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Spike Firing Pattern of Output Neurons  
of the Limulus Circadian Clock
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Abstract The lateral eyes of the horseshoe crab (Limulus polyphemus) show a daily 
rhythm in visual sensitivity that is mediated by efferent nerve signals from a 
circadian clock in the crab’s brain. How these signals communicate circadian 
messages is not known for this or other animals. Here the authors describe in 
quantitative detail the spike firing pattern of clock output neurons in living horse-
shoe crabs and discuss its possible significance to clock organization and function. 
Efferent fiber spike trains were recorded extracellularly for several hours to days, 
and in some cases, the electroretinogram was simultaneously acquired to monitor 
eye sensitivity. Statistical features of single- and multifiber recordings were char-
acterized via interval distribution, serial correlation, and power spectral analysis. 
The authors report that efferent feedback to the eyes has several scales of tempo-
ral structure, consisting of multicellular bursts of spikes that group into clusters 
and packets of clusters that repeat throughout the night and disappear during 
the day. Except near dusk and dawn, the bursts occur every 1 to 2 sec in clusters 
of 10 to 30 bursts separated by a minute or two of silence. Within a burst, each 
output neuron typically fires a single spike with a preferred order, and intervals 
between bursts and clusters are positively correlated in length. The authors also 
report that efferent activity is strongly modulated by light at night and that just 
a brief flash has lasting impact on clock output. The multilayered firing pattern 
is likely important for driving circadian rhythms in the eye and other target organs.

Key words  in vivo recording, invertebrate, horseshoe crab, electroretinogram, circa-
dian, efferent spike trains

Animals exhibit daily rhythms in behavioral and 
physiological activity due to an internal biological clock 
that maintains synchrony with the outside world  
by resetting its phase each day according to visual sig-
nals it receives from the eyes. In a diversity of animals, 
including humans, the clock also sends circadian 
signals back to visual neurons, which modulate their 
sensitivity to light (Jacklet, 1969; Arechiga and Wiersma, 
1969; Rosenwasser et al., 1979; Barattini et al., 1981; 
Brandenburg et al., 1983; Bassi and Powers, 1986; 

Barlow, 1990). The mechanism of sensitivity modulation 
is complex in mammals, as multiple oscillators have 
been identified along the visual pathway (Dibner et al., 
2010) in addition to a master clock in the suprachiasmatic 
nucleus (SCN). By contrast, the circadian system of 
horseshoe crabs is fairly simple and well understood.

The horseshoe crab clock modulates visual sensitivity 
directly via neural feedback to the eyes. The feedback 
derives from a group of cells in the cheliceral ganglia 
of the brain that send axon collaterals down the optic 
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nerves (Calman and Battelle, 1991). The efferent dis-
charges of these cells drive anatomical and physiological 
changes in the eye that lower noise, increase gain, and 
prolong responses at night (Barlow et al., 1985), allow-
ing the animal to see crab-like objects in moonlight and 
sunlight almost equally well (Powers et al., 1991). With-
out efferent feedback, the sensitivity rhythm is abol-
ished, and the eyes remain in the daytime state (Barlow 
et al., 1977). The simple organization makes it attractive 
for studying clock regulation of neural function.

An unresolved question in circadian research is how 
clocks encode messages. While it is known that the 
mean spike rate of clock neurons varies diurnally 
(Inouye and Kawamura, 1979; Barlow, 1983; Jagota 
et al., 2000), presumably due to molecular feedback 
loops that rhythmically alter their gene expression, 
mean rate changes alone might not communicate the 
entire message. Recordings from SCN explants show 
that the maintained activity of clock neurons is irreg-
ular and punctuated by intermittent spike bursts 
(Gillette, 1991; Pennartz et al., 1998). The stochastic 
structure can be described by a fractal point process 
to a first approximation (Kim et al., 2005), suggesting 
that rate fluctuations on the scale of seconds to minutes 
may be meaningful. Such fine temporal structure has 
also been noted in the output of the horseshoe crab 
clock (Barlow, 1983), and we describe it here in experi-
mental and quantitative detail with the goal of eluci-
dating its relevance to clock operation or modulatory 
function. We show that efferent spike trains of the 
crab’s clock in living animals are intricately con-
structed, with activity organized into repeating clusters 
of multicellular spike bursts separated by long silent 
periods. We suggest that the multiscale organization 
may be important for maintaining the target organ in 
the nighttime state.

