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is usually entrained to the changing ambient illumination cycles
resulting from the rotation of the earth (1). 

Animals living in the intertidal zone often express tidal rhythms 
as well as circadian rhythms.  Tidal rhythms are characterized by a 
24.8 lunar cycle, with peaks of activity every 12.4 hours, 
corresponding to either high or low tides (6). Also, because tidal and 
circadian rhythms have slightly different periods they are not 
synchronized and peak high or low tides occur ~ 1 hour later each day 
(5). As a result, it is unlikely that the same clock controls both types of 
rhythms. 

Horseshoe crabs, Limulus polyphemus, are quite interesting 
because they express both tidal and circadian rhythms. Their best 
known circadian rhythm involves changes in the sensitivity of their 
eyes. Each night an endogenous clock sends signals to the eyes that 
make them up to one million times more sensitive to light (2, 3). 
Horseshoe crabs also express a tidal rhythm of mating behavior each 
spring. Recently, we demonstrated that Limulus expressed both 
circadian and tidal rhythms of locomotion in the laboratory under both 
natural light:dark (LD) cycles and in constant darkness (DD; 4).
However, the relationship between these locomotory rhythms and the 
endogenous clock controlling visual sensitivity has not been 
investigated. 

Limulus locomotor 
activity (walking) was 
measured using custom 
made running wheels 
(right and below). 
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Electroretinograms (ERGs) 
can be used to measure the 
sensitivity of the eye to 
light. They were recorded 
from one of the lateral 
compound eyes in response 
to a flash of light from a 
light emitting diode (LED). 
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Animals were fitted with the ERG recording electrodes 
and placed in running wheels in 80 gallon aquaria (left).  
Two animals were placed in each aquaria facing 
opposite directions.  Recordings were obtained from a 
total of 8 animals in 2005-6. The animals were kept in 
summer conditions (14 hrs light:12 hrs dark; 16-20°C) 
for 2-3 weeks.  Occasionally, animals were also 
exposed to constant dim light (LL) conditions following 
the initial LD period in order to test for free running 
rhythms. 

Electroretinograms
Left: ERGs recorded at night (top) and during the day (bottom). 
The blue trace indicates when the 300 msec green LED flash 
occurred. The red trace is the ERG. Note how much larger it is in 
the night versus the day.

Right: Changes in ERG amplitude on a slow time scale showing 
how it increases as night approaches (sunset was at 9 PM).
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experiments, and Dave Shay for helping us collect animals.

Above: Front view of Limulus in running 
wheel.Note slit for Limulus tail.

Left:  Side view of running wheel 
showing magnet attached to wheel(arrow 
head) and reed switch attached to the 
frame (arrow).Each time the magnet 
passed the switch a voltage pulse was 
generated (see below).

Current trials are aimed at evaluating the proposed models by more 
clearly separating tidal and circadian rhythms.  Programmable tide tanks 
have been designed that change the water level in the tanks to mimic the 
high and low tides.  Under these conditions, tidal rhythms are more 
clearly expressed (right).

Animals will be subjected to 12.4 h tides in both LD and LL settings 
in order to elucidate if there is an uncoupling of the locomotor and 
retinal responses.   

Based on previous studies by Chris Chabot (right) we expect to see a 
clear circatidal rhythm of behavior that does not coincide with the 
circadian controlled retinal sensitivity.

Additionally, there should be some evidence of coupling between the 
visual and locomotor responses indicative of some unidentified 
interaction between the two clocks.

Biological rhythms of behavior have 
been found in organisms ranging from 
cyanobacteria to higher eukaryotes, including 
humans.  Most of these biological rhythms 
are driven by endogenous molecular “clocks”
that can be synchronized to natural 
environmental cycles. One well studied 
example is the ~24 hour circadian rhythm of 
activity expressed by many organisms.  This

The overall goal of this research was to investigate the nature of 
the endogenous clock (or clocks) that control locomotor behavior in 
Limulus. 

Specifically my objectives were to:

1. Determine if Limulus locomotor behavior is coupled 
with retinal sensitivity and therefore controlled by 
the same circadian clock.

2.  Identify if locomotion is driven by a circatidal clock 
independent of the visual circadian clock. 

3.  If two clocks exist, determine the degree of 
interaction between the two (if any) and the 
environmental cues that influence each.
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Tight correlations between locomotor behavior and the eye circadian 
rhythm have been observed (top right).  This pattern also persisted in one 
animal kept in constant dim illumination (bottom right).  Further 
periodogram analyses have substantiated this correlation (below).

These data suggest that the clock controlling the sensitivity of the eye is 
also capable of controlling Limulus locomotory activity.  

In some animals a putative tidal rhythm was observed 
that clearly deviates from the circadian pattern exhibited 
by the eye (right).  

This is indicative of the existence of two clocks: a 
circadian clock controlling visual sensitivity and a 
circatidal clock driving motor behavior.  

In some instances, no discernible rhythm of locomotion was 
expressed, even though a circadian pattern of eye sensitivity 
persisted (right).

This may be the result of either inhibition by one (or both) of the 
clocks on the other or the existence of an intermediate regulatory 
mechanism to control the outputs of the clocks (see below).  

Output of Limulus running wheel.  The differential voltage 
readings indicate a single wheel turn (arrow).  The animal 
made 14 wheel turns in this 10 min sample. 

Coupling of Locomotion and Eye Sensitivity Rhythms

Uncoupling of Responses: Evidence for a Tidal Clock

Incomplete Coupling of Clocks

Proposed Clock Mechanisms

Animal fitted with electrodes for 
measuring ERGs, as well as an 
LED to stimulate the eye.  Other 
electrodes were used for recording 
heart activity. 

Left:  Actogram (left) and periodogram (right) 
analysis of Limulus locomotor activity and 
visual sensitivity.  The ERG shows a robust 
circadian rhythm with increased sensitivity at 
night.  Similarly, locomotor behavior is 
increased at night. 

Right: Data from the same animal showing 
clear circadian rhythms of both locomotion 
and eye sensitivity in both LD (top) and LL 
(bottom) conditions.  Dark bars indicate night.  

Model A:  A circadian clock can drive both the eye and locomotion. 
When the tidal clock is active, it turns off (-) the input of the circadian 
clock to the locomotion center and takes over control of walking. 
However, the circadian clock continues to drive the eye under these 
circumstances. There is no evidence for a tidal clock influencing visual 
sensitivity. 
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Putative tidal rhythm of locomotion in Limulus kept in LL.  ERG 
sensitivity maintained a circadian rhythm.  Five bouts of activity 
occurred roughly 12 hours apart and were not correlated with the ERG 
rhythm.

Activity and visual sensitivity rhythms of Limulus kept in LD cycles of 
14:10.  Dark bars indicate night.  No apparent rhythm is seen in
activity; whereas visual sensitivity expresses the normal circadian 
rhythm.
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Model B:  A tidal clock controls locomotion and a circadian clock 
controls eye sensitivity. In some situations the circadian clock is able to 
override the tidal clock so that locomotion is tightly coupled to eye 
sensitivity.
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Analysis of two horseshoe crabs exposed to LD 
cycles as well as LD cycles with tidal cues.  
Animals express clear tidal rhythms of activity 
with both 12.4 and 12.1 hour cues.  One animal 
(bottom) expressed a free running tidal rhythm 
with no tide stimuli (DD).


