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Summary

The regeneration of a new oral apparatus in Stentor coeruleus (oral regener-
ation) has been shown to be sensitive to events that inhibit calcium uptake and
calmodulin function. Removal of extracellular calcium delays oral regeneration
significantly. The calcium channel antagonist verapamil also delays oral regener-
ation, as does lanthanum, which is known to block calcium uptake. Both inhibitors
are active in the concentration range 10~7-10~6 mol I"1. Verapamil acts primarily
in the earliest stages of regeneration (prior to stage 5) though some minor delays
occur in the later stages as well. In addition, verapamil caused an apparent
'clumping' of the pigment granules in the interior of the cell similar to the effects of
high concentrations of theophylline and caffeine. The effects of verapamil on oral
regeneration were not reversible in the presence of excess extracellular calcium
but those of lanthanum were. The calmodulin antagonists trifluoperazine and W-7
were also shown to delay oral regeneration, but the dechlorinated analogue of
W-7, W-5, had no effect even at concentrations 10 times those of W-7. The effects
of W-7 were not reversed by excess extracellular calcium. These results suggest
that calcium uptake is necessary for oral regeneration and that calmodulin is
involved in the control and/or formation of the oral apparatus.

Introduction

One of the more dramatic morphological features of the blue-green ciliate
Stentor coeruleus is the large oral feeding apparatus located at the broad end of this
cone-shaped cell (Fig. 1). The oral apparatus consists of a ciliated membranellar
band, a buccal cavity and a frontal field. S. coeruleus has the unique ability to
regenerate a new oral apparatus if the old one is lost, a process known as oral
regeneration (Tartar, 1961). This complex morphogenetic event begins with the
assembly of thousands of basal bodies and associated structures at a precise
location on the ventral surface of the cell (Fig. 1) at a considerable distance from
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Fig. 1. Morphological features of Stentor coeruleus. The oral apparatus consists of the
membranellar band (m), frontal field (f) and buccal cavity (b). The region between the
arrowheads is the site where the new membranellar band forms during oral regener-
ation. Scale bar, 50im\.

the position of the old oral apparatus. The collection of basal bodies eventually
assumes the form of an oral primordium that will regenerate the membranellar
band of the new oral apparatus. Successive events in oral regeneration involve the
formation of a new buccal cavity at the posterior end of the oral primordium and
the movement of the primordium up and around the anterior end of the cell until it
assumes the normal position occupied by the membranellar band (for a review, see
Tartar, 1961). The whole process takes approximately 8-10 h at room temperature
and has been divided into a series of eight morphological stages by Tartar (1961;
modified by Burchill, 1968).

The cellular and molecular events involved in controlling this complex morpho-
logical event are largely unknown. It has been well established that RNA and
protein synthesis are necessary for the development of the oral primordium
(Burchill, 1968; Pelvat and de Haller, 1984). Pelvat and de Haller (1984) have
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begun to analyze the proteins synthesized during oral regeneration and have
shown that the tubulins utilized in regeneration come from a pre-existing pool of
tubulin. Complex microsurgical manipulations have shown that the signal for the
initiation of regeneration travels over the cortex (de Terra, 1971,1973, 1975). This
has been supported by experiments suggesting that this process may be partly
controlled by cell surface proteins that can bind plant lectins (Maloney, 1984,1986,
1988). Additional studies have also provided evidence suggesting that calcium ion
fluxes and membrane perturbations may also be involved (Maloney, 1980). These
studies showed that various local anesthetics known to bind to membranes and
disrupt calcium ion fluxes could inhibit oral regeneration and that the effects of
one of these, dibucaine, could be reversed by excess extracellular calcium.
Interestingly, the inhibitory effects of the plant lectins Concanavalin A (Con A)
and phytohemagglutinin (PHA) could also be reversed by excess calcium
(Maloney, 1984, 1986).

Although these last studies on the effects of calcium are important, the results
are only suggestive of an involvement of calcium ions in oral regeneration. That
calcium ions might be a part of the control mechanisms involved in the initiation
and/or elaboration of an oral primordium would not be surprising, based on the
widespread involvement of calcium as a second messenger in metazoan cells and in
the protozoa. In protozoans, calcium fluxes have long been known to be associated
with ciliary reversal, as first established in Paramecium, where an inward calcium
current in the cilia triggers the reversal of ciliary beating (Eckert, 1972).
Moreover, in the case of ciliary reversal, most of the major components necessary
to translate the inwardly directed calcium current into a mechanochemical event
are present in Paramecium tetraurelia and Tetrahymena pyriformis, including
calmodulin, adenylate and guanylate cyclases and a cyclic-GMP-dependent
protein kinase (Muto et al. 1983; Nagao et al. 1981; Ohnishi et al. 1982; Schultz and
Klumpp, 1988). Calmodulin has also been implicated in the process of flagellar
surface motility in Chlamydomonas (Bloodgood, 1990). More directly related to
this study, calcium currents like those in Paramecium are known to occur in
Stentor (Wood, 1982) and calcium ions have been shown to be involved in the
contraction of Stentor (Huang and Pitelka, 1973) and in photosensory events (Kim
etal. 1984).

