepellent behavioral assay was the same as
previously described for Paramecium tetraurelia (Hennessey et
al., 1995) and Tetrahymena thermophila (Kuruvilla et al., 1997).
This bioassay measures the initial responses of cells when they
are first exposed to a new solution. Briefly, individual cells were
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transferred using a micropipette to a well containing a test
solution, and swimming behavior was observed for several
seconds under a simple dissection microscope. Cells that showed
any significant backward swimming events (avoidance
reactions) were scored as positive responders. Ten cells were
scored for avoidance (+ or −) for each trial. The mean ± S.D. was
calculated for three trials and expressed as the percentage of cells
showing avoidance reactions.
In the adaptation experiments, cells were placed in either
0.5 mmol l−1 ATP or 1.0 µmol l−1 β-γ-methylene ATP for
varying times. Periodically, cells were transferred to fresh ATP
solutions as a precautionary measure in case ATP hydrolysis
had occurred. Cells were washed in buffer for 20 s then
transferred back into the original test solution to assay for
repellent responses. For de-adaptation, cells were first
incubated in either 0.5 mmol l−1 ATP or 1.0 µmol l−1 β-γmethylene ATP for 10 min, quickly washed in buffer by
centrifugation, then placed back in fresh buffer. At various
times, cells were transferred from the buffer into the test
solution and assayed for repellent responses.
In vivo ecto-ATPase assay
In vivo ecto-ATPase assays were conducted with intact, live
cells at 25 °C. A 5 ml sample of cells (usually at a concentration
of 490×103 cells ml−1) was washed three times in 10 mmol l−1
Trizma base, 0.5 mmol l−1 Mops, 50 µmol l−1 CaCl2, pH 7.0, and
resuspended in 12 ml of buffer. For each concentration point,
560 µl of cell suspension (usually 275×103 cells) was added to
the appropriate dilution of the cation being tested to a final
volume of 1.26 ml in a 1.5 ml Eppendorf tube. After incubation
for 5 min in a water bath at 25 °C, the chemorepellent was added
to give a final concentration of 700 µmol l−1. This mixture was
incubated for an additional 5 min and then subjected to
centrifugation in a TOMY HF-120 Capsule Minicentrifuge
(Research Products International Corp., Mt Prospect, IL, USA).
After centrifugation, 50 µl of the supernatant was withdrawn,
and liberated phosphate was detected by the method of Lanzetta
et al. (1979) and expressed as nmol Pi released min−1. Time
course experiments had previously shown that the response was
still linear at 5 min (data not shown). We estimate that
approximately 20 % of the available ATP was hydrolyzed after
5 min with 5 mmol l−1 Ca2+ present in the in vivo ecto-ATPase
assay. All data are expressed as the mean ± S.D. of at least three
separate determinations.
In vivo binding assays
In vivo ATP binding assays were performed as previously
reported for GTP binding in Paramecium tetraurelia (Kim et
al., 1997) and Tetrahymena thermophila (Kuruvilla et al.,
1997). All binding assays were carried out at 25 °C in a solution
containing 10 mmol l−1 Trizma base, 0.5 mmol l−1 Mops,
1.0 mmol l−1 disodium tartrate, 10 µmol l−1 EGTA, pH 7.0. In a
typical assay, 0.2 ml of packed cells (at a concentration of
approximately 490×103 cells ml−1) was washed three times by
centrifugation and resuspended in 2.0 ml of buffer. For each
concentration point, a 120 µl sample of cells was mixed with
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the appropriate dilution of [32P]ATP to a final volume of 200 µl
in a 1.5 ml Eppendorf tube. This was vortexed gently, and two
20 µl samples were withdrawn for liquid scintillation counting
in 2.0 ml of Ecoscint (National Diagnostics, Atlanta, GA, USA).
The average of these two samples represented the amount of
bound + free [32P]ATP. The remaining sample was pelleted by
centrifugation, and 20 µl of the supernatant was removed for
liquid scintillation counting. This represented the amount of
free [32P]ATP. The amount of ligand-bound radioactivity was
determined by subtracting the free activity from the total bound
+ free activity. All data are expressed as the mean ± S.D. of at
least three separate determinations.
In adapted cells, 0.2 ml of packed cells was resuspended in
100 ml of 1.0 µmol l−1 β-γ-methylene ATP for 10 min. Cells
were then washed by centrifugation and resuspended to a final
volume of 2.0 ml, and 120 µl samples of cells were assayed for
[32P]ATP binding. For de-adaptation, cells were first adapted
to 1.0 µmol l−1 β-γ-methylene ATP for 10 min, washed in
binding buffer, then resuspended in the same buffer for 12 min.
