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ABSTRACT

 

—The photosensitivity of the central nervous system (CNS) of the horseshoe crab, 

 

Limulus
polyphemus

 

, was investigated by analyzing changes in motor nerve activity in the segmental nerves of
prosomal and opisthosomal ganglia. Spontaneous efferent impulses were recorded in the dark from all the
investigated segmental nerves. Impulse trains from the 7th dorsal nerve in the prosomal CNS were inhib-
ited in response to illumination of the whole CNS. Impulse trains from each of the 9–13th dorsal nerves
in the isolated opisthosomal CNS were inhibited, and the impulse train from each the 14–16th dorsal nerve
was elicited or inhibited upon illuminating the whole CNS. Spontaneous rhythmic bursts at 20–80 s inter-
vals were recorded in the dark from the ventral nerves of the isolated opisthosomal CNS. In the presence
of light, the rhythmicity of spontaneous bursts disappeared and other species of impulse trains were elic-
ited. In single ganglion preparations, isolated from the rest of the CNS by surgically severing the connec-
tives, similar photoresponses were recorded before and after isolation. These results demonstrate that the
CNS of 

 

Limulus

 

 is a photosensitive organ.
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INTRODUCTION

 

Certain neurons in the central nervous system (CNS) of
arthropods exhibit photosensitivity that is not associated
with visual function. Photoreceptors in the brain have been
reported in spiders (Yamashita and Tateda, 1983), crayfish
(Sandeman 

 

et al

 

., 1990), and insects (Ichikawa, 1991;
Hariyama, 2000); in the terminal abdominal ganglion in crus-
taceans (Prosser, 1934; Kennedy, 1963; Wilkens and
Larimer, 1972; Wilkens and Larimer, 1976) and in the but-
terfly (Arikawa 

 

et al

 

., 1991); and in the metasomatic ganglia
(Geethabali and Rao, 1973) of scorpions.

The horseshoe crab, 

 

Limulus polyphemus

 

, is often
referred to as a “living fossil” because it has a primitive mor-
phology that has apparently changed little during the last
200 million years or so (Sekiguchi, 1988). 

 

Limulus

 

 has four
kinds of photoreceptors: lateral eyes, median ocelli, ventral
photoreceptors and mini-ommatidia. The latter two kinds of
photoreceptors are located internally: the ventral photo-
receptors are distributed along the ventral optic nerves and
are most sensitive to light of 535 nm (Millecchia 

 

et al

 

.,
1966); and the mini-ommatidia are distributed in the median

optic nerves and are sensitive to light of 380 nm (Samie 

 

et
al

 

., 1995). In addition, it has been suggested that there are
photosensitive cells in the telson (Hanna 

 

et al

 

., 1985; 1988).
Although 

 

Limulus

 

 has a number of photosensitive organs in
its body, photosensitivity of the 

 

Limulus

 

 CNS has not been
reported. Comparison with other arthropods suggests the
possibility that the CNS of this “living fossil”, too, is photo-
sensitive. The presence of photosensitivity in the CNS of

 

Limulus

 

 is interesting from a phylogenetic viewpoint, to
investigate the extent to which central nervous photosensi-
tivity is a primitive or more recently acquired property.

In the present paper, the photosensitivity of the 

 

Limulus

 

CNS was examined by extracellular recording to reveal the
distribution and extent of photosensitivity.

 

MATERIALS AND METHODS

 

Horseshoe crabs (

 

Limulus polyphemus

 

 Linnaeus) were pur-
chased from the Woods Hole Marine Biological Laboratory (Massa-
chusetts, USA). The imported animals were reared throughout the
year in aquaria at the Shimoda Marine Research Center. Adult ani-
mals of both sexes (body size 17–21 cm in carapace width) were
used.