If calcium ions are involved in controlling oral regeneration at some level, one
would like to know whether the calcium ions involved pass across the cell
membrane or whether they are released from intracellular stores. Once the
intracellular calcium concentration has been increased, it becomes crucial to know
how this affects the process of oral regeneration: is calmodulin involved? In an
attempt to determine more specifically whether calcium ions are involved in oral
regeneration, specific inhibitors of either calcium fluxes or calmodulin were used
to determine whether these compounds could affect oral regeneration. The results
suggest that calcium fluxes through the cell membrane occur during oral
regeneration and that the calcium ions may affect regeneration, in part by
interacting with calmodulin at some point in the process.
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Materials and methods
Culture methods

Two strains of Stentor coeruleus were used in these experiments. Most of the
experiments utilized cells of the 'stella' strain of Stentor coeruleus (Tartar), the
kind gift of Dr Noel de Terra, while some experiments used cells originally
obtained from Carolina Biological Supply Co. Both strains were cultured as
previously described (Maloney and Burchill, 1977). Briefly, cells were cultured in
a synthetic salt solution composed of O.SSmmoll"1 CaCl2, O.lSmmolP1 MgSO4,
O^Smmoll"1 Na2CO3 and O.SSmmolF1 KHCO3 made up in deionized water,
with the pH adjusted to 7.5 using HC1. Boiled wheat grains were added to
stimulate bacterial growth and the cells were fed Tetrahymena pyriformis every
3-5 days.

Oral regeneration

Oral regeneration was initiated by exposing cells to a 10% (w/v) sucrose
solution for 1-2 min, which caused the cells synchronously to slough off their oral
apparatuses. The cells were then transferred through four depression slides
containing either filtered 'conditioned' medium drawn from the culture or fresh
Stentor medium. Cells were transferred from the last wash to the wells of
nonwettable plastic spot plates (Falcon Plastics, Los Angeles, CA) containing
either Stentor medium or Stentor medium plus a drug for the duration of
regeneration. Spot plates were stored in moist Petri dishes to limit evaporation.
The progress of the cells through oral regeneration was observed and recorded at
hourly intervals with a Zeiss stereomicroscope using the staging sequence of
Burchill (1968). Once exposed to any drug, the cells remained in that drug for the
duration of the experiment. When 50% or more of the cells in each treatment
group had completed regeneration (stage 8), that time was taken as the time for
completion of development. When data from several experiments had been
accumulated, the progress of all the cells from several experiments (at least three)
was then recorded and summarized. The data are generally expressed as the
percentage of all the cells from several experiments that had regenerated by 9 h,
when most of the control cells had finished regeneration. In some experiments, an
overall median was determined and the experimental data were expressed in this
fashion. In this format, cells were labeled as 'blocked' if the majority of the cells in
that treatment group had failed to form an observable primordium by 24 h.

Verapamil was dissolved in 95 % ethanol and then diluted to a stock concen-
tration of 10 ug ml"1. This stock solution was then diluted in place in the spot plate
wells to achieve the desired concentration.

Trifluoperazine, W-7 and W-5 were dissolved in deionized water and initial
solutions were diluted to stock solutions of lO/zgml"1. In some of the experiments
involving W-5, the first stock solution was diluted to lOO^gml"1 and then diluted
in the wells.

In the verapamil and W-7 experiments with additional calcium, the calcium was
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prepared as a lOOmmoll"1 Ca2+ solution in Stentor medium and this was then
added to the wells to create the lOmmolP1 Ca2+ solution.

Lanthanum experiments

Since the presence of dissolved phosphates, sulfates or carbonates in the
medium can precipitate lanthanum, the normal Stentor medium had to be
modified to eliminate these anions. For the lanthanum experiments, a modified
Stentor medium containing O.SSmmolP1 CaCl2, O.lSmmoll"1 MgCl2.H2O,
O.VSmmoll"1 NaCl and O.SSmmoll"1 KC1 was used so that the molar concen-
trations of the cations were identical to those in normal Stentor medium. All
lanthanum solutions, in the form of lanthanum nitrate, were prepared in this
modified medium. Since it was not known whether the nitrate ion itself had any
effect on oral regeneration, excess calcium nitrate was included as a control for the
effects of this ion.

Chemicals

Lanthanum nitrate was obtained from Electron Microscopy Sciences, Fort
Washington, PA. Verapamil was the kind gift of Knoll Pharmaceutical, Whip-
pany, NJ, and trifluoperazine the kind gift of Smith, Kline & French, Philadelphia,
PA. W-7 and W-5 were obtained from Sigma. All other chemicals were reagent
grade.