MATERIALS AND METHODS

Male horseshoe crabs (Limulus polyphemus, 20-25 cm 
across carapace) were purchased from the Marine Bio-
logical Laboratory (Woods Hole, MA) or Gulf Specimen 
Marine Laboratory (Panacea, FL) and kept under a 
12-h/12-h light-dark cycle at 20 °C in artificial seawater. 
After a week of acclimation to the lighting regimen, the 
crab was chilled in ice slurry for 10 min during its sub-
jective morning and secured to a wooden platform with 
stainless steel screws. Under room light, both lateral 
eyes were fitted with electroretinogram (ERG) electrodes 
and an optic nerve recording chamber. The animal was 

then submerged in a tank and placed in a light-tight 
cage while ERGs were periodically acquired from both 
eyes. When ERG amplitude started increasing at subjec-
tive dusk, the lateral and median eyes were covered 
and efferent fiber recordings were established under 
focal illumination. The animal was then returned to 
constant darkness and data collection initiated ~15 min 
later. The procedures were approved by the Institutional 
Animal Care and Use Committee at Boston University 
and are described elsewhere (Liu and Passaglia, 2009).

Electroretinogram Recording

ERGs were recorded with a custom-made opaque 
chamber that held a saline reservoir in contact with 
the cornea. A silver-chloride wire in the saline con-
ducted light-evoked signals out to a bioamplifier (XCell 
3+, FHC, Inc., Bowdoinham, ME). Every 5 or 10 min, 
light flashes (6 kcd/m2, 0.1 sec) were delivered to the 
eye in darkness by an ultra-bright LED (Model 33C1292; 
Newark, Inc., Chicago, IL) mounted in the chamber 
lid. Evoked signals were amplified, lowpass filtered 
at 100 Hz, and sampled at 1 kHz using custom software 
written in Labview (National Instruments, Austin, TX). 
ERG waveforms were stored and peak-to-peak ampli-
tude was plotted versus time of day.

Efferent Nerve Recording

Efferent optic nerve activity was recorded using a 
suction electrode and custom chamber. The cylindrical 
chamber was mounted by cutting a hole of the same 
diameter in the carapace and securing with screws. 
After clearing overlying tissue, the nerve was gently 
pulled with thread into the chamber through a slot at 
the bottom. The slot was then padded with cotton, and 
the chamber was filled with Ringer’s solution. At night-
fall, the nerve was visualized with a stereoscope (SMZ-
168; Jed Pella, Inc., Redding, CA) and a tiny fiber was 
cut free. The end from the brain was guided into the 
tip of the Ringer-filled suction electrode (A-M Systems, 
Inc., Sequim, WA). If the fiber was active, the recorded 
signal was amplified, filtered, and continuously digi-
tized at 8 kHz to computer until activity was lost. Times 
of spike firing were extracted by a custom-written 
MATLAB program (The MathWorks, Inc., Natick, MA) 
that used signal-to-noise ratio and peak-to-trough 
times to identify action potentials. Spike waveforms 
were often similar in shape and computationally dif-
ficult to sort, so they were combined into a single train 
of events. Based on smaller data sets of manually 
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identified spikes, the program identified >99% of all 
events in a typical recording.