Cells were then removed in volumes of 120 µl and assayed for
binding. Scatchard analysis (Scatchard, 1949) was performed
with the aid of the computer program LIGAND (ElsevierBiosoft; copyright 1986).
Electrophysiology
The standard one-electrode whole-cell membrane potential
recording procedures used were similar to those previously
described for Paramecium tetraurelia (Clark et al., 1993;
Hennessey et al., 1995) and Tetrahymena thermophila
(Kuruvilla and Hennessey, 1998). The recording buffer
contained 1.0 mmol l−1 CaCl2, 1.0 mmol l−1 Mops, pH 7.2 (with
500 mmol l−1 KCl electrodes), and with the addition of
10 mmol l−1 TEA-Cl for the Cs-TEA condition (with 2.0 mol l−1
CsCl electrodes). Membrane potentials were recorded under
continuous bath perfusion at a rate of 20.0 ml min−1, with a bath
volume of approximately 1.0 ml. All data are expressed as the
mean ± S.D. of at least three separate determinations.
Results
ATP and its non-hydrolyzable analog β-γ-methylene ATP are
both effective chemorepellents at micromolar concentrations as
measured by our behavioral assays (Fig. 1). It has been reported
that Tetrahymena thermophila show a baseline avoidance of
approximately 10–20 % in buffer alone (Kuruvilla et al., 1997);
therefore, avoidance above this margin was considered
significant. T. thermophila showed EC50 values (EC50 is the
concentration of repellent necessary to elicit avoidance
reactions in 50 % of the tested cells) of 0.01–0.02 µmol l−1 for
β-γ-methylene ATP and 2–3 µmol l−1 for ATP (Fig. 1). Cells
showed maximal responses above 0.1 µmol l−1 β-γ-methylene
ATP and 0.5 mmol l−1 ATP. GTP has previously been shown to
be an effective chemorepellent in T. thermophila with an EC50
between 1 and 2 µmol l−1 (Kuruvilla et al., 1997), but the
addition of tartarate (an acid phosphatase inhibitor) increased
the sensitivity to GTP by over 200-fold such that the EC50
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dropped to between 6 and 7 nmol l−1, with a maximal response
above 0.1 µmol l−1 GTP (Fig. 1).
The behavioral responses of these cells to the
chemorepellents used were influenced by increasing
concentrations of mono- and divalent cations. Increasing
concentrations of Na+ in the buffer resulted in similar increased
sensitivities of the cells to 1.0 nmol l−1 GTP, 10 µmol l−1 ATP
and 0.5 nmol l−1 β-γ-methylene ATP (Fig. 2A). However,
increasing concentrations of the divalent cations Ca2+ (Fig. 2B)
and Mg2+ (Fig. 2C) resulted in decreased sensitivities to
0.1 µmol l−1 GTP, 0.5 mmol l−1 ATP and 1.0 µmol l−1 β-γmethylene ATP. The responses to ATP were most sensitive to
the divalent ions, while the responses to GTP were less affected
by the addition of these ions. The responses to β-γ-methylene
ATP were least affected by divalent ion concentrations. These
results are consistent with the hypothesis that the existing Ca2+or Mg2+-dependent ecto-ATPase, which prefers ATP over GTP
for hydrolysis (Smith et al., 1996, 1997), may attenuate the
responses to ATP by hydrolyzing this ligand in Ca2+- or Mg2+containing solutions. They also suggest that the apparent
receptor selectivity inferred from Fig. 1 may actually be due to
selective hydrolysis of ATP over GTP.
In vivo ecto-ATPase assays showed that the rate of external
ATP hydrolysis was affected by increasing the external
concentrations of Ca2+ or Mg2+ but was not affected by Na+
concentration. Increasing concentrations of Na+ in the buffer
had little or no influence on the rate of ATP hydrolysis
(Fig. 3A), while the addition of Ca2+ (Fig. 3B) or Mg2+
(Fig. 3C) resulted in a measurable increase in the rate of
hydrolysis. The rate of β-γ-methylene ATP hydrolysis was
barely affected at all cation concentrations because of its
insensitivity to hydrolysis by the ecto-ATPase (Smith et al.,
1996). Because of these divalent ion effects, further
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0
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Fig. 1. Tetrahymena thermophila show differential behavioral
sensitivities to the purinergic ligands tested. Behavioral bioassays (see
Materials and methods) were used to show the concentration
dependencies for avoidance reactions to GTP (open squares), ATP
(filled triangles) and β-γ-methylene ATP (filled circles). The percentage
of cells showing avoidance reactions was determined by observation of
single cells after transfer to a test solution. Each trial consisted of ten
cells individually scored as + or − responders according to whether a
backward swimming event (avoidance reaction) occurred. Each point
represents the mean ± S.D. of three trials.