Results
As a first step in examining the role of calcium ions in oral regeneration, we

looked at the effects of modifying the extracellular calcium ion concentration by
removing calcium from the medium. As seen in Table 1, the absence of calcium
significantly delayed oral regeneration. This was seen in both the Stella and the
Carolina strains of 5. coeruleus. Addition of excess calcium up to lOmmoll"1

(normal calcium concentration of Stentor medium is O.SSmmolP1) had no effect
on the time necessary to complete oral regeneration.

Table 1. The effects of modifications in the extracellular calcium concentration on
the time required to complete oral regeneration

Percentage
Treatment regeneration at 8 h Number of cells

Control
Calcium-free medium
lOmmoll"1 calcium

The values are medians and represent
completed regeneration by 8h.

69.3
14.1

>50

the percentage of the

75
142
25

number of cells indicated that
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Table 2. The effects of the calcium antagonist verapamil (VRL) on oral regener-
ation in Stentor

Treatment

Control
0.29% ethanol
2/igmr1 VRL
3/igmr1 VRL
4/igmr1 VRL

Percentage
regeneration at 9 h

83.1
64.5
10.0
0.0
0.0

Number of cells

83
31
70
25
14

Cells were placed in the drug at the beginning of regeneration and remained in the drug for
the duration of the experiment (24 h).

The values represent the percentage of the number of cells indicated that have completed
regeneration by 9h.

These results suggested that calcium ions enter the cell during oral regeneration,
probably through calcium channels in the membrane. To verify this, we tested the
calcium channel antagonist verapamil on regenerating cells. As shown in Table 2,
verapamil concentrations of 2/xgml"1 and above significantly delayed oral
regeneration. At concentrations above 2/xgmP1, the majority of the cells did not
form an oral primordium even by 24 h. Notice in Tables 2 and 3 that the ethanol
concentrations employed did not generally influence the time course of oral
regeneration except for a slight effect at the higher concentration (0.29%). This
effect was less than the delays caused by verapamil at 3/zgmP1, the verapamil
concentration at which this concentration of ethanol would be encountered.

The effects of verapamil on S. coeruleus go beyond inhibiting oral regeneration.
Cells in the presence of verapamil undergo a pronounced 'bleaching' of their
cortical pigmentation that becomes more pronounced at higher concentrations of
verapamil. This bleaching is accompanied by the appearance of a dark, greenish
ball in the center of the cell. As bleaching proceeds, the large, diffuse greenish
mass becomes progressively smaller but darker and the cells become progressively
lighter at the periphery. Eventually there appears to be a clear area around a
greenish pigment mass in the interior. A similar response has been noted in cells
exposed to theophylline (Maloney and Burchill, 1977) and caffeine (Burchill et al.
1979) but at much higher concentrations (millmolar compared to micromolar). By
24 h, however, the cells partially recovered their pigmentation and the central
mass became less concentrated.

One point of interest in these experiments is the stages at which most of the
verapamil-induced delays occur. As seen in Fig. 2, at 2/igmP1 verapamil, the
majority of the delays occur prior to stage 5, though there are some smaller delays
in stages 5 and 6. A similar pattern has been observed with other drugs influencing
calcium metabolism, such as dibucaine (Maloney, 1980), except for the delays in
stages 5 and 6. This emphasizes how sensitive the early stages of regeneration are.
However, one alternative interpretation of these results would be that the cells are
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Fig. 2. The effects of verapamil on the various stages of oral regeneration. The x-axis
indicates the stages of oral regeneration and the y-axis shows the mean time that the
cells spent in each stage. Each stage transition represents the time needed for 50% of
the cells to progress through a stage (first one shown) and into the next one (second one
shown). Open columns, control (N=10; 87 cells); filled columns, 2^gmT1 verapamil
(N=4; 37 cells). Lines represent S.E.M.

Table 3. The effects of verapamil and verapamil plus excess extracellular calcium
on oral regeneration in Stentor

Treatments

Verapamil Ethanol Calcium
Hours required to

reach stage 8 Number of cells

2/igml"
2/igml"

0.19%
0.19%
0.19% lOmmoir

9.0
10.0

>10.0
>10.0

23
22
36
32

Verapamil was added at the beginning of regeneration and was present throughout.
The data are medians from three experiments.

blocked in regeneration for 8-10 h but then recover and become resistant to the
drugs.

The effects of verapamil in some systems can be reversed by increasing the
extracellular calcium concentration and it seemed possible that this might be true
in S. coeruleus as well. To test this, we performed a series of experiments in which
cells were exposed to verapamil in the presence or absence of excess extracellular
calcium. Table 3 shows that verapamil alone delays regeneration to the same
extent regardless of whether excess calcium is present.
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Table 4. The effect of lanthanum on oral regeneration in Stentor

Treatment

Stentor medium
Modified Stentor medium
8xlO~6moH"1 calcium nitrate
2xlO~7moir1 lanthanum
4xlO~7moll~1 lanthanum

The time is the median time for the number

Hours to reach
stage 8

7.0
7.0
7.0

>24.0
Blocked

of cells indicated

Number of cells

28
32
32
48
23

to complete regeneration.

