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ABSTRACT

A study was made of the interrelationship of serotonin, cAMP, and calcium ions
in the regulation of regeneration of cilia by Tetrahymena pyriformis. All these
compounds stimulated the regeneration, whereas a blocker of serotonin synthesis,
p-chlorophenylalanine, and a calcium chelator, EGTA, inhibited the process . This
inhibition could be overcome by the addition ofany ofthe stimulatory compounds .
cAMP was also found to be inhibitory at high concentrations . The intracellular
concentration of this nucleotide was found to increase during the regeneration,
and this increase occurred precociously in the presence of serotonin . It was
concluded that serotonin may regulate ciliary regeneration by a mechanism
involving cAMP and calcium ions, but that the causal relationships among these
compounds still need to be established .

Serotonin is a neurotransmitter in invertebrate
nervous systems and a putative neurotransmitter
in vertebrates (7) . However, its biological role is
not necessarily restricted to the transmission of
chemical signals by nerve cells, because it has also
been reported in a wide variety of non-neural
systems . For example, it has been found in unfer-
tilized vertebrate and invertebrate eggs (3-5, 9), in
protozoa (16), and in blood platelets (22) . How-
ever, the information we have about its mechanism
of action is very limited . In most systems studied
so far, it seems to involve both cyclic nucleotides
and divalent cations . For example, the stimulation
of fly salivary gland secretion by serotonin has
been studied in detail and is known to involve
cAMP and calcium ions (23) . An increase in the
level of cAMP has also been found during ciliary
movement (10), but in the case of blood platelet
activation (1), serotonin causes an increase in
cGMP but no changes in cAMP. Calcium ions
have also been implicated in some ofthese systems ;

for example, it is known that a calcium ionophore
will activate both blood platelets and salivary
gland secretion (18, 24). On the other hand, the
role of serotonin in unfertilized eggs and protozoan
cells is even more obscure . These systems are
particularly intriguing because, being unicellular,
the target of the neurohormone would be the
secretory cell itself. Buznikov et al . speculated that
serotonin may act as a regulator of cell division in
the sea urchin egg, as they found that anti-
serotonin agents caused delays in the first division
(4) . In addition, Gustafson and Toneby (14) found
that p-chlorophenylalanine (PCPA), a specific in-
hibitor of serotonin synthesis, caused develop-
mental abnormalities in sea urchin embryos. The
effects of this drug could be overcome by the
addition of 5-hydroxytryptophane (5-HTP), the
immediate precursor of serotonin.

In Tetrahymena pyriformis, serotonin has been
reported to be present in stationary-phase cultures
(2), but its specific biological role in this organism
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is unknown. There is some evidence that it may
activate phagocytosis in this ciliate (8) . In addition,
it has been reported that this neurohormone may
indeed activate adenylate cyclase in Tetrahymena
(32) . In this paper, we present evidence that sero-
tonin may act as a regulator ofciliary regeneration
in this protozoan. A preliminary account of this
work has been presented previously (28) .

MATERIALS AND METHODS
Tetrahymena pyriformis W strain was cultured in 2% proteose-
peptone (Difco Laboratories, Detroit, Mich.), 0.1% dextrose in 1-
liter wide-bottomflasks with surface aeration . Logphase cultures
were deciliated by a technique similarto that of Rosenbaum and
Carlson (30). The cells were first washed with a buffered salt-
sucrose solution (0.2 Msucrose, 0.18% NaCl, 10 mM imidazole-
HCI, pH 6.8) and then resuspended with 10 vol of deciliating
solution at 5°C (50 mM sodium acetate, pH 5.0, 0.1% EDTA,
and 0.2 M sucrose). This was followed by the addition of 0.01
vol of 1 M CaC12 and vigorous agitation with a test tube mixer
for 15-20 s . The deciliated cells were then quickly spun down
with a hand centrifuge and resuspended in 10 vol of regeneration
medium (0 .2 M sucrose, 10 mM PIPES buffer, pH 6.8) . 10-ml
aliquots of the cell suspension were then transferred to 50-ml
flasks in a constant-temperature shaker bath at 25°C . Ciliary
regeneration was assayed by a modification of the procedure of
Rosenbaum and Carlson (30). Samples were taken at 10-min
intervals and examined microscopically (x 400; Zeiss phase mi-
croscope with Neofluar objectives) under a vaseline-ringed cov-
erslip, and the percentage of motile cells was scored . At least 100
cells were observed in each sample. Several compounds were
added to the regeneration medium, singly or in various combi-
nations, to test their effect on the regeneration process: serotonin
creatine sulfate (5-HT), PCPA, 5-HTP, cAMP and its dibutyryl
derivative (But2 cAMP), EGTA, CaC12 , and the calcium iono-
phore A23187 . All the compounds tested were obtained from
Sigma Chemical Co . (St . Louis, Mo .), except the ionophore that
was a gift of Eli Lilly and Co . (Indianapolis, Ind.) .