Serial Correlation Analysis

Temporal patterning of spikes was assessed by serial 
correlation analysis. Records were divided into segments 
of 500 to 3000 interspike intervals (ISIs), depending on 
record length, and the serial correlation sk between one 
ISI τi and another k-intervals later, τi+k was computed as
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where N is the number of ISIs per segment. The second 
term is a correction factor so that the expected value 
of sk is zero when no correlation exists (Goldberg et al., 
1964). For a given lag k, the correlation coefficient is 
positive if the pair of intervals both tend to be short or 
long, and it is negative if one tends to be short and the 
other long.

Power Spectral Analysis

Temporal patterning of spikes was further assessed 
by power spectral analysis. Records were divided into 
segments of 600 sec, and for each segment, a discrete-
time sequence was formed by counting spikes in suc-
cessive 0.1-sec bins. The power spectrum was then 
calculated by squaring the discrete Fourier transform 
of each sequence and averaging across sequences to 
obtain mean power spectral densities. The segmenting 
procedure reduced noise in the density estimates at 
the cost of spectral resolution. The bin size was selected 
after initial analyses with smaller bins did not reveal 
additional spectral features in single-fiber spike trains.

RESULTS

 Data were collected from 19 horseshoe crabs begin-
ning after subjective dusk when clock efferent neurons 
are active. Efferent firing patterns were similar across 
data sets, and those lasting until subjective dawn were 
quantitatively analyzed (n = 14). Some recordings per-
sisted multiple nights (n = 4), providing information 
about activity onset. Most data sets contained several 
active efferent fibers. On occasion (n = 6), a single fiber 
was recorded.

Multilayered Organization  
of Efferent Spike Trains

As reported previously (Barlow et al., 1977; Barlow, 
1983), the horseshoe crab eye shows a diurnal rhythm 
in visual sensitivity that is driven by the spike discharges 
of efferent optic nerve fibers of the circadian clock 
(Fig. 1A). Clock output neurons are silent during the day, 
ramp on at dusk (zeitgeber time: ZT12) to a maintained 
rate of ~1 impulse/sec (ips) per efferent fiber, and wind 
off at dawn (ZT0). Although the clock’s influence on 
visual sensitivity spans several hours, efferent spike 
trains exhibit surprisingly rich structure at fast time 
scales (Fig. 1B). On a scale of milliseconds, action poten-
tials are fired in near-synchronous multicellular bursts 
(bottom). The burst duration depends on the number 
of recorded fibers but lasts no longer than 0.2 to 0.3 sec. 
On a scale of seconds, the spike bursts then repeat at 
semi-regular intervals to form clusters of varying length 
and burst number (middle). For most animals, the clus-
ters of spike bursts are separated by long intervals of 
quiescence (top). On a scale of minutes, the silent periods 
organize clock output into packets of clusters of bursts.

The progression of efferent firing patterns across the 
night was examined by plotting the time interval between 
successive spikes (ISI). For dual- and multifiber data 
sets, 3 bands can be identified in the scatter plots: a dense 
short band (ISIs <0.2 sec) from spikes in a burst, a medium 
band (ISIs ~1-5 sec) from bursts in a cluster, and a broad 
sparse long band (ISIs >5-10 sec) from the silent periods 
between clusters (Fig. 1C, left and right). Single-fiber 
data sets, in contrast, present 2 bands: medium and long 
(Fig. 1C, middle). The lack of a short ISI band indicates 
that clock output neurons contribute no more than 1 spike 
to a burst. The spike is fired at a characteristic time rela-
tive to spikes from other neurons, as evidenced by the 
narrow dispersion of short ISIs in dual-fiber data sets. 
The multiband structure builds quickly after dusk (left). 
From the moment of activity onset, efferent spikes occur 
in bursts, and over the following hour, the bursts aggre-
gate to form distinct clusters. The structure is maintained 
until about an hour before dawn when clusters dissociate 
as burst intervals grow increasingly long and erratic 
(middle and right). Clock output neurons continue to 
fire spikes in bursts, though, until activity ceases.