As a further test for calcium influx during oral regeneration, we examined the
effects of the calcium influx inhibitor lanthanum on oral regeneration. As seen in
Table 4, low concentrations of lanthanum dramatically delay oral regeneration.
Concentrations of lanthanum as low as 2xlO~7moll~1 delay oral regeneration,
while 4xlO~7moll~1 lanthanum completely blocked regeneration. Neither the
modified Stentor medium nor the presence of the nitrate ion had any effect on oral
regeneration.

Lanthanum has long been known to displace calcium from membrane binding
sites by competing with calcium ions for these sites (Weiss, 1974). If the effects of
lanthanum on S. coeruleus are due to this phenomenon, it should be possible to
reverse the effects by increasing the extracellular calcium ion concentration. To
test this, regenerating 5. coeruleus were exposed to either lanthanum or
lanthanum plus lOmmoll"1 calcium at the start of regeneration. The presence of
excess extracellular calcium reversed the delays caused by lanthanum (data not
shown), suggesting that lanthanum is displacing membrane-bound calcium. Since
lanthanum does not penetrate the cell membrane (Langer and Frank, 1972) and so
must exert its effects at the cell membrane, it is even more plausible that
lanthanum and calcium compete for the same binding sites.

In many other cells where changes in intracellular calcium concentration are
involved in cellular regulation, the calcium regulatory protein calmodulin is also
involved. Since calmodulin has been isolated from other protozoans, particularly
Tetrahymena pyriformis and Paramecium tetraurelia, we thought it might be
present in S. coeruleus and involved in controlling oral regeneration. To examine
this, we tested a number of calmodulin antagonists on oral regeneration.
Trifluoperazine, added at the beginning of regeneration and present throughout,
significantly delayed regeneration at concentrations of 4/xmoll~1 and above, as
seen in Fig. 3. The response was dose dependent. Similar results were seen with
another potent calmodulin inhibitor, W-7 (Fig. 3). Experiments with the inactive
analogue of W-7, W-5, resulted in no inhibition of regeneration even at
concentrations 10 times those of W-7 (data not shown).

Since the effects of W-7 and trifluoperazine can often be modified by changing
the concentration of extracellular calcium, we tried increasing the extracellular
calcium concentration in the presence of W-7. As seen in Table 5, lOmmolP1
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Fig. 3. The percentage of cells that completed oral regeneration in the presence or
absence of trifluoperazine or W-7. Bars represent the means from 2-5 experiments
(14-48 cells) and the lines are the S.E.M. for each experiment. Open columns,
trifluoperazine; filled columns, W-7.

Table 5. The effects of the calmodulin antagonist W-7 on oral regeneration in the
absence or presence of lOmmolT1 extracellular calcium

Percentage of cells completing
regeneration by 9 h

W-7 concentration

Control
4/imoll"1

5/«noirl

6/imolP1

Stentor medium

80.5% (36)
62.5% (8)
9.7% (31)
0.0% (22)

Stentor medium+Ca2+

37.8% (8)
3.1% (32)
0.0 % (24)

The data are based on the results of 1-4 experiments.
The values in parentheses are the number of cells tested in each category and the percentage is

the percentage of these cells that complete regeneration by 9h.

calcium was unable to reverse the effects of W-7 at any concentration tested. In
fact, the combination may have slightly inhibited regeneration compared to that in
the presence of W-7 alone.

Discussion

The essential premise of our studies is that calcium ion fluxes occur during oral
regeneration and that, by specifically inhibiting calcium uptake, one can thereby
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inhibit oral regeneration. Implicit in this is the availability of specific inhibitors
that block only calcium uptake during regeneration without nonspecific side
effects. Verapamil is considered to be a specific calcium antagonist known to
inhibit calcium uptake by binding to and inhibiting those calcium channels by
which calcium passes down its electrochemical gradient into the cell (for a review
see Janis and Scriabine, 1983; Schramm and Towart, 1985). Although verapamil
does not have as high an affinity for these channels and, therefore, is not as specific
for calcium channels as some other drugs, such as the dihydropyridines, it is still
classified as a 'calcium channel blocker' (Nayler, 1982; Schramm and Towart,
1985).

Even with specific calcium channel inhibitors available, it is also necessary to
have reason to believe that calcium channels are present in S. coeruleus for these
inhibitors to act upon. Wood (1982) has shown that calcium channels that carry a
depolarizing inward calcium current in response to mechanical stimulation of the
cells are present in Stentor. This calcium channel is voltage dependent (Wood,
1982), as are the majority of the calcium channels in mammalian cells. Whether
calcium antagonists can inhibit the calcium current in Stentor is unknown but
tubocurarine can inhibit and bind to a calcium-dependent mechanoreceptor
channel found in Stentor (Wood, 1985). The possibility that verapamil does inhibit
calcium channels such as those in Stentor and other ciliated protozoans was
enhanced by the recent demonstration of verapamil binding sites in both the
plasma and intracellular membrane fractions, as well as in isolated flagella, of the
protozoan Chlamydomonas (Dolle and Nultsch, 1988).

