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Photoperiodism and Effects of Indoleamines in a
Unicellular Alga, Gonyaulax polyedra

IvONNE BALZER AND RUDIGER HARDELAND

Mediation of photoperiodic effects by indoleamines, especially melatonin, is known in
higher vertebrates. A similar mechanism may occur in a unicellular alga, the dinoflagel-
late Gonyaulax polyedra. This organism entered the dormant stage of a cyst upon
short-day treatment at lowered temperatures. Interruption of darkness by 2 hours of
light prevented cyst formation, even when the overall duration of light was the same
as in cyst-inducing short days. When given in a noninducing photoperiod, melatonin
and an analog, 5-methoxytryptamine, substances that had previously been shown to
occur in Gonyaulax, provoked cyst formation. Methoxylated indoleamines may play a
role as mediators of darkness in this unicellular, in a similar way as in vertebrates,
suggesting a common biochemical basis of photoperiodism.

has evolved as a means for orientation

within the year in organisms phyloge-
netically as distant as vertebrates, arthro-
pods, and angiosperms. Whether or not a
similar physiological basis for photoperiodic
mechanisms exists, that can be attributed to
the same evolutionary origin, is a matter of
discussion.

In vertebrates, information about the rel-
ative lengths of photophase and scotophase
is mediated by the indoleamine melatonin
(1-4). However, the occurrence of melato-
nin is not restricted to these organisms. It
exists also in insects, where this substance
exhibits a circadian rhythm (5-7). In planar-
ians, an effect of melatonin on reproduction
has been described (8). In the dinoflagellate
Gonyaulax polyedra we have recently detect-
ed two methoxylated indoleamines, melato-
nin and 5-methoxytryptamine, as well as
enzymes involved in their formation, indole-
amine N-acetyltransferase and hydroxyin-
dole O-methyltransferase (9, 10). Moreover,
melatonin exhibits a daily rhythm of high
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amplitude, with a nocturnal maximum as
high as in vertebrate pineals (about 2.5 ng
per milligram of protein) (11). We, there-
fore, tested this organism for a photoperi-
odic response and for its possible mediation
by these indoleamines.

Gonyaulax polyedra was grown at 20°C in
a light-dark cycle of 12:12 hours (LD
12:12) (12). Photoperiodic experiments
were carried out at either 20° or 15°C, under
various LD schedules. Light intensity was
400 lux. Cells were transferred to experi-
mental conditions 3 hours after onset of
light (circadian time 3 hours); this time
point was chosen as the beginning of illumi-
nation in the new LD. Melatonin and
5-methoxytryptamine were dissolved direct-
ly before use in dimethyl sulfoxide
(DMSO), at a concentration of 0.2 M, and
then diluted in culture medium to give the
desired molarity. DMSO in the molarities
used was without effect. Five cultures were
used for each data point, and cyst numbers
were determined daily.

In the species investigated, photoperiodic
responses were unknown. We detected that
the cells can, in fact, react by entering a
dormant stage. According to morphological
criteria, the resting cells are of the type of

so-called “thin-walled” or “temporary” cysts
(13). The process of encystment involves
cessation of movement, loss of flagella, re-
traction from the theca, and formation of a
spherical cyst wall. The cyst is finally released
from the theca. Cyst formation was quanti-
tatively evaluated by calculating the ratio of
cyst to total cell numbers. For definition of
the stage of cyst, we used the most unam-
biguous criterion of a clearly visible cyst
wall. Damaged cells were excluded from the
evaluation.

At a temperature of 15°C, encystment was
strictly photoperiodically controlled (Fig.
1). At a subcritical day length of 11 hours,
almost no cyst formation was observed. But
a day length of 10 hours or less caused
practically all cells to encyst within 4 days.
Treatment with a single long dark period
sufficed in many experiments to induce cyst
formation in up to 20% of cells (Table 1).

