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Summary. 1. A circadian rhythm in the frequency and amplitude of compound 
action potential (CAP) from the isolated eye of Aplysia persists for a week or more 
in vitro in constant darkness. This rhythm has a period of about 26 hours (Figs. 1,2) 
in a specific culture medium and may express several periodic amplitude compo- 
nents (Fig. 3). 

2. Constant light (LL) of low intensity shortens the period (Fig. 4) and reduces 
the range of oscillations. Higher intensity LL results in a further reduction in range, 
a greater variability of CAP frequency from hour to hour, alterations in the period, 
and possibly rhythm splits (Fig. 5). 

3. Pulses of light given at specific points in the circadian cycle shift the phase of 
the rhythm (Fig. 7). The resulting phase response curve (Fig. 8) is similar to response 
curves for the activity of diurnal animals and potassium pulses on the eye rhythm. 

Introduction 

The brain has been shown to be impor tan t  in the entra inment  of some 
circadian rhy thms  to l ight-dark cycles (Menaker, 1968 ; Adler, 1970) and 
in some instances the brain is clearly shown to be the receptor for the 
zeitgeber stimulus and the site of the circadian clock tha t  controls 
rhy thmic  functions (Truman and Riddiford, 1970; T ruman  and Sokolove, 
1972). Another  brain structure,  the eye of Aplysia, has an inherent  
circadian rhy thmic i ty  in spontaneous dark ac t iv i ty  (Jacklet,  1969a). 
The eye r h y t h m  can be phase shifted by  light and entrained by  l ight-dark 
cycles in vitro (Jaeklet,  1971 ; Eskin, 1971). Thus, under  normal  circum- 
stances this eye serves the animal as a very  sensitive detector of light, as 
a receptor for the zeitgeber stimulus and as a source of circadian t iming 
information.  The fur ther  characterization of the responses of the eye 
r h y t h m  to light is of interest for several reasons: (1) the responses are 
impor tan t  in determining if this r h y t h m  in vitro is comparable to other  
rhy thms  studied in whole animals, (2) the responses might  indicate 
something about  the mechanism of the rhy thm,  (3) a phase response 
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curve for light pulses is needed to  compare to the phase response curve 
for potassium pulses (Eskin, 1972) to  investigate the idea tha t  depolari- 
zat ion of the membrane  is a na tura l  mechanism for phase shifting the 
rhy thm.  Accordingly,  the  responses of the eye r h y t h m  in vitro to constant  
light and cons tan t  darkness in ter rupted  by  light pulses were studied. 

Methods 
Aplysia cati/ornia were obtained from Pacific Bio-~arine (Venice, Ca.) and kept 

in LD 12:12 in Instant Ocean tanks (15 ~ C) prior to experimentation. A preparation 
of the eye and attached optic nerve was dissected free of the animal and placed in 
100 ml of culture medium regulated at 15 ~ C for long term continuous recording of the 
optic nerve activity. The optic nerve was drawn into a tubing electrode (PE 10 or 20) 
in the recording chamber and the electrical activity was led off via a silver chloride/ 
silver wire, amplified with a Tektronix 122 and recorded on a Grass polygraph. The 
recording chamber was housed in a light-tight box so that the eyes could be main- 
tained at constant temperature in constant darkness or constant light from an 
incandescent illuminator. Phase response curves were generated by interrupting 
constant darkness with i hour pulses of light at appropriate phases of the rhythms. 
The culture medium consisted of 80% artifical sea water (ASW), 10% Aplysia blood 
and 10 % nutrient mixture. The ASW composition in miilimoles/liter was: NaCI, 425; 
KC1, 10; CaC12 10; MgCl~, 22; MgSO,, 26; NaHC03, 2.5. The Aplysia blood has a 
similar ionic composition to sea water (Hayes and Pelluet, 1947) and was filtered 
(0.22 t~ millipore) before it was added to the medium. Twenty-five ml of nutrient 
mixture contained: 2.5 ml of M-EM vitamin solution (100• Gibco), 2.5g 
dextrose (Baker), 5 ml ME/K amino acids (50• Gibco), 2.5 ml non-essential 
amino acids (100 • ,Gibeo), 2.5 ml L-glutamine (200 m~,  Gibco), 2.5 ml penicillin- 
streptomycin solution (10000 units, Gibco), 6.7 ml 7.5% NaHCO 3, 2.7 ml 0.5 N 
NaOH and ASW. The final culture medium was filtered (0.22 ~, millipore) and the 
pH was adjusted to 7.8. This culture medium is modified from the medium of 
Strumwasser and Bahr (1966). 