With this established, our results clearly show that verapamil delays oral
regeneration at concentrations within the range normally used to inhibit calcium
fluxes and that its effects occur primarily in the early stages of regeneration. The
previous discussion suggests that it is reasonable to assume that any effects of
verapamil on S. coeruleus would be due to an inhibition of calcium uptake.
However, other interpretations are also possible.

Additional support for the blocking of calcium uptake by verapamil in
S. coeruleus is based on the results with lanthanum, which is known to displace
calcium ions from the cell membrane, inhibit calcium uptake (Weiss, 1974; Langer
and Frank, 1972) and depress the calcium-dependent action potential in 5. coeru-
leus (Wood, 1982). In S. coeruleus, lanthanum delays oral regeneration much as
verapamil does, though regeneration is much more sensitive to lanthanum. The
effects of lanthanum are not due to the modified Stentor medium employed or to
the added nitrate ion (Table 4). The extreme sensitivity of oral regeneration to
lanthanum (at concentrations as low as 2xlO~7moll~1) is surprising. Lanthanum
has been shown to affect numerous calcium-dependent events in mammalian cells
but usually at concentrations of O.SmmolP1 or above (Weiss, 1974). Even when
lanthanum was utilized in S. coeruleus to show the calcium dependency of the
photophobic response or inhibition of the action potential, concentrations of
30-100junoir1 were used (Kim etal. 1984; Wood, 1982). Although it is not)
certain why oral regeneration is so sensitive to lanthanum, this sensitivity may
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reflect the necessity for calcium ions for oral regeneration, a point supported by
the effects of the removal of calcium ions from the medium (Table 1).

In an earlier paper (Maloney, 1980), it was reported that calcium-free media did
not affect oral regeneration, while we report here that it does. Both studies
involved large sample sizes (over 100 cells) and numerous repetitions so the
explanation for the differences in the two studies is uncertain. However, we
believe the different results are probably due to differences in the strains of Stentor
used and to differences in the sources of distilled water used in culturing the cells.
It should also be pointed out that, while there were no delays observed in
regeneration in the earlier study, the cells in calcium-free media were abnormal in
appearance, so that the lack of calcium was having some effect on the cells
although it was not enough to slow regeneration (Maloney, 1980).

In other systems, the effects of both verapamil and lanthanum can often be
reversed by increasing the extracellular calcium concentration (Janis and
Scriabine, 1983; Weiss, 1974). Excess extracellular calcium did not reverse the
effects of verapamil (Table 3) but it did reverse the effects of lanthanum (data not
shown). If lanthanum was displacing calcium from membrane binding sites, this is
precisely what one would expect (Langer and Frank, 1972; Weiss, 1974). Since the
effects of verapamil were not reversed by calcium, it would appear that verapamil
does not bind to the calcium binding site of the suggested calcium channel in
Stentor and that calcium does not function as a competitive inhibitor of verapamil.

The experiments with trifluoperazine and W-7 strongly suggest the involvement
of calmodulin in some aspect of oral regeneration. Both W-7 and trifluoperazine
are classic calmodulin antagonists and they both inhibit oral regeneration at
concentrations that are below those used to demonstrate the involvement of
calmodulin in swimming behavior and secretion in Paramecium (Otter et al. 1984;
Garofalo et al. 1983) and the inhibition of guanylate cyclase in Tetrahymena
pyriformis (Nagao et al. 1981). The specificity of these results was verified by the
use of the dechlorinated analogue of W-7, W-5, which, despite this minor
structural change, was unable to inhibit oral regeneration at concentrations 10
times those of W-7. This also suggests that the inhibitors used are not cytotoxic to
the cells, even though the cells are exposed to the drugs for 24 h. To our
knowledge, this is the first demonstration of the possible involvement of
calmodulin in a complex morphogenetic event such as the elaboration of a
complete oral apparatus in S. coeruleus.

Although the results of these last experiments are important, their significance
would be enhanced if calmodulin were known to be present in S. coeruleus.
Calmodulin has been isolated from two other ciliates, Tetrahymena pyriformis and
Paramecium tetraurelia (Suzuki et al. 1981; Maihle et al. 1981; Schultz and
Klumpp, 1988), and from the flagellated alga Chlamydomonas reinhardtii (Van
Eldik et al. 1980). In the two ciliates, calmodulin has been found in the cilia, where
it is associated with the membrane-bound guanylate cyclase in Paramecium
Schultz and Klumpp, 1988) while in Tetrahymena (Suzuki et al. 1981) it has been