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Fig. 2. The behavioral responses to ligands were modified by the
addition of divalent cations. (A) Cell sensitivity to 1.0 nmol l−1 GTP
(open squares), 10 µmol l−1 ATP (filled triangles) and 0.5 nmol l−1 βγ-methylene ATP (filled circles) was dependent upon the
concentration of the monovalent cation Na+ in the buffer. Behavioral
responses of individual cells were observed for each chemorepellent
at increasing concentrations of Na+. (B) Increasing Ca2+
concentrations decreased the behavioral responses to 0.1 µmol l−1
GTP (open squares), 0.5 mmol l−1 ATP (filled triangles) or
1.0 µmol l−1 β-γ-methylene ATP (filled circles). (C) Increasing
concentrations of Mg2+ decreased the behavioral responses to
0.1 µmol l−1 GTP (open squares), 0.5 mmol l−1 ATP (filled triangles)
or 1.0 µmol l−1 β-γ-methylene ATP (filled circles). As in all cases,
each point represents the mean ± S.D. of three trials.

experiments employed a buffer with a low Ca2+ concentration
(50 µmol l−1) and no Mg2+ to minimize the hydrolysis of ATP.
Behavioral adaptation was observed in response to prolonged
exposure to both 0.5 mmol l−1 ATP and 1.0 µmol l−1 β-γmethylene ATP. When cells were placed in either test solution
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for 10 min then washed for 20 s in buffer, they ceased to show
any significant avoidance reactions after being retested in that
same solution (Fig. 4A). Behavioral adaptation was therefore
gradual and time-dependent. It also appears to be specific for
each repellent, but cross-adaptation was seen between ATP and
β-γ-methylene ATP. Cells that had become behaviorally adapted
to 0.1 µmol l−1 GTP after a 10 min exposure still retained full
responsiveness to both 0.5 mmol l−1 ATP and 1.0 µmol l−1 β-γmethylene ATP (Fig. 4B). Cells behaviorally adapted to
0.5 mmol l−1 ATP for 10 min were cross-adapted to 1.0 µmol l−1
β-γ-methylene ATP, yet they still retained full responsiveness to
0.1 µmol l−1 GTP. Similar results were seen with cells adapted
to 1.0 µmol l−1 β-γ-methylene ATP. It has been reported that T.
thermophila respond and adapt to the chemorepellent lysozyme,
with a maximal response at a concentration of 50 µmol l−1
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Fig. 3. The extent of ATP hydrolysis was affected by the divalent ions
tested but not by Na+. The rate of release of inorganic phosphate was
determined by an in vivo ecto-ATPase assay (see Materials and
methods) which measured the amount of free phosphate released as a
result of ATP hydrolysis. (A) Na+ concentration has little or no effect
on the hydrolysis of ATP (filled triangles) or β-γ-methylene ATP
(filled circles). (B) Addition of increasing concentrations of Ca2+ to the
test buffer increased the rate of hydrolysis of ATP (filled triangles), but
not that of β-γ-methylene ATP (filled circles), which is not hydrolyzed
by the Ca2+-dependent ecto-ATPase. (C) Addition of increasing
concentrations of Mg2+ to the test buffer had similar effects to those of
Ca2+ in that the rate of ATP (filled triangles) hydrolysis increased and
the rate of β-γ-methylene ATP (filled circles) was not affected. In all
cases, each point represents the mean ± S.D. of three experiments.
Where no error bars are visible, the deviation from the mean was so
small that the symbols are larger than the error.