Results 

Circadian Rhythm in DD 

The eye is spontaneously  act ive in constant  darkness (DD). This 
ac t iv i ty  is recorded in the optic nerve as a tr iphasic compound  act ion 
potent ial  (CAP) t h a t  is na tura l ly  synchronized by  mechanism (electro- 
conic coupling) inherent  to  the eye (Jacklet ,  1973). The CAP frequency 
varies with a circadian r h y t h m  Chat is precise. The period of the r h y t h m  
varies (Jacklet ,  1971) according to  the medium composition, i t  is 22-24 
hours in A S W  alone and  26-27 hours in the culture medium used in these 
experiments.  The r h y t h m  persists quite dea r ly  in culture for a week or 
longer as shown in Fig. 1. The temporal  characteristics of the  periodic 
f requency changes are:  a rapid increase a t  onset, a sustained rate  for 
about  10 hours and  then a gradual  decrease. During the week several 
changes occur in the r h y t h m :  the period usually lengthens by  5 % or so, 
the durat ion of the active phase lengthens with a corresponding decrease 
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Fig. 1. The circadian rhythm in CAP frequency in DD of two eyes from the same 
animal. The first onset of CAP frequency in culture corresponds approximately with 
the last D-L transition at 0800 of the previous day seen by the whole animal. 

Medium A8B1SI: 80% ASW, 10% blood, 10% nutrient 
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Fig. 2. Periodogram analysis of the CAP frequency from one eye of Fig. i .  Ten 
minute steps were used for 838 points over the six days of activity. The peak at 

26 hours is flanked by minor peaks at 20 and 35 hours 

in the  inac t ive  phase,  a n d  of ten the  range  of the  osci l la t ion decreases 
a f te r  a week in culture.  The  a c t i v i t y  from bo th  eyes f rom the  same an imal  
are  p lo t t ed  in  Fig .  i showing t h a t  the  r h y t h m  from one eye can be nea r ly  
ident ica l  to  the  other.  However ,  s ignif icant  phase  differences can be 
p roduced  a n d  Ml l  be ma in t a ined  in culture,  i n d i c a t i n g  t h a t  a n y  hume ra l  
influences from iso la ted  eye to  i so la ted  eye in  the  same cul ture  med ium 
are  sl ight.  

Pe r iodog ram analys is  (Fig. 2) of the  r h y t h m  shown in Fig.  1 shows 
t h a t  the  eye has  a single s t rong f requency  mode  wi th  a peak  a t  26 hours  
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Fig. 3. The rhythms in CAP amplitude and CAP frequency have a definite phase 
relationship in DD. The first peak in CAP amplitude A, A S, etc. and the second peak 
~n CAP amplitude BI, B~, etc. correspond to changes in the CAP frequency. The 

interval between u and B increases with time in DD 

flanked by  persistent but  weaker peaks at  35 hours and 20 hours. The 
broadness of the major mode is partially due to the variation in period 
over the week and the increase in duration of the active part  of each cycle. 

In  addition to the rhythm in CAP frequency there is also a rhythm in 
CAP amplitude (Jacklet and Geronimo, 1971; Jaeklet, 1973). Fig. 3 
shows the rhythm in amplitude and frequency from one of the eyes (open 
circles) in Fig. 1. The CAP amplitude rhythm has 2 peaks for each cycle 
of CAP frequency. In  the first day after isolation in DD the second peak 
is not  clear, but  with increasing time in DD it develops. The first peak in 
CAP amplitude has a persistent phase relationship with the CAP frequen- 
cy rhythm as shown by the dotted lines (A1, A 2, A z, etc.) in Fig. 3. This 
peak always occurs at the point where the CAP frequency changes from 
a rapid increase to a sustained rate. The second peak of CAP amplitude 
is more variable than the first peak, but  it  usually occurs in phase with 
the point where the CAP frequency changes from a sustained rate to a 
rapid decrease (B1, B2, B s, etc. of Fig. 3). The CAP amplitude is indicative 
of the number of individual cells tha t  contribute voltages to the CAP, if 
one makes the assumption that  each individual cell contributes equal 
voltage to the CAP. Thus this data suggests tha t  these are 2 temporally 
distinct subpopulations of cells tha t  contribute to the rhythm. An 
interesting observation on the 2 peaks in CAP amplitude shown in Fig. 3 
is tha t  the periods of the 2 peaks are not identical. The A peak has 
periods of about 26, 25, 26, and 26 hours and the B peak has periods of 
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Fig. 4. Periodogram analysis of CAP frequency from an eye in LL (20). Thirty 
minute steps were used for 388 data points over the eight days of activity. The peak 