The concentration of cAMP was determined by the receptor
protein displacement method of Gilman and Murad (13) . 5-ml
aliquots of regenerating cells are taken at different time intervals
and centrifuged for 2 min at 0°-5°C . The cell sediment was then
resuspended in 5% TCA, the precipitated protein was removed
by centrifugation, and the TCAwas extracted from the supernate
with water-saturated ether. The samples were then lyophilized
and stored at -20°C until just before the assay. The protein
concentration was determined by the method of Lowry et al.
(17), using bovine serum albumin as a standard .

RESULTS
When the deciliated Tetrahymena cells are resus-
pended in regeneration medium there is a lag
period of 10 min before any motility is observed
(Fig. 1) . The regeneration then proceeds with ex-
ponential kinetics and is essentially complete in 80
min. In the presence of 5-HT the duration of the
lag period is not affected, but the period of the
exponential regeneration is accelerated (Fig. 1) .
Similar results were observed with concentrations
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The bars at each point indicate the stan-
dard error of the mean. The numbers in parentheses in
each graph indicate the number of times each experiment
was performed .
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FIGURE 1

	

The effect of serotonin on ciliary regenera-
tion . Note that cells regenerating in the presence of 1
mM serotonin (O) or 10 -6 M serotonin (A) regenerate
faster than control cells ("), whereas the regeneration is
delayed by 1 mM PCPA (0). In the presence ofboth 1
mM serotonin and 1 mM PCPA, the regeneration kinet-
ics are very similar to those of control cells (0).

of 5-HT as low 10-5 M, and in the presence of 5-
HTP, the immediate precursor of serotonin . On
the other hand, the regeneration is inhibited by
PCPA (Fig . 1), a compound that is reported to
block 5-HT synthesis by inhibiting the hydroxyl-
ation of tryptophan . However, in the presence of
both PCPA and 5-HT, the regeneration proceeds
with control kinetics (Fig . 1) . Similar results were
obtained when 5-HTP was substituted for 5-HT in
the presence of PCPA .
The effect of cAMP or Butt cAMP on the

regeneration is concentration dependent. A high
concentration of Butt cAMP slows down the re-
generation, whereas an intermediate concentration
(5 mM) accelerates it (Fig . 2) . However, a Butt
cAMP concentration lower than 1 mM has no
effect on the regeneration kinetics . Similar results
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FIGURE 2

	

The effect of Butt cAMP on ciliary regen-
eration. 5 mM But2 cAMP stimulates the regeneration
rate (A) whereas 10 mM (O) inhibits it . The stimulatory
effect of 5 mM But2 CAMP is seen even in the presence
of 1 mM PCPA (") . Control cells (") .

are obtained when CAMP is substituted for Butt
cAMP . The stimulatory effect of Butt cAMP is
observed even in the presence of PCPA (Fig. 2),
suggesting that this effect is independent of sero-
tonin synthesis .
Calcium ions seem to play an important role in

the regulation ofregeneration, and the addition of
calcium ions to the regeneration medium also
shows concentration-dependent effects: a high cal-
cium concentration (10 mM) results in a marked
slowdown of the regeneration process, whereas a
concentration of 1 mM accelerates it (Fig . 3) . The
stimulatory effect is obtained with even much
lower concentrations, down to 10-6 M. Addition
of EGTA, a calcium-chelating agent, to the regen-
eration medium will inhibit the process (Fig . 4) .
However, in the presence of both EGTA and 5-
HT the cells regenerate with control kinetics (Fig .
4) . The results obtained with the calcium iono-
phore A23187 resemble those observed after the
direct addition of calcium ions . Micromolar con-
centrations of the ionophore inhibit the regenera-

tion, whereas lower concentrations (1 .0-0 .5 x 10 -9
M) stimulate it (Fig. 5) . In addition, it should be
observed that calcium ions will counteract the
inhibitory effect of PCPA (Fig . 4) .
The intracellular concentration of cAMP during

the course of the regeneration is illustrated in Fig.
6. Notice that the cyclic nucleotide level remains
constant up to 10 min after the deciliation and
then starts to increase, reaching a maximum after
20 min. It then starts to decrease and reaches pre-
regeneration levels 40 min after the deciliation . If
5-HT is present in the regeneration medium, the
maximal level of cAMP is reached immediately
and, after 20 min, starts to decrease, reaching the
same level as the control cells (Fig. 6) .