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β-γ-methylene
ATP

Adaptation solution
Fig. 4. Chemosensory adaptation is seen after prolonged exposure to
purinergic ligands. (A) Behavioral adaptation to either ATP or β-γmethylene ATP was gradual and time-dependent. Individual cells
were placed in either 0.5 mmol l−1 ATP (filled triangles) or
1.0 µmol l−1 β-γ-methylene ATP (filled circles) for varying periods,
washed for 20 s in buffer, then retested in the original repellent
solution for avoidance reactions. Full behavioral adaptation occurred
after a 10 min exposure to either repellent. (B) Behavioral adaptation
is specific. Cells were allowed to adapt for 10 min in 0.1 µmol l−1
GTP (filled columns), 0.5 mmol l−1 ATP (hatched columns) or
1.0 µmol l−1 β-γ-methylene ATP (open columns), washed for 20 s in
buffer, then tested in each of the other repellent solutions. Cells
behaviorally adapted to GTP still retained full responsiveness to ATP
and to the non-hydrolyzable analog β-γ-methylene ATP. Cells
behaviorally adapted to ATP were also adapted to β-γ-methylene
ATP and vice-versa. However, cells adapted to either one of these
repellents showed full avoidance responses to GTP. In all cases, each
point represents the mean ± S.D. of three experiments.
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(Kuruvilla et al., 1997). Adaptation to either ATP or β-γmethylene ATP did not affect the behavioral response to
lysozyme and vice-versa (data not shown).
Chemosensory adaptation to both ATP and β-γ-methylene
ATP is completely reversible in our behavioral assay (Fig. 5).
Cells that were behaviorally adapted after a 10 min exposure to
either 0.5 mmol l−1 ATP or 1.0 µmol l−1 β-γ-methylene ATP
could regain full sensitivity to these repellents following a 12 min
incubation in repellent-free wash buffer. As with adaptation,
behavioral de-adaptation is gradual and time-dependent.
In vivo binding studies of T. thermophila show that [32P]ATP
binding is saturable (Fig. 6A), and Scatchard analysis suggests
that binding in this concentration range is due to a single class
of receptor (Fig. 6B). Binding is similar in cells that have not
been adapted to 0.5 mmol l−1 ATP and cells that have undergone
adaptation to ATP followed by de-adaptation in the binding
buffer. Binding of ATP to adapted cells was essentially zero,
and a dissociation constant (KD) could not be determined.
Saturable ATP binding to both non-adapted and de-adapted
cells showed an apparent KD of 13 nmol l−1 on the basis of
Scatchard analysis. Taking into account the number of cells in
these assays and the Bmax values of 1.09 pmol l−1 for nonadapted cells and 1.0 pmol l−1 for de-adapted cells, there are
approximately 5.24×106 receptors per cell on non-adapted cells
and 4.81×106 ATP receptors per cell on de-adapted cells.
Further binding studies showed that external [32P]ATP
binding can be inhibited by an excess of unlabeled ATP but
that unlabeled GTP was not as effective. A 50-fold excess of
unlabeled ATP inhibited [32P]ATP binding by up to 90±7 %
(N=3) compared with the control, and the same excess of β-γ-
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Fig. 6. In vivo [32P]ATP binding to intact cells showed saturable, highaffinity binding to surface receptors in both control and de-adapted
cells but this binding was virtually lost in adapted cells. (A) The
amount of [32P]ATP bound to cells increased in a concentrationdependent manner in both control (filled squares) and de-adapted
(open circles) cells, but adapted cells (open triangles) showed no
measurable binding at any concentration tested. Each point represents
the mean ± S.D. of three experiments. (B) Scatchard analysis showed
that the apparent KD of control cells (filled squares) and de-adapted
cells (open circles) were identical while the Bmax values (a measure of
the number of binding sites) were comparable. Values for adapted
cells could not be plotted because the bound/free ratios were all zero.
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Fig. 5. Behavioral adaptation to either ATP or β-γ-methylene ATP
was fully reversible during a process referred to as de-adaptation.
Cells preincubated in either 0.5 mmol l−1 ATP or 1.0 µmol l−1 β-γmethylene ATP for 10 min were transferred to buffer for varying
periods then retested in the original test solution. Cells that had
completely lost their responsiveness to ATP (see Fig. 2A) showed a
time-dependent return to full sensitivity to 0.5 mmol l−1 ATP (filled
triangles) after 12 min in a repellent-free solution. Similarly, cells
behaviorally adapted to 1.0 µmol l−1 β-γ-methylene ATP (filled
circles) for 10 min regained their sensitivity to the repellent after
12 min in the control solution. Each point represents the mean ± S.D.
of three experiments.

methylene ATP also inhibited binding by up to 85±1 % (N=3).