The CNS, including the prosomal or opisthosomal ventral
nerve cord, was surgically isolated with associated segmental
nerves (Fig. 1) and was placed on the bottom of a perfusion cham-
ber (7

 

×

 

2

 

×

 

0.5 cm). Preparations of a single ganglion obtained by
severing the connectives were each placed in a smaller perfusion
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chamber (3

 

×

 

2

 

×

 

0.7 cm). The perfusion saline consisted of 530 mM
NaCl, 10.7 mM KCl, 18.0 mM CaCl

 

2

 

, 24.6 mM MgCl

 

2

 

, 2.3 mM
NaHCO

 

3

 

 and 3 mM glucose (Kuramoto and Ebara, 1984), and was
saturated with air by bubbling at a flow rate of 0.13 ml/s. The dis-
tance between the preparation and the water surface was approxi-
mately 1 mm. A heat exchanger was placed in the perfusion line to
stabilize perfusate temperature, which was monitored with an elec-
tric thermometer and maintained at 17–19

 

°

 

C.
The total electrical activity of each segmental nerve was

recorded using a suction electrode and amplified by an AC amplifier

(AB621G, Nihon Kohden). To elucidate the photosensitivity of an
isolated single ganglion, all connections with the ventral nerve cord
were severed.

For white light stimulation, a 100 W halogen lamp was used,
illuminating the whole area of each preparation using a fiber optic
guide. A stimulator (SEN 3301, Nihon Kohden) controlled the power
supply (LG-PS2, Olympus) to switch the light on and off. A heat-
absorbing filter (AQ4698000, Olympus) was placed just before the
fiber optic guide. The end of the light guide was placed at 5 cm
apart from the preparation. The light intensity was measured by a

 

Fig. 1.

 

Schematic drawings of the prosomal and opisthosomal CNS of 

 

Limulus

 

, superimposed on a dorsal view of the whole animal, and the
isolated ganglia in a ventral view. The CNS lies ventrally and consists of 16 ganglia. Ganglia 1–8 form the prosomal CNS, and separated gan-
glia 9–12 and fused ganglia 13–16 form opisthosomal ganglia. Ganglia 1–13 each has two pairs of segmental nerves, dorsal (

 

d.n

 

.

 

7, 9–13

 

) and
ventral (

 

v.n

 

.

 

9–13

 

), while ganglia 14–16 has a pair of dorsal nerves (

 

d.n

 

.

 

14–16

 

) only. The ventral nerves are divided into three branches (external,
median and internal branchial nerves) as illustrated for the 10th ventral nerve (

 

EBN

 

10

 

, 

 

MBN

 

10

 

 and 

 

IBN

 

10

 

).
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Fig. 2.

 

Photoresponses manifested as changes in the spontaneous motor nerve activities from segmental nerves (dorsal and ventral). 

 

A

 

:
Impulse train recorded from the dorsal nerve of the 10th ganglion. Note the population of spontaneous impulses of approximately 30 

 

µ

 

V, which
decrease in frequency after a delay of approximately 17 s (arrow). 

 

B

 

: Example of the photoresponse of the dorsal nerve 15, which shows an
excitation with a delay of 7 s (arrow). 

 

C

 

: Rhythmic bursts recorded from the ventral nerve of the 10th ganglion were inhibited about 15 s after
the onset of illumination and replaced by frequent discharge of other population of impulses approximately 40 

 

µ

 

V amplitude (arrow). 

 

D

 

: Photo-
response recorded from the dorsal nerve 7 in the prosomal CNS. An illumination increased the frequency of impulses after a delay of about 4 s
(arrow).

 

Fig. 3.

 

Light-induced changes in motor nerve activities recorded simultaneously from the three branches (MBN, EBN and IBN) of a ventral
nerve from the isolated 9th ganglion. All show spontaneous rhythmic bursts in the dark, and ceased completely in the MBN and EBN during
illumination. Bursting of the IBN was incompletely inhibited and other species of impulses of approximately 40 

 

µ

 

V and 60 

 

µ

 

V appeared in the
EBN and MBN. (Approximate points of onset of changes indicated by arrows).
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digital illuminance meter (T1, Minolta) and was 10,000 lx at the sur-
face of the preparation.

Light from a 100 W halogen lamp was passed as a parallel
beam (using appropriate lenses) through a shutter, a heat absorp-
tion filter and one of several narrow-band interference filters (450,
500, 550, 600 and 650 nm; Optical Coatings Japan), and focused
on the preparation using a set of lenses. With the aid of neutral den-
sity filters, the intensities of monochromatic lights were adjusted to
an equal number of photons (1.6

 

×

 

10

 

14

 

 quanta/cm

 

2

 

 ·  s) at the sur-
face of the preparations. Light stimuli were delivered through a
shutter controlled by a stimulator (SEN 3301, Nihon Kohden).