reported to be a component of the interdoublet links (Ohnishi et al. 1982). In
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addition, Bloodgood (1990) has used inhibitors of calmodulin to suggest an
involvement of calmodulin in flagellar surface motility in Chlamydomonas
reinhardtii. The association of calmodulin with cilia and flagella may be particu-
larly significant for our observations in S. coeruleus, as the process studied here
involves the coordinated assembly of thousands of cilia, as well as the assembly of
other components of the membranellar band (Paulin and Bussey, 1971). We think
it possible that calmodulin may be involved in the control of the initial events of
oral regeneration and/or as a physical component of the ciliary apparatus of
S. coeruleus, as it is in Tetrahymena pyriformis and Paramecium tetraurelia.
Interference with its function by trifluoperazine or W-7 could inhibit the control
mechanisms of regeneration and/or the proper assembly of calmodulin into the
ciliary apparatus. In the latter context, Hirano and Watanabe (1985) have
identified 36 calmodulin-binding proteins in Tetrahymena cilia, most of which do
not bind calmodulin in the presence of trifluoperazine. Also, in both Tetrahymena
and Paramecium (Schultz et al. 1983), lanthanum has been shown to remove
calmodulin from guanylate cyclase and it may have a similar effect in S. coeruleus,
i.e. causing calmodulin to dissociate from its binding sites or interfering with the
functioning of calmodulin in some manner.

All the results discussed above depend on the specificity of the inhibitors used,
which, while reasonably specific, do have some nonspecific effects, particularly in
the case of verapamil (Norris and Bradford, 1985; Fairhurst et al. 1980; Mori et al.
1980; Schlondorff and Satriano, 1985). Even trifluoperazine and W-7 are not
necessarily specific calmodulin antagonists and may have other effects unrelated to
calmodulin (Ross et al. 1985; Wulfroth and Petzelt, 1985; Corps et al. 1982).
However, these nonspecific effects of verapamil, trifuoperazine and W-7 are
generally observed at concentrations higher than those employed here (Norris and
Bradford, 1985; Mori et al. 1980; Corps et al. 1982; Ross et al. 1985), or in the case
of the calmodulin antagonists, the effects were noted with trifluoperazine and not
with W-7 or vice versa (Ehrlich et al. 1988). For these reasons, we believe that the
effects we have observed here are specific effects of these inhibitors and not the
result of nonspecific side effects. Some of these 'nonspecific' effects deserve
further attention, however, because for both the calcium channel blockers and the
calmodulin antagonists the side effects involve reciprocal aspects of calcium
metabolism. Verapamil has been shown to interact with calmodulin (Schlondorff
and Satriano, 1985), while calmodulin antagonists can inhibit calcium channels
(Ehrlich et al. 1988). Although these could be considered as nonspecific effects of
the inhibitors in some studies, in ours these are complementary effects in that they
support our general thesis that calcium fluxes and calmodulin are involved in oral
regeneration. Still, some caution is warranted in the interpretation of the
calmodulin antagonist and verapamil results.

The implication of calcium fluxes and calmodulin involvement in oral regener-
ation is consistent with earlier studies. The local anesthetics dibucaine, tetracaine
and procaine were all shown to inhibit oral regeneration, presumably b j
interacting with the cell membrane and inhibiting calcium fluxes, since they have
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been shown to do this in other systems and since the effects of dibucaine were
reversed by excess extracellular calcium (Maloney, 1980). Interestingly, local
anesthetics have also been shown to interact with calmodulin in Tetrahymena
(Muto et al. 1983) and, if calmodulin is membrane bound in S. coeruleus, as is the
case in Tetrahymena and Paramecium, the local anesthetics could have been
interacting with calmodulin in this earlier study.

The ability of plant lectins to inhibit oral regeneration, presumably by
perturbing membrane glycoproteins (Maloney, 1984, 1986, 1988), may also be
related to calcium metabolism. Both Con A and PHA delay oral regeneration and
excess extracellular calcium can reverse the delays caused by these lectins
(Maloney, 1984, 1986). Con A and PHA have been shown to bind only to
membranellar and somatic cilia in exerting their effects (Maloney, 1988; M. S.
Maloney, unpublished results). Furthermore, Con A also inhibits one of the two
membranellar calcium currents observed in Stylonychia mytilus (Deitmer et al.
1986), suggesting that a similar phenomenon may occur in 5. coeruleus. Studies in
several mammalian systems in which putative calcium channels have recently been
isolated also support this possibility, in that at least one of the proteins in the
channel is glycosylated and binds to wheat germ agglutinin (Leung et al. 1987).
Recently, we have shown that wheat germ agglutinin (WGA) also delays
regeneration in Stentor (M. S. Maloney and P. R. Walsh, unpublished obser-
vations). The identification of putative calcium channels in the flagella of
Chlamydomonas reinhardtii, based on the binding of calcium antagonists (Dolle
and Nultsch, 1988) and the evidence that there are calcium channels in Stentor
(Wood, 1982), combined with these other results provides circumstantial evidence
that calcium channels are located in the cilia, that they may be glycosylated and
that they are affected by verapamil as well as by Con A, PHA and WGA. What is
clearly necessary is a direct demonstration of calcium uptake during oral
regeneration and its inhibition by these various agents.

This research was supported by NSF grant no. PCM-8406874, a Penta grant from
the Research Corporation and a Butler University Fellowship. A portion of this
work has appeared in abstract form [/. Cell Biol. (1980), 87, 15A].