A 50-fold excess of unlabeled GTP inhibited [32P]ATP binding
by only 35±1 % (N=3). Since there may be differential
hydrolysis of various nucleoside triphosphates in vivo due to
the ecto-ATPase and other phosphatases (Smith et al., 1996,
1997), further competition studies using the purified receptor
are needed to establish which compounds are competitive
inhibitors of [32P]ATP binding to this receptor.
Whole-cell electrophysiological recordings of T.
thermophila show a sustained depolarization in response to
0.5 mmol l−1 ATP (Fig. 7A) or 10 µmol l−1 β-γ-methylene ATP
(Fig. 7B). The initial resting membrane potential for cells
exposed to 10 µmol l−1 β-γ-methylene ATP (Fig. 7B) was
−35.2±4.1 mV, with a change in membrane potential of
14.5±0.9 mV
(N=7)
during
the
repellent-induced
depolarization. Under the same recording conditions,
0.5 mmol l−1 ATP did not elicit reliable cell depolarizations
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(data not shown), but ATP-induced depolarizations were seen
when the K+ conductances were blocked with Cs-TEA
(Fig. 7A). These cells had a mean resting membrane potential
of −24.5±3.5 mV and showed a change in potential of
4.8±0.5 mV (N=7) when exposed to ATP. Unlike the sustained
depolarization seen in response to ATP and β-γ-methylene
ATP (Fig. 7), 10 µmol l−1 GTP produced a transient
depolarization (Fig. 8). The mean resting membrane potential
was −46.3±5.7 mV, and 10 µmol l−1 GTP caused a change in
potential of 17.2±5.5 mV (N=9).
Discussion
Our hypothesis is that, as reported for GTP (Kuruvilla et al.,
1997), the sensory transduction pathway for ATP-induced
avoidance behavior in Tetrahymena thermophila involves
activation of high-affinity, discrete, independent surface
receptors, causing membrane depolarization and consequent
avoidance behavior.
Our behavioral studies demonstrated that both ATP and the
non-hydrolyzable analog β-γ-methylene ATP elicit repeated
backward swimming events in T. thermophila at micromolar
concentrations, but that β-γ-methylene ATP is far more
effective (Fig. 1). Maximal avoidance reactions occurred in
0.1 µmol l−1 GTP, 0.5 mmol l−1 ATP or 0.1 µmol l−1 β-γmethylene ATP under our test conditions. The results we
obtained for GTP differ significantly from a previous report
(Kuruvilla et al., 1997) by a concentration factor of more than
200-fold because of the extreme sensitivity of our assay
conditions. A low Ca2+ concentration was used in our buffer to
inhibit nucleotide hydrolysis by a soluble, Ca2+-dependent ectoATPase (Smith et al., 1996, 1997). We could not use zero Ca2+
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Fig. 7. Sustained, reversible depolarizations were
seen in response to either ATP or β-γ-methylene ATP
(β-γ-m-ATP). (A) Membrane potential recordings
from three different cells showed ATP-induced
depolarizations in response to 0.5 mmol l−1 ATP.
These cells were recorded under Cs-TEA conditions
in a buffer containing 1.0 mmol l−1 CaCl2,
1.0 mmol l−1 Mops, 10 mmol l−1 TEA-Cl, pH 7.2, with
2.0 mol l−1 CsCl electrodes. In each trace, ATP was
added (at the first arrow) and removed by washing
with the buffered solution alone (second arrow).
(B) Three other cells showed depolarizations in
response to 10 µmol l−1 β-γ-methylene ATP in a
buffer containing 1.0 mmol l−1 CaCl2, 1.0 mmol l−1
Mops, pH 7.2, with a 500 mmol l−1 KCl electrode. In
each trace, β-γ-methylene ATP was added at the
beginning of the recording.

Cell 2

(and EGTA) in the behavioral experiments because a
Ca2+ influx is required for ciliary reversal and avoidance
reactions. In addition, preliminary data suggest that tartarate
may further inhibit nucleoside triphosphate hydrolysis by a
non-specific acid phosphatase (Banno et al., 1982). Addition
of tartarate (either as the Na+ salt or in the free acid form)
reliably increased the sensitivity of these cells to external ATP.