Electrical signals were stored on a tape of a data recorder
(PC208Ax, SONY), and recorded on a thermal array recorder
(WR7700, Graphtec). The signals were digitized using an ana-
logue-to-digital converter (Digidata 1200B, Axon), and saved on the
hard disk of a personal computer for analyzing frequencies, dura-
tions and latencies of motor nerve activities (AxoScope software,
Version 9, Axon).

 

RESULTS

 

The central nervous system (CNS) of 

 

Limulus

 

 consists
of 16 ganglia and their connectives, which show a bilateral
symmetry. In the prosomal area, the 1st to 8th ganglia are
fused to form the brain. In the opisthosomal area, the 9th–
12th ganglia are separated, and the 13th–16th ganglia are
fused (Fig. 1). Each of the 1st–13th ganglia has two pairs of
segmental nerves, dorsal and ventral, whereas each of 14th–
16th ganglia has only one pair of dorsal nerves. Photo-
responses were manifested as a change in the motor nerve
activity in the 7th dorsal nerve of the prosomal area and all
dorsal and ventral nerves in the opisthosomal area. Sponta-
neous efferent impulses were obtained in the dark from all
the investigated segmental nerves (Figs. 2, 3, 4).

In the opisthosomal CNS, the dorsal nerves of the 9th–
13th ganglia (which innervate the visceral organs) dis-
charged impulses of two or three different amplitudes under
dark conditions. The frequency of the impulses was usually
constant but sometimes changed periodically in some prep-
arations. Fig. 2A shows an example of the motor output pat-
tern of the 10th dorsal nerve. It consisted of two species of
impulses of different amplitudes. When the preparation was
illuminated, the frequency of the large impulses (30 

 

µ

 

V in
amplitude) decreased from approximately 2 impulses per
second (ips) to 0.2 ips after about 17 seconds. The impulse
trains observed in the dark for all dorsal nerves 9–13 were
inhibited by illumination.

The motor nerve activities of dorsal nerves 14–16 con-
sisted of more than five populations of impulses. Fig. 2B
shows an example of the impulse train of motor nerve activ-
ities consisting of six kinds of irregularly spaced impulses.
When the preparation was illuminated, three populations
of impulses increased in frequency: impulses of 40 

 

µ

 

V
increased from 0.16 ips to 1.5 ips; 30 

 

µ

 

V impulses increased
from 0.58 ips to 2.7 ips; and 20 

 

µ

 

V ones increased from 2.4
ips to 9.2 ips. After the cessation of light stimulation, the
augmented impulse frequency was maintained for 40 sec-
onds. Irregular impulses originating from dorsal nerves 14–
16 were observed in darkness and increased in frequency

upon illumination. Inhibition of impulses in the dorsal nerve
16 was also observed.

The ventral nerves discharged bursts of impulses in the
dark. Fig. 2C shows an example of the motor nerve activity
of ventral nerve 10. Rhythmic bursts at intervals of approxi-
mately 20 s were found in the absence of illumination. When
illuminated, the bursts were inhibited and other species of
impulses of 40 

 

µ

 

V at about 11 ips appeared 15 seconds
after the light-on. The duration and frequency of bursts from
the ventral nerves differed from one preparation to another
(5–60 s in duration and with periods of 20–80 s).

 

Fig. 4.

 

Photoresponses of the 10th ventral nerve to monochro-
matic lights of the same intensity (1.6

 

×

 

10

 

14

 

 quanta/cm

 

2

 

 ·  s). Light of
450–550 nm inhibited a bursting activity, while light of 600 and 650
nm failed to elicit any response.
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In the prosomal CNS, motor activities of the dorsal
nerve 7 were changed upon illumination (Fig. 2D). Spon-
taneous activity consisting of three classes of impulses was
recorded in the dark (ca. 70 

 

µ

 

V, 30 

 

µ

 

V and 10 

 

µ

 

V). Illumi-
nation increased the frequencies of the impulses of 70 

 

µ

 

V
and 30 

 

µ

 

V from 0.5 to 2.5 ips and 3.3 to 5.2 ips, respec-
tively, with a 4 s latency.