at 25 hours is flanked by the persistent minor peak at 19-20 hours 

about 27, 27, 26 and 28 hours. The interval between the A peak and the 
B peak increases (7, 8, 10, 10, 12) with the lenght of the run in DD. The 
numerical value of these periods and intervals are somewhat subjective 
but  the trend can be observed in Fig. 3. Thus one component of the eye 
rhythm appears to be running at  a different period from the other com- 
ponent but  still maintaining relative coordination. The first peak of CAP 
amplitude is typical of the eye rhythms studied but  in some eye rhythms 
the second (B) peak may be fractionated into several subpeaks. 

Circadian Rhythm in LL 

In constant dim light the rhythm persists and the period is shortened. 
For example, in 20 lux the period is shortened to a peak at 25 hours and 
the minor mode at  19-20 hours persists (Fig. 4). When the intensity of 
constant light (LL) is increased to 100 lux, significant changes occur in 
the rhythm (Fig. 5). The frequency does not decrease to zero in each 
cycle, as it  had in DD, and so the range of the CAP frequency (maximum- 
minimum) decreases and the shape of the oscillation is flattened. As the 
range of the oscillation decrease, greater variability in the CAP frequency 
from hour to hour occurs and the smooth profile of CAP frequency 
becomes more ragged. Addi~onally, it appears that  the two rhythms 
which were initially in phase are driven out of phase even though they are 
in the same medium exposed to the same light. Examination of the record 
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Fig. 5. Circadian rhythm in CAP frequency for days in LL (100) followed by three 
days of DD (at off) for two eyes from the same animal. On the 20th a change of 
period occurred (open circles) and produced a shift in phase between the eyes as a 
result of LL. At the same time the solid periodic components appear to fragment 
into multiple components. In DD one rhythm is split in the first cycle before it 

reverts to a single solid component 

in Fig, 5 shows tha t  one eye (open circles) changed to a longer period on 
March 20. This observations was supported by  a periodogram analysis of 
the activities which shows tha t  one eye (open circles) has 2 strong peaks 
of act ivi ty at  26 and 20 hours for the six days in LL. In  contrast, the 
other eye shows one peak a t  24 hours and a pronounced shoulder a t  
20 hours. However  the periodogram analysis is of limited value for 
situations where the period of the oscillation is changing during the run 
and the run is short. Fig. 5 indicates tha t  an exact measurement  of the 
period after six days in LL (100) is extremely difficult and the record is 
not long enough to make a confident estimate of the persistence of the 
periodic components. However, prolonged constant light does produce 
multiple peaks in CAP frequency from what  was formally a single 
periodic component. When the eyes were exposed to DD on the 23rd 
(Fig. 5), several changes occurred in the rhythm.  The CAP frequency 
reverted back to the smooth transitions from hour to hour and the 
pronounced variability in CAP frequency disappeared. The eye rhy thm 
(open circles) tha t  had shown two apparent  periodic components (26 and 
20 hours) in LL clearly shows two components in the first cycle in DD. 