Organization of Efferent Spikes within Bursts

To gain further insight into the organization of clock 
output, the pattern of efferent spikes within bursts was 
examined. Figure 2A presents a multifiber recording in 
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which one fiber had a triphasic spike waveform (triangle) 
that was readily distinguishable from others. Inspection 
of a 5-min record confirmed that this neuron contributed 
a single spike to nearly every burst (101/102 bursts). 
Moreover, the timing of the triphasic spike was not 
random but rather biased to the last or second-to-last 
position in 97% of bursts (Fig. 2B). This could mean the 
fiber had the slowest conduction velocity, except that 
one fiber (circle) tended to fire at the beginning and two 
others (square) in tandem near the middle of bursts. 
The loose ordering of spikes implies that conduction to 

the recording site was not the 
sole cause of timing differ-
ences and that clock output 
neurons have a preferred fir-
ing sequence. Up to 7 spike 
waveforms were recorded in 
this experiment, and 
although the triphasic spike 
was highly reliable, not 
every burst presented the 
full set of waveforms (Fig. 
2C). In some instances, this 
could not be explained by 
spike overlap because just 4 
waveforms were apparent, 
so clock output neurons may 
skip a beat sometimes.

Organization of Efferent 
Bursts within Clusters

The burst analysis indi-
cates that clock output 
neurons are functionally 
coupled. Not only do they 
fire spikes together, but they 
also tend to activate with a 
preferred order, presumably 
due to a common input or 
interconnections among the 
neurons. A semi-rhythmic 
process then drives the cou-
pled network, imparting 
cluster structure onto the 
output. A statistical descrip-
tion of the clustering process 
was developed by examin-
ing the temporal patterning 
of efferent bursts. Single-
fiber recordings were espe-

cially useful for the cluster analysis because strings of 
spikes can be treated as clusters of bursts based on the 
above burst analysis (Fig. 3A). Additional support for 
the idea is provided by the ISI distribution (Fig. 3B), 
which lacks short (<0.5-sec) intervals. Burst relation-
ships were first evaluated via the joint ISI density 
matrix. This matrix relates the length of interval n to 
a subsequent interval n + k. For k = 1, the data concen-
trate along the diagonal for intervals <4 sec (Fig. 3C, 
left), indicating that adjacent burst intervals are posi-
tively correlated in length. Loosely speaking, this 

Figure 1. Temporal structure of circadian clock activity. (A) Simultaneous recording of crab electro-
retinogram (ERG) and efferent optic nerve spike trains. ERGs were elicited every 5 min by a brief flash 
in constant darkness, and the top panel plots peak-to-peak amplitude. Efferent fiber discharges were 
recorded in vivo from the opposite eye, and the bottom panel plots average rate (impulses per sec, ips) 
in 5-min intervals. Data are expressed in zeitgeber time (ZT), with ZT0 indicating when light would 
have turned on. The two measures are tightly correlated because the ERG reflects the summed response 
of photoreceptors to light and efferent spikes drive circadian changes in photoreceptor sensitivity. 
Dotted lines mark the optic nerves and brain (arrow). (B) Multiunit efferent recording plotted on dif-
ferent time scales. Clock output exhibits multilayered structure, ranging from a burst of spikes (bottom), 
to a cluster of spike bursts (middle), to a packet of burst clusters (top). Data set: e02. (C) Interspike 
interval scatterplot of efferent activity recorded in 3 experiments (e09, e07, and e08) after activity onset 
at dusk (left) and until activity offset at dawn (middle and right). All spikes were lumped into a single 
train for the dual-fiber recordings. Short, medium, and long bands are apparent corresponding to 
intervals between spikes, between bursts, and between clusters, respectively (bars).
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means that clock output neurons fire successive bursts 
with similar latencies. The serial correlation can be 
demonstrated by randomly shuffling the spike train 
(Fig. 3C, right). The shuffled train data scatter sym-
metrically around the diagonal. Other k values (<4) 
gave similar results (not shown), so the patterning of 
intervals extended beyond the next burst. Serial cor-
relation coefficients were thereby calculated to provide 
a quantitative measure of burst relationships for experi-
mental comparisons (Fig. 3D). For the example record-
ing and database average (black symbols, left and right, 
n = 12), the coefficients are positive for short interval 
lags and negative for moderate lags (k = 4-11). The 
former is expected from Figure 3C. The latter implies 
that after several short interburst intervals (IBIs), there 
is a tendency for a long IBI and vice versa. The long 
IBIs correspond to the silent periods between clusters 
(CSIs), as evidenced by 2 data sets (e01 and e09) that 
showed little clustering and gave only positive coef-
ficients (white symbols, right). The burst generation 
process could be closely mimicked by a stochastic leaky 
integrator model with IBI-dependent parameters 
(Suppl. Fig. S1). The IBI dependence was crucial to 
producing a wedge-shaped joint density matrix. It was 