The ventral nerves of opisthosomal CNS innervate the
skeletal muscles of the gill plates, controlling the move-
ments of abduction and adduction of the gill plates (Patten
and Redenbaugh, 1900). To elucidate whether inhibition of
the bursts from the ventral nerves was related to inhibition
of gill plate abductor and/or the adductor activity, the illumi-
nation-driven changes in the motor nerve activity of the
branchial nerves were investigated (see Fig. 1). Spon-
taneous activity, rhythmic bursts and impulse trains could be
recorded from all three branchial nerves in the dark. They
were more often recorded from a single ganglion prepa-
ration rather than a preparation of the (9th–16th) opisthoso-
mal ganglia. Fig. 3 shows a typical example of spontaneous
efferent activities of the branchial nerves and its change by
illumination. The EBN, IBN and MBN generated synchro-
nous bursts: the phase relationship between the first and
second nerves was in-phase and the third one was anti-
phase to the two. The burst durations of the EBN and IBN
were 5 s and that of the MBN was 1–2 s. These bursts
repeated three to six times and then became silent for 5–30 s
or more. When the ganglion was illuminated, the rhythmic
bursts of the EBN and MBN ceased completely and that of
the IBN was inhibited partially, while the frequency of the

tonic impulse trains (60 and 40 

 

µ

 

V in MBN and EBN)
increased (Fig. 3).

We tried to record photoresponses to monochromatic
lights of different wavelengths in seven preparations, but the
responses were successfully obtained only in two prepa-
rations: they were sensitive to monochromatic lights of 450–
550 nm, but insensitive to the light of long wavelengths
within a range of 600–650 nm (Fig. 4).

The photoresponses could be detected from each sin-
gle opisthosomal ganglion. After severing the connective
between the 11th and 12th ganglia, the spontaneous rhyth-
mic bursts were recorded from each ventral nerve of all gan-
glia and they changed upon illumination in a similar fashion
to those before severing (Fig. 5A). Moreover, the bursts
could be recorded from each ventral nerve of each single
ganglion preparation of which the connectives between the
ninth and 10th and 10th and 11th ganglia had been severed.
The rhythmic bursts were inhibited by illumination in a simi-
lar fashion to those before severing (Fig. 5B). Similar photo-
sensitivities were detected in the isolated 12th and fused
ganglia 13–16 (data not shown).

 

DISCUSSION

 

Four different classes of photoreceptor are well known
in 

 

Limulus

 

 and have been used extensively in neurophysio-
logical research. However, there have been no reports con-
cerning the photosensitivity of the CNS in 

 

Limulus

 

. The CNS
displays a large degree of fusion, the first eight segments
being fused together to form the brain. A ventral nerve cord

 

Fig. 5. A

 

: Motor activities recorded simultaneously from ventral nerves of 9th–11th ganglia. Synchronous rhythmic bursting in the ventral
nerves was inhibited upon illumination. 

 

B

 

: Motor activities simultaneously recorded from the same ventral nerves shown in A, after severing all
the connectives between these ganglia. Bursting was no longer synchronous and clearly inhibited during illumination.
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with four segmental ganglia and a fused terminal ganglia
consisting of four ganglia extend through the abdomen. The
present study has demonstrated that spontaneous motor
activity in the segmental nerves of the CNS were enhanced
or inhibited by direct illumination of the CNS, including the
dorsal nerve 7 in the prosomal area, the 9th-16th dorsal and
the 9th–13th ventral nerves in the opisthosomal area. The
modifications of the impulse activities in response to light
were characteristic for each segmental nerve (Figs. 2, 3 and
Table 1): some impulses showed excitatory and others
inhibitory responses. Photoresponses in the segmental
nerves have been reported in the crayfish and the swallow-
tail butterfly. In the crayfish, illumination of the terminal
abdominal ganglion evokes a cyclic firing pattern from the
abdominal tonic flexor motor neurons, as recorded from the
nerve roots (Edwards, 1984; Simon and Edwards, 1990).
Spontaneous discharges were recorded in the dark from the
sixth peripheral nerve of the terminal abdominal ganglion of
the butterfly, and the frequency of some impulses was
enhanced or inhibited upon direct illumination of the gan-
glion (Arikawa 

 

et al

 

., 1991). It therefore seems that arthro-
pod segmental nerves responsive to light have similar prop-
erties of impulse modification in response to light.