References
BLOODGOOD, R. A. (1990). Gliding motility and flagellar glycoprotein dynamics in

Chlamydomonas. In Ciliary and Flagellar Membranes (ed. R. A. Bloodgood), pp. 91-128.
New York: Plenum Press.

BURCHILL, B. R. (1968). Synthesis of RNA and protein in relation to oral regeneration in the
ciliate Stentor coeruleus. J. exp. Zool. 167, 427-438.

BURCHILL, B. R., BORDY, M. AND GRENE, R. B. (1979). Sensitization of bleached Stentor to far
UV. Eur. J. Cell Biol. 20, 1-6.

CORPS, A. N., HESKETH, T. R. AND METCALFE, J. C. (1982). Limitations on the use of
phenothiazines and local anesthetics as indicators of calmodulin function in intact cells. FEBS
Lett. 138, 280-284.

PEITMER, J. W., IVENS, I. AND PERNBERG, J. (1986). Changes in voltage-dependent calcium
currents during the cell cycle of the ciliate Stylonychia. Expl Cell Res. 162, 549-554.



148 M. S. MALONEY, P. R. WALSH AND K. B. RHOADARMER

DE TERRA, N. (1971). Evidence for cortical control of macronuclear behavior in Stentor. J. cell.
Physiol. 78, 377-386.

DE TERRA, N. (1973). Further evidence for cortical control over replication of the macronucleus
and basal bodies in Stentor. Devi Biol. 32, 129-139.

DE TERRA, N. (1975). Evidence for the cell surface control of macronuclear DNA synthesis in
Stentor. Nature 258, 300-303.

DOLLE, R. AND NULTSCH, W. (1988). Characterization of D-[3H]cw-diltiazem binding to
membrane fractions and specific binding of calcium channel blockers to isolated flagellar
membranes of Chlamydomonas reinhardtii. J. Cell Sci. 90, 457—463.

ECKERT, R. (1972). Bioelectric control of ciliary activity. Science 176, 473-481.
EHRLICH, B. E., JACOBSON, A. R., HINRICHSEN, R., SAYRE, L. M. AND FORTE, M. A. (1988).

Paramecium calcium channels are blocked by a family of calmodulin antagonists. Proc. natn.
Acad. Sci. U.S.A. 85, 5718-5722.

FAJRHURST, A. S., WHITTAKER, M. L. AND EHLERT, F. J. (1980). Interactions of D600
(methoxyverapamil) and local anesthetics with rat brain a'-adrenergic and muscarinic
receptors. Biochem. Pharmac. 29, 155-162.

GAROFALO, R. S., GILUGAN, D. AND SATIR, B. H. (1983). Calmodulin antagonists inhibit
secretion in Paramecium. J. Cell Biol. 96, 1072-1081.

HTRANO, J. AND WATANABE, Y. (1985). Studies on calmodulin binding proteins (CaMBPs) in the
cilia of Tetrahymena. Expl Cell Res. 157, 441-450.

HUANG, B. AND PTTELKA, D. (1973). The contractile process in the ciliate, Stentor coeruleus.
I. The role of microtubules and filaments. J. Cell Biol. 57, 704-728.

JANIS, R. A. AND SCRIABINE, A. (1983). Sites of action of calcium channel inhibitors. Biochem.
Pharmac. 32, 3499-3507.

KIM, I.-H., PRUSTI, R. K., SONG, P.-S., HADER, D.-P. AND HADER, M. (1984). Phototaxis and
photophobic responses in Stentor coeruleus. Action spectrum and role of Ca++ fluxes.
Biochim. biophys. Ada 799, 298-304.

LANGER, G. A. AND FRANK, J. S. (1972). Lanthanum in heart cell culture. Effect on calcium
exchange correlated with its localization. /. Cell Biol. 54, 441-455.

LEUNG, A. T., IMAGAWA, T. AND CAMPBELL, K. P. (1987). Structural characterization of the 1,4-
dihyropyridine receptor of the voltage-dependent Ca channel from rabbit skeletal muscle.
Evidence for two distinct high molecular weight subunits. /. biol. Chem. 262, 7943-7946.

MAIHLE, N. J., DEDMAN, J. R., MEANS, A. R. AND CHAFOULEAS, J. G. (1981). Presence and
indirect immunofluorescent localization of calmodulin in Paramecium tetraurelia. J. Cell Biol.
89, 695-699.

MALONEY, M. S. (1980). Pharmacological evidence for cell surface control of oral regeneration
in Stentor coeruleus. J. cell. Physiol. 103, 305-311.

MALONEY, M. S. (1984). Phytohemagglutinin induces delays in oral regeneration in the ciliate
Stentor coeruleus. J. Protozool. 31, 170—174.

MALONEY, M. S. (1986). Concanavalin A inhibits oral regeneration in Stentor coeruleus through
a mechanism involving binding to the cell surface. J. cell. Physiol. 128, 113-120.