While some of the hydrolysis of the ATP signal could be
occurring in the bulk solution, the more relevant hydrolysis may
be localized on the surface of the cells. Since the behavioral
assays involve single cells in a volume of approximately 0.5 ml
for only a few seconds, there is little significant bulk hydrolysis

10 mV
1 min

GTP

Buffer GTP Buffer

Fig. 8. The GTP-induced depolarization of Tetrahymena thermophila
differed from the ATP responses. The response to 10 µmol l−1 GTP
was a large, transient depolarization. This cell was bathed in the
same recording solution as that used in Fig. 7B and exposed to
10 µmol l−1 GTP, washed with the buffer solution and then reexposed to the GTP solution again to show the variability in the type
of responses recorded.
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of the ATP in solution. We propose that the ATP receptors, like
the GTP receptors in Paramecium tetraurelia (Clark et al.,
1993), are on the body membrane while the ecto-ATPases are
distributed on both ciliary and body membranes (Smith et al.,
1996, 1997). Since the cells are covered with constantly beating
cilia (with high ecto-ATPase activity), the actual intact ATP
concentration at the body receptor may be lower than the bulk
solution ATP concentration. This could explain why ATP is
more effective at low concentrations of Ca2+ (Fig. 2A), since
the in vivo ecto-ATPase activity is Ca2+-dependent (Fig. 3B).
This is further supported by the fact that the non-hydrolyzable
analog of ATP is more effective than ATP itself (Fig. 1).
The monovalent cation Na+ influenced the behavioral
responses observed but had no effect on the rate of ATP
hydrolysis. Increasing concentrations of Na+ in the testing buffer
increased cell sensitivity to GTP, ATP and β-γ-methylene ATP
(Fig. 2A). This Na+-dependence is consistent with the idea of a
Ca2+-dependent Na+ channel such as that found in the related
ciliate Paramecium tetraurelia (Saimi and Kung, 1980), in which
Na+ also increases the responses to GTP (Clark et al., 1997). No
such channel has yet been described in T. thermophila however.
This Na+-dependence was not related to ATP hydrolysis since
there was little or no Na+-dependence for phosphate release as
measured by our in vivo ecto-ATPase assay (Fig. 3A).
An increase in the concentration of the divalent cations Ca2+
and Mg2+ in the test buffer resulted in a decrease in cell sensitivity
to GTP, ATP and (to a lesser extent) β-γ-methylene ATP
(Fig. 2B,C). These behavioral data can be correlated with the
external hydrolysis of ATP. An increase in Ca2+ or Mg2+
concentration resulted in an increase in the rate of ATP hydrolysis
(Fig. 3B,C). Since ATPase activity increased with the concurrent
increases in Ca2+ or Mg2+ concentrations, there was a decrease
in the amount of ATP present to modify the behavior of the cells
(Fig. 2B,C). However, the ATP analog β-γ-methylene ATP is
non-hydrolyzable and, therefore, was resistant to the increased
divalent cation concentrations. These results are in contrast to
those in Paramecium tetraurelia, where the responses to GTP are
increased with increasing concentrations of Mg2+ (Clark et al.,
1997). One possible explanation for this may be that the
responses of Paramecium tetraurelia to GTP are increased in the
presence of Mg2+ because of the presence of a Ca2+-dependent
Mg2+ conductance (Clark et al., 1997), although there is currently
no evidence for the existence of such a conductance in T.
thermophila. In addition, we cannot explain the divalent ion
sensitivities of the behavioral responses to β-γ-methylene ATP
(Fig. 2B,C). This is apparently unrelated to extensive hydrolysis
(see Fig. 3B,C), so it may represent a different ionic effect (such
as a change in conformation of phosphate groups).
It has been reported previously that the soluble, Ca2+dependent ecto-ATPase from T. thermophila prefers
hydrolysis of ATP over GTP by a factor of almost 4:1 (Smith
et al., 1996, 1997). This could explain why the cells responded
(behaviorally) to lower concentrations of GTP than of ATP
(Fig. 1). However, the cells were as sensitive to the same
concentrations of the non-hydrolyzable analog of ATP as they
were to GTP under the conditions used in Fig. 1. While this

suggested that both these ligands might bind to the same
receptor, cross-adaptation experiments (Fig. 4) and GTP
competition experiments (see Results) suggested that there
might actually be separate receptors for ATP and GTP.