DISCUSSION
The regeneration of cilia and flagella has been the
subject of previous studies by several workers in
various systems such as Tetrahymena (15, 26, 35),
Chlamydomonas (31, 33), and sea urchin blastulae
(34) . However, very little is known about the reg-
ulation of these processes. The present work sug-
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FIGURE 3

	

The effect of calcium ions on ciliary regen-
eration. A calcium concentration of 10 mM will inhibit
regeneration (O) whereas a concentration of l mM (A)
or 10 -s M (A) will stimulate it . Control cells (").
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(38)
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FIGURE 4

	

1 mM calcium will overcome the inhibitory
effect of 1 mM PCPA (O). A calcium-chelating agent, I
mM EGTA, will inhibit regeneration (0), but in the
presence of both 1 mM EGTA and t mM serotonin
(") the cells regenerate with control kinetics (") .

gests that serotonin may play an important role in
this regulation in Tetrahymena because: (a) exog-
enous serotonin accelerates the regeneration ki-
netics (Fig . 1), and this effect is noticed even with
micromolar concentrations of the neurohormone ;
(b) blocking serotonin synthesis with a specific
inhibitor (PCPA) will also cause a delay in the
regeneration kinetics (Fig . 1) ; (c) the delay caused
by PCPA can be counteracted by the addition of
serotonin or of 5-HTP, the immediate precursor of
serotonin (Fig. 1) ; (d) serotonin will counteract the
inhibitory effect of other agents such as EGTA
(Fig. 4) . That the effect of the neurotransmitter
may be at the post-translational level is suggested
by the fact that neither serotonin nor PCPA has
any effect on total RNA or protein synthesis dur-
ing the regeneration process (29) . However, an
effect ofserotonin at the transcriptional and trans-
lational level cannot be excluded at the moment .
Guttman and Gorovsky (15) have demonstrated
that both RNA and protein syntheses are impor-
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The effect of the ionophore A23187 on cili-
ary regeneration . Control cells ("); 0.5 nM ionophore
(O).
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FIGURE 6

	

The effect of serotonin on the intracellular
concentration ofcAMP during ciliary regeneration. Sam-
ples were prepared and assayed as described in Materials
and Methods. Each time point represents the mean of at
least five experiments; the bars indicate the standard
error of the mean. It should be noted that the abscissa
represents the time when the samples were taken after
deciliation . Control cells (O); cells regenerating in the
presence of 1 mM serotonin (") from zero time .
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tant in ciliary regeneration in starved Tetrahymena
cells .

It is of interest to note that it had been previ-
ously reported that melatonin, a molecule derived
from serotonin, can inhibit ciliary regeneration in
Tetrahymena (6) . Perhaps the inhibition is caused
by a competition between melatonin and serotonin
for the same receptor sites on the membrane . Other
workers have also reported that treatment with the
monoamine oxidase inhibitor pargyline caused cil-
iogenesis in normally nonciliated rat brain cells
(19) . The authors speculated that the drug caused
increased intracellular levels of serotonin, which
would be in agreement with our hypothesis.

In our system we are not measuring regeneration
directly, but indirectly using motility as a regen-
eration index . Nevertheless, we feel that motility
is a true index of regeneration, as has been stated
by other authors (15, 30, 35) ; because cell motility
is dependent on the existence of cilia, it should be
directly proportional to the number of regenerat-
ing cells. In addition, observations on fixed cells
suggest that there is a direct correlation between
the number of ciliated cells and the motility ofthe
population . Unfortunately, newly formed cilia de-
tach very easily after fixation and make statistical
studies difficult. However, if the stimulatory or
inhibitory compounds are added to nondeciliated
cells in regeneration medium, they have no notice-
able effect on cell motility (29) . If serotonin or
cAMP had a stimulatory effect on motility, or if
PCPA or EGTA had an inhibitory effect, these
same effects should be noticed even on undecil-
iated cells, but this is not observed. Therefore, it
cannot be argued that the observed effects are
caused by inhibition or stimulation ofmotility, but
by a direct effect on the regeneration rate .