implemented by rescaling model integration time and 
noise level after each burst in proportion to the actual 
interval length. The model did not simulate clustering, 
but it captured the serial correlation of burst sequences 
in nonclustered data sets quite well (Fig. 3D, line). Taken 
together, the data analysis and modeling results sup-
port the assertion that clock output is organized into 
clusters of bursts and that the burst generation process 
is semi-periodic, tending to activate at regular intervals 
within clusters. Model simulations suggest that this 
tendency arises from a stochastic interval-dependent 
drift in mean burst rate and a covariance of the drift 
noise with mean rate.

The clustering process that regulates burst genera-
tion was examined by segmenting clock output into 
cluster events. One complication with the segmentation 
procedure was the overlap in lengths of medium and 
long intervals, which imparted a long tail onto the ISI 
distribution (Fig. 3B) and muddied the distinction 
between the end of one cluster and the start of another. 
In lieu of the overlap, all intervals in the spike train 
exceeding a criterion length that were preceded and 
followed by shorter intervals were deemed CSIs, and 
the remainder were considered IBIs. In the case of mul-
tifiber recordings, intervals were specified by either 
the first spike or the largest spike in a burst. The crite-
rion length was defined as the point at which a linear 
extrapolation of the cumulative ISI distribution from 
long to short lengths departed from the measured dis-
tribution. This definition gave reasonable estimates of 
burst and cluster counts based on visual inspection. 
For the example recording in Figure 3, nearly 95% of 
all bursts occurred within clusters separated by 
CSIs >4 sec. The burst count per cluster was broadly 
distributed about a median of 19, with more than half 
containing 10 to 30 bursts (Fig. 4A, left). Since the typi-
cal IBI lasted ~1.3 sec (Fig. 3B), cluster duration was 
broadly distributed about a median of 25 sec, with more 
than half between 16 and 43 sec (Fig. 4B, left). Nearly 
all clusters (>95%) ended within a minute. The fraction 
of time spent in burst mode was expressed as a duty 
cycle (DC = 1 – CSI/ICI), where ICI is the interval 
between the start of adjacent clusters (intercluster inter-
val). The median DC of the recording was 0.77 (Fig. 4C, 
left), meaning that cluster duration was 3-fold longer 
than the CSI. These results are representative of the 
majority of recordings (Fig. 4A-C, right), except for the 
2 nonclustered data sets. Burst count and cluster duration 
varied widely, and DC hovered near 1 in those recordings 
for unknown reasons. To further distill the results, data 
sets that exhibited clustering were combined (line). The 

Figure 2. Organization of efferent spikes within bursts. (A) Voltage 
record of spike waveforms in successive bursts from a multifiber 
recording. The top record preceded the middle and bottom records 
by 2.4 and 4.9 sec, respectively. Six waveforms, numbered 1 to 6, 
can be identified. From inspection of 102 bursts, it was noted that 
the first spike (circle) in this recording often preceded the pack 
by ~30 msec, that two others fired in tandem (square), and that one 
was triphasic in shape (triangle). Bar: 20 msec. (B) Position of tri-
phasic spike from the end of the burst. For a large fraction of 
bursts, the triphasic spike was last (position 0) or second to last 
(position –1). (C) Distribution of spike waveform count across all 
bursts. Data set: e11.
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peak of the ensemble IBI distribution ranged from 0.8 
to 2.6 sec about a mean of 1.6 sec. The burst count and 
cluster duration distributions echoed that of the exam-
ple single-fiber recording, but the DC distribution did 

not. It had an additional mode around 0.25 
due to a handful of recordings that pre-
sented a long and regular CSI by compari-
son (e.g., Fig. 1C).