Chemosensory adaptation is the process by which sensory
cells decrease their responsiveness to an external ligand during
prolonged exposure to that stimulus. T. thermophila have
already been reported to adapt to external lysozyme and GTP
(Kuruvilla et al., 1997). The ability to adapt to an external
ligand has also been demonstrated in other chemotactic cells
such as leukocytes and Dictyostelium discoideum (Devreotes
and Zigmond, 1988), as well as in Paramecium tetraurelia
(Kim et al., 1997). Adaptation to ionic stimuli has also been
described in Paramecium tetraurelia (Dryl, 1952; Oka et al.,
1986; Preston and Hammond, 1998), but this does not involve
a specific chemoreceptor and some experiments use stimuli
other than the adapting stimulus for assaying ‘adaptation’
(Preston and Hammond, 1998).
We describe here the adaptation of T. thermophila to
external ATP (Fig. 4A) in a gradual and time-dependent
manner. Cells exposed to 0.5 mmol l−1 ATP for 10 min showed
no avoidance reactions when retested in 0.5 mmol l−1 ATP after
a 20 s wash in repellent-free buffer. Similar results were seen
with cells exposed to 1.0 µmol l−1 β-γ-methylene ATP for
10 min. This adaptation was not due to ADP (or other
metabolites) generated by hydrolysis of ATP because cells
showed normal responses to ATP after 10 min in 0.5 mmol l−1
ADP. Similarly, previous adaptation to ADP did not affect
32P[ATP] binding (data not shown). This relatively long time
scale (10 min) will simplify future experiments concerning the
biochemical mechanisms involved in adaptation to ATP.
Adaptation appears to be specific since cells adapted to one
chemorepellent are still behaviorally responsive to a different
repellent (Fig. 4B). Cells adapted to 0.1 µmol l−1 GTP for
10 min show maximal avoidance reactions in either
0.5 mmol l−1 ATP or 1.0 µmol l−1 β-γ-methylene ATP.
Similarly, cells adapted to 0.5 mmol l−1 ATP or 1.0 µmol l−1
β-γ-methylene ATP for 10 min still retain their behavioral
responses to 0.1 µmol l−1 GTP. However, cells adapted to
ATP are also adapted to β-γ-methylene ATP, and vice-versa.
Kuruvilla et al. (1997) have reported that T. thermophila still
retained full sensitivity to 50 µmol l−1 lysozyme after
adaptation to 20 µmol l−1 GTP. We have also found that
adaptation to either ATP or β-γ-methylene ATP had no effect
on the responsiveness of the cells to lysozyme (data not
shown). Similarly, cells behaviorally adapted to 50 µmol l−1
lysozyme for 10 min still showed maximal avoidance
reactions to both 0.5 mmol l−1 ATP and 1.0 µmol l−1 β-γmethylene ATP.
Cells fully adapted to an external ligand can regain their
sensitivity to that stimulus when exposed to a repellent-free
solution over time. De-adaptation to either ATP or β-γ-methylene
ATP is also gradual and time-dependent, as with adaptation
(Fig. 5). This demonstrates that adaptation is fully reversible and
cannot, therefore, be attributed simply to adverse effects of the
chemorepellents. Since the time course for de-adaptation requires
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up to 12 min, the 20 s wash used during the behavioral studies
should not cause any significant de-adaptation before retesting.
In vivo binding studies for [32P]ATP demonstrate saturable,
high-affinity cell surface ATP binding. To reduce ATP
hydrolysis, the binding buffers contained both tartarate, which
inhibits hydrolysis by the non-specific acid phosphatase (Banno
et al., 1982), and EGTA, which inhibits the Ca2+-dependent
ecto-ATPase (Smith et al., 1996). The results presented in Fig. 6
suggest a single class of surface ATP-binding receptors with an
apparent KD for ATP of 13 nmol l−1 and an estimated 5.24×106
surface receptors per cell. This was due to true external
[32P]ATP binding and not to uptake of radioactivity because,
when cell pellets were quickly washed (for less than 20 s) with
1.0 ml of cold buffer solution (after exposure to 25 nmol l−1
[32P]ATP for the normal time of the assay), only 2.7±2.0 % of
the radioactivity remained associated with the cells. It is unlikely
that the [32P]ATP binding was due to the ecto-ATPase because
this enzyme has such a high Km (0.24 mmol l−1) for ATP in T.
thermophila (Smith et al., 1996, 1997).