MALONEY, M. S. (1988). Con A binds to the membranellar and somatic cilia of Stentor and to the
developing oral primordium during oral regeneration. /. Protozool. 35, 502-505.

MALONEY, M. S. AND BURCHILL, B. R. (1977). The presence of cyclic AMP, and its effects on
oral regeneration and in situ ciliary regeneration in Stentor coeruleus. J. cell. Physiol. 93,
363-374.

MORI T., TAKAI, Y., MINAKUCHI, R., YU, B. AND NISHIZUKA, Y. (1980). Inhibitory action of
chlorpromazine, dibucaine, and other phospholipid-interacting drugs on calcium-activated,
phospholipid-dependent protein kinase. /. biol. Chem. 255, 8378-8380.

MUTO, Y., KUDO, S. AND NOZAWA, Y. (1983). Effects of local anesthetics on calmodulin-
dependent guanylate cyclase in the plasma membrane of Tetrahymena pyriformis. Biochem.
Pharmac. 32, 3559-3563.

NAGAO, S., KUDO, S. AND NOZAWA, Y. (1981). Effects of phenothiazines on the membrane
bound guanylate and adenylate cyclase in Tetrahymena pyriformis. Biochem. Pharmac. 30
2709-2712.

NAYLER, W. G. (1982). Calcium antagonists: Classification and properties. In Calcium



Calcium/calmodulin inhibitors delay regeneration 149

Regulation by Calcium Antagonists (ed. R. G. Rahwan and D. T. Witiak), pp. 1-16.
Washington, DC: American Chemical Society.

NORRIS, D. K. AND BRADFORD, H. F. (1985). On the specificity of verapamil as a calcium channel
blocker. Biochem. Pharmac. 34, 3837-3843.

OHNISHI, K., SUZUKI, Y. AND WATANABE, Y. (1982). Studies on calmodulin isolated from
Tetrahymena cilia and its localization within the cilium. Expl Cell Res. 137, 217-227.

OTTER, T., SATIR, B. H. AND SATTR, P. (1984). Trifluoperazine-induced changes in swimming
behavior of Paramecium: Evidence for two sites of drug action. Cell Motility 4, 249-267.

PAULIN, J. J. AND BUSSEY, J. (1971). Oral regeneration in the ciliate Stentor coeruleus: a
scanning and transmission electron optical study. J. Protozool. 18, 201-213.

PELVAT, P. B. AND DE HALLER, G. (1984). Etude des proteines synthetise'es au cours de la
re'ge'ne'ration de la zone membranelles adorales chez Stentor coeruleus. Archs Protistenk. 128,
201-229.

Ross, A. H., DAMSKY, C , PHILLIPS, P. D., HWANG, F. AND VANCE, P. (1985). Inhibition of
epidermal growth factor-induced phosphorylation by trifluoperazine. J. cell. Physiol. Y2A,
499-506.

SCHLONDORFF, D. AND SATRIANO, J. (1985). Interactions with calmodulin: potential mechanism
for some inhibitory actions of tetracyclines and calcium channel blockers. Biochem. Pharmac.
34, 3391-3393.

SCHRAMM, M. AND TOWART, R. (1985). Modulation of calcium channel function by drugs. Life
Sci. 37, 1843-1860.

SCHULTZ, J. E. AND KLUMPP, S. (1988). Biochemistry of cilia. In Paramecium (ed. H. D. Gortz),
pp. 253-270. Berlin: Springer Verlag.

SCHULTZ, J. E., SCHONEFELD, U. AND KLUMPP, S. (1983). Calcium/calmodulin-regulated
guanylate cyclase and calcium-permeability in the ciliary membrane from Tetrahymena. Eur.
J. Biochem. 137, 89-94.

SUZUKI, Y., NAGAO, S., ABE, K., HIRABAYASHI, T. AND WATANABE, Y. (1981). Tetrahymena
calcium binding protein is indeed a calmodulin. J. Biochem, Tokyo 89, 333-336.

TARTAR, V. (1961). The Biology o/Stentor. New York: Pergamon Press.
VAN ELDIK, L. J., PIPERNO, G. AND WATTERSON, D. M. (1980). Similarities and dissimilarities

between calmodulin and a Chlamydomonas flagellar protein. Proc. natn. Acad. Sci. U.S.A.
77, 4779-4783.

WEISS, G. G. (1974). Cellular pharmacology of lanthanum. A. Rev. Pharmac. 14, 343-374.
WOOD, D. C. (1982). Membrane permeabilities determining resting, action and

mechanoreceptor potentials in Stentor coeruleus. J. comp. Physiol. A 146, 537-550.
WOOD, D. C. (1985). The mechanism of tubocurarine action on mechanoreceptor channels in

the protozoan Stentor coeruleus. J. exp. Biol. 117, 215-235.
WULFROTH, P. AND PETZELT, C. (1985). The so-called anticalmodulins fluphenazine,

calmidazolium, and compound 48/80 inhibit the Ca+2- transport system of the endoplasmic
reticulum. Cell Calcium 6, 295-310.