Organization of Efferent Clusters

The cluster analysis describes the orga-
nization of intervals within and between 
clusters of bursts. To address the organiza-
tion of clock output into packets of burst 
clusters and potentially higher level struc-
tures, the patterning of cluster intervals 
was examined. For the packet analysis, 
cluster events were defined as above, and 
the sequence of ICIs was extracted from 
efferent spike trains. This interval sequence 
marked the times between the first burst 
in successive clusters, and Figure 3E plots 
its power spectrum for the example single-
fiber recording (black symbols). The spec-
trum is roughly sigmoidal in shape, 
suggesting that ICIs are gamma distributed 
in length and random in order (Passaglia 
and Troy, 2004). Consistent with this sug-
gestion, the power spectrum is unchanged 
after shuffling the ICI sequence (white 
symbols). Other clustered data sets 
showed the same result, which indicates 
that the cluster generation process is 
purely stochastic and that there is no addi-
tional structure to efferent spike trains.

Light-Evoked Response  
of Efferent Fibers

In the process of tracking circadian 
modulation of eye sensitivity, it was noted 
that light strongly excites clock output 
neurons. Figure 5A plots the spike train of 
a single efferent fiber at night in 10-min 
segments. In the experiment, a brief 
(50-msec) flash was delivered to the lateral 
eyes at the 2-min mark of each segment to 
elicit an ERG. The fiber repeatedly 
responded to the flash with a short barrage 
of spikes followed by a prolonged period 

of silence. The response delay ranged from 0.2 to 2.1 sec 
across stimulus presentations, about an average of 
0.8 sec. The large variability reflects the interaction of 
light input with the ongoing burst output of the clock. 

Figure 3. Organization of efferent bursts and burst clusters. (A) Raster plot of the 
spike train of a single efferent fiber recorded from 1800-1840 ZT in 4-min segments. 
Data set: e10. Each mark identifies a spike fired by the fiber and represents a burst 
of efferent activity based on Figure 2. A grouping of spikes thereby corresponds to 
a cluster of bursts. IBI, CSI, and ICI are the times between the start of sequential 
bursts (interburst interval), between sequential clusters (cluster silent interval), and 
between the start of sequential clusters (intercluster interval), respectively. For this 
single-fiber recording, IBI is the same as ISI. (B) Relative frequency of ISIs during 
the middle of night when efferent firing patterns are fairly stable (1630-2230 ZT, 
13,612 intervals). (C) Joint density matrix of sequential intervals (ISIn and ISIn+1). The 
data concentrate on the matrix diagonal (left), indicating that adjacent burst intervals 
tend to have similar length. This tendency is eliminated by randomly shuffling the 
sequence of recorded intervals (right). For intervals >4 sec, the data in both cases 
form horizontal and vertical bands due to CSIs. (D) Serial correlation coefficients 
between pairs of intervals separated by varying numbers of spikes (i.e., lags). Left 
plot gives the average coefficients for the single-fiber spike train before and after 
shuffling (black and white symbols, respectively). Right plot gives the average coef-
ficients for 2 data sets that did not show marked clustering (e01 and e09, white 
symbols) and for all other data sets (black symbols). The line gives the average coef-
ficients produced by a model of the burst generation process (see Suppl. Fig. S1). 
Error bars are standard deviations. (E) Power spectrum of the ICI sequence for the 
single-fiber spike train before and after shuffling (black and white symbols, respec-
tively). PSD, power spectral density.
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The flash response strengthened over time due perhaps 
to fading of light exposure effects during fiber isolation, 
circadian changes in clock sensitivity to light at night, or 
adaptation of clock neurons to repeated stimulation. The 
rate increase and subsequent decrease lasted approxi-
mately 18 sec and 160 sec (Fig. 5B), respectively, which 
is much too slow for afferent optic nerve fibers and clearly 
must derive from the brain. Indeed, stimulation of any 
eye evoked a light response. In every case (n = 3), the 
response could only be elicited during subjective night.