A lowered temperature, as compared to
normal growing conditions, appears to rep-
resent a prerequisite for enabling the cell to
respond photoperiodically. At 20°C, cyst
formation was negligible even at LD 6:18,
whereas the same short day treatment at
15°C led to complete encystment. The inef-
ficiency of short photoperiods at 20°C was
supported by extended experiments lasting
for several weeks (Table 1). '

Photoperiodism cannot be demonstrated
solely by comparing effects of long and short
days, because the variation of day length is
accompanied by changes in the amount of
light. This is particularly important in pho-
toautotrophic organisms such as Gonyaulax,
in which light deficiency could become lim-
iting for cell metabolism. Moreover, encyst-
ment has been attributed in dinoflagellates
to unfavorable environmental conditions
(13). Therefore, we carried out experiments
in which we interrupted the dark period by

-
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Ratio of cysts to cell number
o
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8 10 12 14 16 18
Dark period (hours)

Fig. 1. Cyst induction by short days and de-
creased temperature. Cultures of mastigote cells
were transferred from 20° to 15°C and from LD
12:12 to the experimental LD cycles; the relative
number of cysts was determined 4 days after
transfer. Experiments were carried out in five
cultures with triplicate determinations, but statis-
tical variation was negligible, because cells re-
sponded practically in an all-or-none fashion.
Ordinate: ratio of cysts to total cell number;
abscissa: length of dark period (hours) within an
LD cycle of 24 hours.
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2 hours of light. The overall duration of
light was the same as in a cyst-inducing
short day. The comparison of LD 10:14
with these illumination patterns showed
that light breaks largely inhibited cyst for-
mation (Table 1). This was demonstrated
for two different circadian phases of the light
break (LDLD 8:2:2:12 and LDLD
2:2:8:12). Short day plus light break can,
therefore, be interpreted by the cell as a
subjective long day. Hence, the total
amount of light is not decisive for induction,
but rather the temporal distance between
onset and end of light, a result demonstrat-
ing the involvement of a photoperiodic
mechanism.

Since melatonin is known to mediate pho-
toperiodic effects in vertebrates, and since
we had found this substance to be present in
Gonyaulax, we tested whether or not the
indoleamine might be able to induce encyst-
ment. In the otherwise non-inductive con-
ditions of LD 11:13, at 15°C (but not at
20°C), a single addition of 10~* M melato-

nin given 1 hour prior to the onset of
darkness caused all cells to encyst within 3
days (Table 1). Melatonin is, therefore, able
to mimic effects of short day treatment, a
remarkable parallel to what is known in
mammals (14, 15). A rather high concentra-
tion of melatonin was required in our exper-
iments to provoke cyst formation, a fact that
may be due to the instability of this sub-
stance, especially when exposed to light. The
indoleamine is destroyed by light-induced
superoxide anions, a reaction that is largely
catalyzed by complexed iron (16). This is of
particular importance, because the culture
medium contains iron-EDTA complexes.
Additional destruction occurs within the cell
under the influence of iron porphyrin com-
pounds. When incubated with extracts from
Gonyaulax, melatonin decays rapidly upon
exposure to light (17). Thus, low concentra-
tions of melatonin cannot be expected to be
effective during photophase. Additions of
melatonin earlier in the photophase would
lead to losses of this substance at an un-

Table 1. Effects of temperature (7)), light breaks, and methoxylated indoleamines on cyst formation.

. T Day after Cysts/total cells
L:D schedule °C) Treatment tr!nsfcr ¥ (+SEM)
LD 6:18 20 1 0.00 = 0.00
LD 6:18 20 29 0.00 = 0.00
LD 6:18 15 1 0.12 + 0.00
LD 6:18 15 2 095 = 0.02
LD 6:18 15 3 1.00 = 0.00
LD 10:14 15 1 0.16 = 0.03
LD 10:14 15 4 1.00 + 0.00
LD 11:13 15 4 0.02 =0.01
LD 11:13 15 7 0.01 =0.00
LD 11:13 15 10~* M melatonin 1 0.16 += 0.09
LD 11:13 15 10~* M melatonin 2 0.68 = 0.17
LD 11:13 15 10~* M melatonin 3 1.00 = 0.00
LD 11:13 20 10~* M melatonin 7 0.00 * 0.00
LD 12:12 20 4 0.00 = 0.00
LD 12:12 20 14 0.00 = 0.00
LD 12:12 15 4 0.04 = 0.00
LD 12:12 20 2x107°M 1 1.00 = 0.00
5-methoxytryptamine

LD 12:12 20 10 M 1 1.00 = 0.00
5-methoxytryptamine

LD 12:12 20 5x107°M 1 1.00 =+ 0.00
5-methoxytryptamine

LD 12:12 20 2x107°M 7 0.00 = 0.00
5-methoxytryptamine

LL 20 1075 M 1 1.00 =+ 0.00
5-methoxytryptamine*

LL 20 5x107°M 1 1.00 = 0.00
5-methoxytryptamine

LD 11:13 15 10~* M N-acetylserotonin 1 0.00 * 0.00

LD 11:13 15 10~* M N-acetylserotonin 2 0.01 * nd.