Circadian Rhythm in the Eye of Aplysla 39 

A 8 B I S I  
I,~ L L ( t O O ) ' - ~ D D  

l 

L 
I o o%0 o %0 o ~o koo o% ~ =0o% o o o oo%~ o 

OoCOO o o ~  oOO oOOa~ ~176 ~_ ~176176 - -% oo o %o ~ 

0 L I  I I I I I I I I I I I I 
1200  0 0 0 0  1 2 0 0  0 0 0 0  1 2 0 0  0 0 0 0  1 2 0 0  

3 - 1 7 - 7 2  T I M E  ( H O U R S )  

I I 

, z, ~ z 

%," [ "I~,~ ~ 
l 
I I 

I 

"~'2 

, I 

I 

l o o~ o ~ o 
o ~ o ~ .  o~ ~ o 

0 0 0 0  1 2 0 0  0 0 0 0  1 2 0 0  0 0 0 0  

Fig. 6. The rhythm in CAP amplitude and CAP frequency for the last three days 
in LL followed by DD for one eye (open circles) shown in Fig. 5. In DD the phase 
relationship between the peaks (A and B) in CAP amplitude and CAP frequency 

a r e  re-established 

These components apparently rejoined in the second cycle in DD. This is 
evidence that  a split did occur in LL. On the other hand, that  eye which 
had a single periodic component in LL maintained a single period 
component in DD. 

The rhythm in CAP amplitude is influenced by LL (100) in much the 
same way as the rhythm in CAP frequency. The variation in CAP ampli- 
tude is decreased and conspicuous peaks are not obvious (Fig. 6). Fig. 6 
shows the CAP amplitude and CAP frequency for the last three days of 
LL (100) and the three subsequent days in DD for one of the eyes (open 
circles) in Fig. 5. Since the peaks in CAP amplitude are not conspicuous, 
the phase relationship between the CAP amplitude and frequency 
rhythms is uncertain. However, in DD the phases revert to the typical 
relationship for DD (Fig. 3) by the second cycle in DD. That is, the first 
peak (A) in CAP amplitude corresponds with the point of change from 
the rapid CAP frequency increase to the sustained rate and the second 
peak (B) corresponds with the point of change from sustained CAP 
frequency to rapid decrease. In the first cycle in DD after LL these 
relationships are somewhat distorted, perhaps because the rhythm is in a 
transient state and complicated by the apparent split in the frequency 
rhythm. 

All the eyes (9) that  were tested in constant light of 100 lux or 
greater showed the characteristic of increased average CAP frequency, 
decreased range of CAP frequency and CAP amplitude, increased 
variability in CAP frequency and shortened periods. The run in vitro is 
limited, presently, to a week or so but with further improvements in 
culture technique longer runs should be possible and the persistence of 
periodic components can be more accurately estimated. 



40 J.W. Jaeklet 

150 

[0o d 

50 

�9 CONSTANT DARKNESS 
"~ MEDIUM A8BISI 15~ 

-W 
I I  LIGHT 02[6-  0316 

i ~ 1 1  i !  

, o.~176 :o% 
�9 ~ �9 . .~.o" Oo ~o 

o •$^ o �9 o o00% ~ o �9 ; o  ~" ~ ~  ~ o% 
o $ o 

$ ~$ L I , o  �9 ~ ~  

�9 ~  o Ooo=~ %'=" �9 ~ 
�9 *I '~ I =% =t~ I I - I : : : : ~ l l  I f ?@ I [ , , , ~ l ~ , ~  i , t * __ 

J200 0000 1200 0000 1200 OOOO 1200 OOO0 1200 0000 1200 
3 - 2 2 - 7 5  TIME(SOURS) 

Fig. 7. Circadian rhythm of frequency interrupted by a one hour pulse of light at 
18 hours circadian time (0216 EST) which produced a persistent delay in phase. The 
light evoked activity is not plotted but was several hundred CAP/0.5 hours. This is 
an example of the data used to plot the phase response curve in Fig. 8. Both eyes 
received the light pulse; phase shifts were determined by comparison to expected 