Behavioral adaptation appears to be controlled via the downregulation or modification of functional surface receptors. As
a result of ATP adaptation, bound external [32P]ATP could no
longer be measured in our binding assays (Fig. 6A). This
adaptation is reversible since de-adapted cells show a return of
[32P]ATP binding similar to that of control cells. Competition
studies show that ATP binding is specific and reversible. A 50fold excess of non-radioactive ATP inhibited [32P]ATP
binding by up to 90 %, while a similar level of β-γ-methylene
ATP inhibited [32P]ATP binding by 85 %.
Electrophysiological studies show that the responses of T.
thermophila to ATP and β-γ-methylene are a result of a
sustained depolarization (Fig. 7). The depolarization induced
by 10 µmol l−1 β-γ-methylene ATP averaged approximately
15 mV under buffer conditions of 1.0 mmol l−1 external Ca2+
(Fig. 7B). However, it was difficult to elicit cell membrane
depolarizations in response to 0.5 mmol l−1 ATP under these
same buffer conditions. Under Cs-TEA conditions (with the
addition of 10 mmol l−1 TEA-Cl to the buffer), a small ATPinduced depolarization of approximately 5 mV was uncovered
(Fig. 7A). The reasons that the ATP-induced depolarizations
only occur reliably when the K+ conductances are blocked by
Cs-TEA may be related either to some uncharacterized,
repolarizing conductances or simply to the fact that these
depolarizations are small and that some aspect of the Cs-TEA
procedure helps to amplify them. These sustained ATPinduced depolarizations differ from the lysozyme-induced
depolarizations described previously (Kuruvilla and
Hennessey, 1998). The lysozyme-induced depolarizations are
transient and large, averaging approximately 50 mV. Unlike
the sustained depolarization caused by ATP, the GTP-induced
depolarization was transient (Fig. 8). Both these responses
differed from the GTP-induced depolarizations seen in
Paramecium tetraurelia (Clark et al., 1993, 1997; Kim et al.,
1997). Although both Tetrahymena thermophila and
Paramecium tetraurelia show a transient GTP-induced
depolarization, the GTP-induced response in Tetrahymena
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thermophila was a single depolarization of approximately
17 mV (with the membrane potential of the cell returning to
the resting level) (Fig. 8), whereas in Paramecium tetraurelia,
cells show repetitive depolarizations (Clark et al., 1993).
Behaviorally, the responses to ATP and GTP in
Tetrahymena thermophila are simple avoidance reactions,
while the response to GTP in Paramecium tetraurelia involves
repetitive bouts of longer backward swimming. In Paramecium
tetraurelia, this is correlated with the indicative oscillating,
long plateau depolarizations seen in response to GTP (Clark et
al., 1993). Interestingly, a new behavioral mutant of
Paramecium tetraurelia has been described (called ginA) that
lacks the oscillating GTP-induced depolarizations and shows
only a sustained depolarization in response to GTP (Mimikakis
et al., 1998). The behavioral response of the ginA mutant is,
like that of Tetrahymena thermophila, repetitive avoidance
reactions without periods of backward swimming (T. M.
Hennessey, personal observations).
The results presented here suggest that Tetrahymena
thermophila respond behaviorally and electrophysiologically
to ATP or β-γ-methylene ATP and that this response is
mediated via functional membrane receptors. Our assay
conditions, which minimize the hydrolysis of nucleoside
phosphates, reduce the possibility that the results are due to
ADP, AMP or adenosine, and incubation in 0.5 mmol l−1 ADP
fails to trigger either avoidance reactions or adaptation. These
results, coupled with the fact that the non-metabolizable form
of ATP (β-γ-methylene ATP) has effects similar to those of
ATP, lead us to believe that the ATP-induced responses are
mediated via ATP-binding receptors. We have also seen
similar behavioral, electrophysiological and binding results in
Paramecium tetraurelia, which suggests that these cells may
possess similar receptors (M. Kim and T. M. Hennessey,
unpublished observations).
An ATP-binding receptor in Tetrahymena thermophila and the
related ciliate Paramecium tetraurelia could be an evolutionary
precursor for similar P2 receptors described previously (North
and Barnard, 1997; Soto et al., 1997). Understanding the
mechanisms involved in the chemosensory transduction
processes of this simple model system could provide insights into
the physiological and pathological importance of ATP and the
transduction of its response via the ATP-binding receptors in
higher eukaryotes. Additional studies will be necessary for
further classification of these receptors in Tetrahymena
thermophila and Paramecium tetraurelia and to determine their
similarities to the ATP-binding receptors of other organisms.
This work was supported by NSF grant MCB9410756 to
T.M.H.
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