LD 12:12 20 10~* M N-acetylserotonin 14 0.00 + 0.00

LD 12:12 20 5 x 107 M N,N-dimethyl 1 1.00 = 0.00
5-methoxytryptamine

LDLD 2:2:8:12 15 1 0.03 =0.01

LDLD 2:2:8:12 15 3 0.04 = 0.02

LDLD 2:2:8:12 15 5 0.11 = 0.02

LDLD 2:2:8:12 15 7 0.10 = 0.00

LDLD 8:2:2:12 15 1 0.01 =0.01

LDLD 8:2:2:12 15 3 0.01 = 0.01

LDLD 8:2:2:12 15 5 0.01 = 0.00

*The same result was obtained at various circadian phases of addition: circadian time 0, 3, 12, 15, 18, and 21.
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known rate impeding the use of accurate
concentrations.

As compared to melatonin, its analog
5-methoxytryptamine proved to be even
more potent. Its efficacy did not depend on
a lowered temperature. At 20°C and in LD
12:12, 107 M 5-methoxytryptamine in-
duced cyst formation within 6 hours in the
entire cell population. In another experi-
ment, 5 X 107 of this indoleamine led to
complete encystment, even in LL (Table 1).

In these experiments we have shown both
photoperiodism and short-day-like effects of
methoxylated indoleamines in Gonyaulax.
These findings may be relevant for our un-
derstanding of the temporal organization of
dinoflagellates, especially with regard to the
annual cycle. Unfavorable environmental
conditions can be perceived and, perhaps,
even anticipated by sensing a combination
of low temperatures and short days. The
amastigote cysts, once formed, will sink
down to the sea bottom where they can be
sampled in the sediments. In these depths,
the dormant stages are effectively shielded
from exposure to light; therefore, germina-
tion might be controlled by an endogenous
circannual cycle, as in Alexandrium tamarense
(18).

Our data suggest that methoxylated in-
doleamines may act as mediators of darkness
in Gonyaulax. This constitutes a surprising
similarity to the situation in mammals,
birds, and reptiles (14, 19). The occurrence
of circadian rhythms of melatonin in insects
(7) and effects of this substance in platyhel-
minths (8) suggests similar roles in these
groups of organisms. Extending this princi-
ple to unicellulars would imply a consider-
able broadening of a common biochemical
basis of photoperiodic mechanisms. The
findings that the unicellular Gonyaulax
polyedra synthesizes melatonin, that this sub-
stance exhibits a daily periodicity (17) and
can mimic a photoperiodic effect is of gen-
eral relevance, especially in an organism
belonging to the best studied objects of
circadian clock mechanisms. The existence
of same physiological mechanism does,
however, not allow us to comment on a
monophyletic origin. This would require a
search for melatonin and 5-methoxy-
tryptamine in many more taxa; such inves-
tigations would have to take account of the
high instability of these substances and the
need for preservative extraction procedures.
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Similar Neuronal Alterations Induced by Axonal
Injury and Learning in Aplysia

EpGAR T. WALTERS,* HASSAN ALIZADEH, GILBERT A. CASTRO

Learning in the marine mollusk Aplysia has been associated with enhanced sensory
function, expressed in mechanosensory neurons as (i) decreases in action potential
threshold, accommodation, and afterhyperpolarization, and (ii) increases in action
potential duration, afterdischarge, and synaptic transmission. These alterations also
occur, with a delay, after sensory axons are injured under conditions in which synaptic
transmission is severely reduced. The latency and specificity of injury-induced alter-
ations indicate that induction signals are generated at the site of injury and conveyed
centrally by axonal transport. Similarities in neuronal modifications support the
hypothesis that some memory mechanisms evolved from mechanisms of injury-
induced sensory compensation and repair.