phase 

Effects o/Light Pulses on the Circadian Rhythm 

The eye rhythm was previously shown to be phase shifted and 
entrained by light pulses in vitro (Jacklet, 1971; Eskin, 1971). In order 
to determine if this rhythm in vitro had the characteristics of other 
circadian rhythms, light pulses (1 hour duration, 600 lux) were given at  
various phases of the rhythm in DD to generate a phase response curve. 
An example of the data used to generate the phase response curve is 
shown in Fig. 7. This rhythm in DD was interrupted with a light pulse 
at 18 hours (0216 EST) after the first onset of the cycle in DD. This 
produced a phase delay that  is maintained in subsequent cycles of the 
rhythm in DD. Note that  the increased CAP frequency produced during 
the light has not been plotted, but  it  was several fold the maximum 
spontaneous DD frequency. In  addition to producing a phase delay in 
the rhythm the light pulse temporarily changed the shape of the fre- 
quency cycle and also caused a temporary perturbation of the amplitude 
cycle (not shown). The peak in CAP frequency is sharper and the plateau 
is less obvious. The rhythm was always allowed to run for one or two 
cycles in DD prior to the light pulse in order to accurately access the 
phase point for presentation of the light. Zero hour circadian time was 
taken as the point at  which the CAP frequency was going through its 
maximum increase. This poin~ appears to be the least variable for this 
particular rhythm and usually coincides with the projected D-L tran- 
sition on ~he first day in vitro in culture medium. 

The delay or advance of phase as a function of the time of the light 
presentation in the cycle is shown in Fig. 8. The abscissa is circadian time 
with zero corresponding to the CAP frequency maximum increase. I~ is 
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Fig. 8. Phase response curve for one hour pulses of light in DD. Zero circadian time 
is taken as the point maximum CAP frequency increase in the previous cycle. Each 
point represents the average of two eyes. The solid line shows the phase one cycle 
after the light pulse and the dashed line the phase at the second cycle. The squares 
show the phase at the third cycle after the light pulse. There is some compensation 
for the phase shift on the second day but the phase is stable by the third day 

apparent  tha t  maximum delays occur early in the subjective night and 
maximum advances occur late in the subjective night. The curves also 
show tha t  some compensation for both advances and delays, [usually 
delays are established immediately and advances show transients in 
other systems (s 1960)], occurs in the second cycle after the 
light pulse but the third cycle is relatively stable and corresponds to the 
steady state phase shift. The maximum phase shifts are only two hours; 
perhaps this would have increased with more intense light or pulses of 
longer duration, but  the eye rhy thm shows strong resistance to large 
perturbation as do some rhythms in whole organism (DeCoursey, 1960). 

Discussion 

The response of the eye rhythms in vitro to light pulses is clearly a 
function of the phase of the rhy thm as are the responses for rhythms in 
whole organisms (DeCoursey, 1960; Pittendrigh, 1960; Aschoff, 1965). 
Phase delays occur during the early subjective night, and phase advances 
occur during the late subjective night. Both of these shifts show 'decre- 
asing transients'  (Aschoff, 1965) toward the unperturbed state. The sharp 
transition between these delays and advances in subjective night is 
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characteristic of diurnally active species (like Aplysia, Jacklet, 1972). 
The response curve for the eye is also very similar to the response curve 
of the eye for potassium pulses (Eskin, 1972). Both curves show compen- 
sation on the second cycle toward a smaller phase difference than on the 
first cycle after the pulse. The phase reversal point in the middle of the 
subjective night for potassium pulses is later than that for light pulses. 
This difference could be related to several differences in experimental 
procedure. For example, Eskin used the peak of CAP frequency for 
measuring phase and I used the maximum increase in CAP frequency. 
The potassium pulses were tested in filtered sea water and the light 
pulses were tested in culture medium where the period of the rhythm is 
26-27 hours instead of less than 24 hours in filtered sea water. Also the 
amount of phase shift is related to the duration of the potassium pulse 
(Eskin, 1972) or the fight pulse. In general, the phase response curve for 
potassium is remarkably similar to the phase response curve for light 
(the natural zeitgeber) and lends support to Eskin's suggestion that the 
clock can be phase shifted by depolarization of the membrane. Perhaps the 
clock can be set by membrane depolarization regardless of the means of 
producing the depolarization, but the way that light influences the clock 
is not known with certainty. A reasonable possibility is that light is 
transduced by the receptor cells and produces a depolarizing receptor 
potential (Jacklet, 1969b). This receptor potential depolarizes, by 
electronic coupling, the secondary neurons (pacemakers which apparently 
are the site of the circadian rhythm) and sets the phase of the circadian 
rhythm. 