In addition, it should be emphasized that a
stimulatory or inhibitory effect on motility, and
not on regeneration rate, would not be shown by
our data . A direct effect on motility would cause
already motile cells to move either more slowly or
more rapidly, depending on whether the com-
pound is inhibitory or stimulatory . However, in
our assay we are not discriminating between
slower or faster movements, but between moving
cells, regardless of the speed, and immobile cells .
In our observations with phase microscopy, we
have never detected cilia in immobile cells .

Serotonin has been reported to act in various
systems by mechanisms involving cyclic nucleo-
tides and calcium ions . In our system, the evidence
suggests that serotonin may stimulate ciliary re-
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generation by a cAMP-mediated mechanism, as
exogenous serotonin will cause a precocious rise
in the intracellular concentration of cAMP in re-
generating cells (Fig . 6) . Thus, there is a direct
correlation between the concentration of cAMP
and the regeneration rate . In addition, dibutyryl
cAMP can counter the inhibitory effect of PCPA
(Fig. 2), suggesting that in the presence of exoge-
nous nucleotide, serotonin synthesis is not required
for regeneration.
Our results show that the effect of cAMP on

ciliary regeneration is dose dependent; relatively
high concentrations of the nucleotide are inhibi-
tory, but lower concentrations are stimulatory
(Fig. 2) . CAMP has been reported to have similar
dose-dependent effects in other systems involving
microtubule assembly (11, 12) . However, the basis
of the stimulation or inhibition remain so far
unknown . Other workers have reported previously
that cAMP inhibited ciliary or flagellar regenera-
tion (33, 35) . Wolfe (35) found that both 5 and 10
mM but 2 cAMP inhibited ciliary regeneration, 5
mM only slightly. However, his assay system was
different from ours, as he made only one motility
measurement, 90 min after deciliation . Therefore
any differences in regeneration kinetics that occur
early in the process would not be detected by his
procedure . Rubin and Filner (33) also reported
that 1 mM 131112 CAMP inhibited flagellar regen-
eration in Chlamydomonas in the presence of ami-
nophylline . 5 mM But 2 cAMP by itself had no
effect on the regeneration rate . However, as in the
previously discussed work, only one time point
was examined, 60 min after deflagellation, and
any early stimulation by the nucleotide of the
regeneration rate would not be detected .
Our data so far indicate that calcium ions play

an important role in the regulation of regeneration,
as this process can be stimulated by moderate and
low concentrations of these ions (Fig . 3) and by a
calcium ionophore (Fig . 5) . A similar dose-de-
pendent effect by calcium ions has been reported
in other systems (11, 21) . It has also been reported
that . calcium ions are essential for flagellar regen-
eration in Chlamydomonas (25) . However, it is
known that calcium ions will inhibit microtubule
assembly "in vitro" (20) . This suggests that the
stimulatory effect of calcium on the regeneration
is probably not caused by a direct stimulation of
microtubule assembly, but by some other un-
known mechanism.

Serotonin seems to be involved in the calcium
metabolism of regenerating cells, as calcium ions



can counteract the inhibitory effect of PCPA (Fig .
4), and serotonin can counteract the inhibitory
effect of the calcium-chelating agent EGTA (Fig .
4) . These results suggest that regenerating cells
may utilize calcium ions either from the external
medium or from internal stores . When the external
calcium is sequestered by EGTA, the regeneration
is delayed because one of the calcium sources is
blocked. However, in the presence of serotonin,
regeneration proceeds normally because serotonin
may help to mobilize calcium ions from intracel-
lular stores . The latter process cannot take place
when serotonin synthesis is blocked, and the re-
generating cells then depend mostly on external
calcium. That is why regeneration may proceed
normally in the presence of PCPA if the calcium
concentration ofthe external medium is increased .
A somewhat similar hypothesis has been proposed
to explain the action of serotonin on the fly sali-
vary gland (27) .

Thus, the results obtained in this work suggest
strongly that serotonin, cAMP, and calcium ions
are part of the regulative "loop" of ciliary regen-
eration, although the causal relationships among
these parameters are not yet clear.

This work was supported by National Institutes of
Health grant RR-8102.
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