EHAVIORAL SENSITIZATION AND
B classical conditioning in various spe-

cies have been correlated with a per-
sistent increase in the excitability of selected
neurons, often expressed as a decrease in
action potential threshold or an increase in
firing rate during depolarizing test stimuli
(1, 2). Increased excitability is also seen in
diverse neurons after injury of their periph-
eral axons (3). These observations, and the
presumed ability of hyperexcitability to
compensate for loss of sensory function in
an area of injury, led to the suggestion that
some learning mechanisms evolved from
long-lasting adaptive responses to cellular
injury in primitive sensory neurons (4).

We have begun to test this hypothesis by
comparing injury-induced and learning-in-
duced plasticity in the same neurons: noci-
ceptive mechanosensory neurons in the mol-
lusk Aplysia. The most dramatic plasticity
reported for these cells occurs when the
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animal receives noxious stimulation within
the receptive field of the neuron during
aversive training, and this plasticity is medi-
ated in part by activity-dependent effects of
neuromodulators released on or near the
sensory neuron soma (2, 5). However, be-
cause noxious stimuli can damage peripheral
axons, we wondered whether additional sig-

nals for long-term plasticity in these cells are
generated at the sites of axonal injury.

Experiments were performed on sensory
neurons that have their somata in the ven-
trocaudal (VC) clusters of the pleural gan-
glia (Fig. 1A). The axons of these neurons
project exclusively through the adjacent ped-
al ganglion and ipsilateral pedal nerves to
innervate the ipsilateral body surface (6).
Mechanosensory neurons in Aplysia usually
show marked action potential accommoda-
tion during prolonged depolarization (7);
action potentials (spikes) can only be initi-
ated at the beginning of a depolarizing pulse
(Fig. 1B, control), even if large depolarizing
currents are applied. To investigate the ef-
fects of axon injury on accommodation, we
anesthetized each animal and, through a
small incision, crushed all of the pedal nerves
coming from one pedal ganglion (8). After 1
to 23 days the pedal-pleural ganglia were
dissected, and sensory neurons in each VC
cluster examined.

We tested action potential accommoda-
tion by injecting a 1-s depolarizing pulse
into the soma (Fig. 1B) (9). Sensory clusters
subjected to axon crush 4 days earlier re-
sponded with significantly more action
potentials (exhibiting less accommodation
and thus greater excitability) than contralat-
eral control clusters with uncrushed axons by
a paired comparison [¢(5) = 4.45, P =
0.0043] (Fig. 1C). Sensory clusters also
showed significantly less accommodation 3
days [¢(5) = 7.20, P = 0.0008], 6 days
[t(4) = 6.45, P = 0.003], 7 days
[#(3) = 6.36, P = 0.008], and 10 days [¢(3)
= 3.76, P = 0.035] after crushing the ipsi-
lateral pedal nerve than before (Fig. 1D). Our
paired testing procedure (10) and the number
of sensory neuron pairs (five to eight) exam-
ined within each animal also allowed compar-
isons of cell populations in individual ani-
mals. Sensory neurons with crushed axons
displayed less action potential accommoda-

Table 1. Electrophysiological properties altered by axon crush. Data are expressed as mean + SEM,
except for the percentage of cells showing afterdischarge. Values of P were determined with two-
tailed paired ¢ tests (n.s., not significant), except for the incidence of afterdischarge (Fisher’s exact
test). The term AHP denotes afterhyperpolarization. The term n indicates pairs of sensory clusters
(one per animal) except in the afterdischarge incidence, where it refers to the total number of
sensory neurons in crushed axon and control clusters in the subset of animals (n = 5) that displayed
afterdischarge during determination of spike threshold. Each EPSP data point was the average of
the ten largest EPSPs recorded in the motor neuron from one sensory cluster.

Property Control Crushed axon p n

Accommodation 59+ 09 145 = 1.0 0.001 26
(number of spikes)

Threshold (nA) 1.39 = 0.05 1.30 = 0.07 0.005 26
AHP (mV) 58+ 0.2 44+ 03 0.001 26
Resting potential (mV) 441+ 05 439+ 05 n.s. 26
Spike amplitude (mV) 78.6 + 1.5 793+ 1.5 ns. 26
Spike duration (ms) 19+ 0.2 24+ 0.2 0.001 9
EPSP (mV) 45+ 09 117+ 23 0.01 8
Afterdischarge incidence 5% 33% 0.01 86

REPORTS 797