DISCUSSION

The efferent output of the Limulus circadian 
clock has a complex temporal structure. Clock output 

neurons fire spikes in near-synchronous bursts, with 
each neuron contributing 1 spike to virtually every 
burst. The timing of their spikes within a burst is vari-
able but follows a preferred order. The neurons fire 
synchronously from the moment of activity onset at 
dusk until activity offset at dawn. The interburst inter-
val is typically around 1 to 2 sec and covaries in length 
with nearby bursts. Shortly after dusk, the spike bursts 
group in time to form clusters that are separated by 
longer intervals of silence. The number of bursts 
per cluster and cluster duration can vary widely, but 
more than half of the clusters contain between 10 and 
30 bursts and last from 16 to 43 sec. The silent period 
between clusters is also variable in length for most 
animals and can range from several seconds to over a 
minute. The burst generation process has interval 
memory, which correlates clock output within clusters. 
In contrast, the cluster generation process refreshes 
after each silent period so the sequence of cluster start 
times is effectively random. Clock neurons also respond 
to light at night. Light is disruptive to their endogenous 
activity rhythm, abolishing efferent spikes for minutes 
after just a brief flash. It is likely that clock firing 

Figure 4. Efferent burst and cluster statistics. (A-C) Distribution 
of the total number of bursts in a cluster, the total duration of a 
cluster, and the ratio of cluster duration to ICI (or duty cycle). Left 
plots present data for the single-fiber recording of Figure 3 (bars) 
and all recordings that exhibited cluster structure (symbols), which 
excluded e01 and e09. Right plots give summary data for each 
experiment, where the box marks the median, upper, and lower 
quartiles and the whiskers mark the 5th and 95th percentiles. Only 
the first night is shown for multinight experiments (asterisks).

Figure 5. Efferent response of the clock to light. (A) Raster plot 
of the spike train recorded from a single efferent fiber during 
which 50-ms flashes of light were delivered to both lateral eyes 
every 10 min. The record is presented in 10-min segments so that 
flash responses align in time across stimulus trials. Data set: e04. 
(B) Average time-varying firing rate of the efferent fiber for 
40 light flashes. The durations of the transient light response and 
subsequent response suppression were estimated from the times 
at which the rate crossed and returned to the baseline level of 
0.4 ips, respectively. Bin size: 2 sec.
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patterns have functional relevance in view of their 
complex structure, and this study provides the first quan-
titative description of the structure in living animals. 
The findings give insight into the organization of the 
Limulus clock and perhaps into how all circadian clocks 
drive physiological changes with neural messages.

Relation to Clock Firing Patterns in Mammals

Like horseshoe crabs, circadian clock neurons in mam-
mals are periodically active, and the variation in mean 
firing rate over the day-night cycle is considered an 
important element of clock function. One noticeable 
difference is that clock output is high during the day and 
low at night (Inouye and Kawamura, 1979; Gillette, 1991). 
Recordings from individual SCN neurons show a diver-
sity of firing patterns. Most cells discharge sporadically 
at irregular rates or intermittently in bursts, whereas 
others fire in regular intervals (Groos and Hendriks, 
1979; Pennartz et al., 1998; Schaap et al., 2003; Jeong 
et al., 2005). The coefficient of variation (CV) of ISIs is 
<0.3 for regular cells, similar to pacemaker neurons, 
while CV ranges from 0.3 to 0.8 for irregular and burst 
cells. It was suggested that burst cells might drive or 
modulate SCN excitability because they have low spon-
taneous activity and an extensive network of local axon 
collaterals. The function of the other types is unknown. 
The firing pattern of Limulus clock neurons most resem-
bles that of irregular or burst cells, but it is considerably 
more variable (CV = 1-3) due to the tendency of bursts 
to cluster together. The resemblance is striking, though, 
if CSIs are removed from their spike train or nonclustered 
data sets are considered (CV = 0.4-0.7).