Constant light alters the circadian rhythm in the eye by decreasing 
the free running period. This effect of light is consistent with Aschoff's 
Rule (Pittendrigh, 1960) for diurnally active animals. The eye rhythm is 
consistent with other generalization on whole animal rhythms too. If the 
frequence of CAP can be compared to total activity of an animal and if 
activity (~) and rest (~) can be compared to the high frequency and low 
frequency phases of the rhythm, then the eye rhythm also obeys the 
Circadian Rule (Aschoff, 1960). The Circadian Rule states that for light- 
active animals spontaneous frequency, the activity: rest ratio (~:~) and 
total activity increase with increasing light intensity. The locomotion 
circadian rhythm of Aplysia does obey the Circadian Rule (Jaeklet, 1972). 

Comparison of the periods of the Aplysia eye rhythm in vitro in 
culture medium and the locomotion rhythm of the intact animal (Jacklet, 
1972) indicates that at approximately the same light intensities in LL 
both rhythms have periods of about 25 hours. Also periodogram analysis 
of each of these rhythms (eye and locomotion) shows that they have 
persistent minor modes at 19-20 hours and about 30 hours that flank the 
major mode of periodicity. A distribution of frequencies with a strong 
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central mode flanked by weaker minor modes was recognized by Wiener 
(1958) as characteristic of an ensemble of mutually entrained non-linear 
oscillators and suggested by Barlow (1960) as theoretical support for the 
concept of an ensemble of oscillators instead of a single central one. 

I t  has been proposed (Jacklet and Gerouimo, 1971) that the eye 
rhythm of Aplysia from produced by a population of interacting oscilla- 
tors based on evidence from reducing the number of cells in the eye by 
ablation. The appearence of the rhythm in some of the greatly reduced 
eyes is similar in several ways to the appearance of the rhythm after 
several days in LL. The rhythm of CAP amplitude is flattened, the range 
of the CAP frequency oscillations is reduced and the changes in CAP 
frequency from hour to hour may be abrupt and erratic. This results in 
uncertainty about the phase and period of the, previously obvious, 
circadian oscillations. These similar results are apparently brought about 
by a reduction in the number of neurons to a critical level on the one hand 
and depolarization by constant light to a critical level on the other hand. 
A detailed presentation of the rhythm in reduced eyes under various 
light conditions is in preparation. 

The influence of constant fight on circadian rhythms is variable and 
apparent arrhythmia is not uncommon (Pittendrigh, 1966; Hoffmann, 
1971). A phenomenon of considerable interest is rhythm splitting. At 
particular constant light intensities a single rhythm may split into 
several discrete periodicities that exhibit spontaneous changes in their 
phase relationships (Pittendrigh, 1960; Swade, 1971; Winfree, 1971; 
Hoffmann, 1971). Their occurrence has been viewed as evidence that 
circadian rhythms have a multioscillator basis, l~hythm splits have been 
observed after many days in constant light and a long run is usually 
needed to definitely established the phase relationship of the several 
components (Hoffmann, 1971). Unfortunately, the eye rhythm has not 
yet been maintained for months in vitro, but the short term results 
suggest that splits may occur in the rhythm. Splits in the eye rhythm are 
suggested by the appearance of 2 CAP frequency components after the 
transition from LL to DD (Fig. 5) and by the drifting apart of the peaks 
of CAP amplitude in DD (Fig. 3). The changes in CAP amplitude may 
be proportional to changes in the number of neurons constributing voltage 
to each CAP. This assumes that each neuron contributes an equivalent 
voltage to the CAP and that the duration of the CAP does not change. The 
peaks of CAP amplitude may represent subpopulations of neurons that 
have different periods and drift apart with time in DD. This inter- 
pretation is consistent with a model (Winfree, 1967) that shows rhythm 
splits (Winfree, 1971) but there is uncertainty about the temporal 
activity of individual neurons and how they contribute to the CAP and 
the rhythm. For example, a neuron may contribute to only one peak or 
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several  peaks  of CAP ampl i tude .  Def ini te  spl i ts  in the  eye r h y t h m  m a y  
be p roduced  b y  pro loged runs  in  D D  to  accen tua te  the  a p p a r e n t  dr i f t ing  
a p a r t  of componen t s  or b y  pro longed  L L  runs  followed b y  DD.  

I thank Heb Soon Kim for technical assistance and Arthur Wirdree for comments 
on a preliminary draft. Supported by NII-I grant 08443. 
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