Putative Relevance of Clock Firing Patterns

Efferent optic nerve fibers originate from two groups 
of ~15 cells located in the cheliceral ganglia on opposite 
sides of the Limulus brain (Calman and Battelle, 1991). 
The fibers are small in diameter (0.5-2 µm) and number 
(0.1%-0.2%) compared to afferent nerve fibers, and they 
project bilaterally to the lateral eyes and several other 
light-sensing organs (Fahrenbach, 1971; Evans et al., 
1983). We presume few were recorded in an experiment 
because the fibers were often found in dorsolateral 
bundles of the nerve that are easily damaged during 
surgical exposure. At present, it is not known whether 
cheliceral ganglion cells are central components of the 
circadian clock or an output pathway for modulating 
visual sensitivity. This raises two possible explanations 
for the complex structure of efferent spike trains.

One possibility is that the multiscale patterning of 
spikes might reflect the timekeeping mechanism of the 
clock network. The SCN clock in mammals is known 
to contain a multiphasic network of synaptically and 
electrically coupled cells (Quintero et al., 2003; Welsh 
et al., 2010). It has been proposed that a circadian period 
could be constructed from a hierarchical cascade of 
shorter period ultradian oscillators (Dowse and Ringo, 
1987; Barrio et al., 1997). The passing of seconds might 
thereby be communicated within the Limulus clock net-
work by IBIs, the passing of minutes by ICIs, and so 
forth. If this idea has merit, it is not apparent from the 
periodicity of efferent spikes, bursts, and clusters, which 
are fairly variable and present only at night. Moreover, 
SCN cells express molecular rhythms with a 24-h period 
(Ko and Takahashi, 2006), implying that the timekeep-
ing mechanism of the clock is subcellular.

A more likely possibility is that the temporal pat-
terning of efferent spikes is important for transmitting 
circadian messages to target organs. It is known that 
stimulation of efferent fibers at 2 Hz can mimic endog-
enous clock-driven changes in visual sensitivity 
(Barlow, 1983) and that the mechanism of action is 
octopamine, which increases cAMP levels in photo-
receptor cells and pushes the retina into its nighttime 
state (Battelle, 2002). The ultrastructure of efferent syn-
apses suggests that octopamine release involves a 
neurosecretory process (Kass and Barlow, 1984), and 
a common feature of neurosecretory cells in many spe-
cies is burst activity (van Swigchem, 1979; Brown et al., 
1998; Brierley et al., 2001). Moreover, burst and burst 
clusters have been shown to enhance neuropeptide 
release even if the mean firing rate is kept constant 
(Dutton and Dyball, 1979). The burst and cluster activ-
ity of efferent nerve fibers in horseshoe crabs might 
therefore be structured to maintain or potentiate octo-
pamine effects on the eye, and silent periods between 
clusters may be needed for transmitter reuptake or 
recovery. A caveat to this idea is that efferent bursts 
reflect the discharges of several fibers. An individual 
clock output neuron does not fire in rapid succession 
like typical neurosecretory cells.

The strength of the horseshoe crab model for circa-
dian research is that these possibilities can be directly 
evaluated by electrically stimulating the optic nerve 
with different patterns and monitoring ERG changes. 
This study provides a detailed description of clock fir-
ing patterns and quantitative information about major 
pattern features, which can be used to realistically simu-
late or systematically manipulate the clock’s input to 
the eye.
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