The apparent response to a light stimulus could be due
to an effect of heat irradiation from the halogen lamp,
because a halogen lamp emits infrared radiation and the
responses had a long latency. The experiments using
monochromatic lights (450, 500, 550, 600 and 650 nm)
excluded this possibility, that is, the motor nerve activity was
significantly changed by an illumination of 450–550 nm but
not by an illumination of 600 and 650 nm (Fig. 4). The

responses were successfully observed only in two of seven
preparations. This could be due to a relatively lower intensity
of the monochromatic light. However, the intensity of the
monochromatic light was 1.6

 

×

 

10

 

14

 

 quanta/cm

 

2

 

·s, the value
which roughly corresponds to the brightness of a fine day.
A further study will be required to understand why strong
light is needed to elicit a photoresponse from the 

 

Limulus

 

CNS.
Intensity-response functions and spectral characteris-

tics of the responses are essential for the identification of
the origin of photosensitivity in the CNS. However, the prep-
aration used in the present study did not have a long stabil-
ity to perform such a work.

The latency of the responses was significantly long,
compared with that of other 

 

Limulus

 

 photoreceptors with a
latency of less than 1 s. This might be explained by the
motor neurons not being directly responsive to illumination.
That is, putative photoreceptors in the CNS might be inter-
neurons, and their signals modulate firing rhythms of motor
neurons controlled by a specific central mechanism
(Fourtner 

 

et al

 

., 1971; Wyse, 1972). The caudal photorecep-
tors in the terminal abdominal ganglion of the crayfish are
multimodal interneurons (Kennedy, 1963; Wilkens and
Larimer, 1972; Flood and Wilkens, 1978), and that of the but-
terfly is assumed to be an interneuron (Arikawa 

 

et al

 

., 1991).
In the crayfish, photosensitive sites were located in the

terminal ganglion (Prosser, 1934; Kennedy, 1963; Wilkens
and Larimer, 1972) and the brain (Sandeman 

 

et al

 

., 1990).
Photoreceptors in the brain have been reported in spiders
(Yamashita and Tateda, 1983) and insects (Ichikawa, 1991;
Hariyama, 2000). Scorpions have the photosensitive sites in
the 5th–7th abdominal ganglia (Geethabali and Rao, 1973),
and the butterfly has a photosensitive terminal abdominal
ganglion (Arikawa 

 

et al

 

., 1991). The photosensitive sites in
the 

 

Limulus

 

 CNS are different from these other arthropods:
the results reported here clearly show that the surgically iso-
lated prosomal ganglia and single opisthosomal ganglia are
sensitive to light and send a photic signal as a change in the
motor nerve activity to peripheral targets. That is, 

 

Limulus

 

,
the “living fossil”, has the most extensive distribution of photo-
sensitive areas among all the species for which CNS photo-
reception is known. This might therefore reflect the primitive
condition among the arthropods.

Horseshoe crabs live in shallow water on soft bottoms,
plowing through the upper surface of the sand. They are
able both to walk along the bottom and to swim by flapping
their appendages. The role of photosensitivity of the 

 

Limulus

 

CNS in their life remains to be examined. However, because
photoresponses were manifested as a change in the motor
activity of the segmental nerves innervating the heart and
the gill plates, it is assumed that photosensitivity plays a sig-
nificant role in the animal. Electrical stimulation of dorsal
nerves results in a decrease of heart rate (Pax, 1969; Von
Burg and Corning, 1970), so it is likely that an inhibition of
the dorsal nerve activity by light (Fig. 2A) may accelerate the
heart rate. The activities of the ventral nerves are accompa-

 

Table 1.

 

Light-induced changes in motor nerve activities of individ-
ual segmental nerves.

Ganglion Segmental nerves Spontaneity Response

7th dorsal Impulse 2/3

9th dorsal Impulse 11/14

ventral Burst 11/18

10th dorsal Impulse 10/11

ventral Burst 21/28

11th dorsal Impulse 5/6

ventral Burst 19/20

12th dorsal Impulse 2/4

ventral Burst 11/19

13th dorsal Impulse 3/5

ventral Burst 9/14

14th dorsal Impulse 5/7

15th dorsal Impulse 9/18

16th dorsal Impulse 3/6

Impulse trains or bursts were recorded from all segmental nerves.
The column “Response” shows the number of responded prepa-
rations among the total number of preparations examined.
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nied by ventilatory and swimming movements of the gill
plates (Fourtner, 

 

et al

 

., 1971; Knudsen, 1973; 1975). The
ventral nerve divides into three branches: the EBN inner-
vates the abductor muscle, the MBN innervates the adduc-
tor muscle and the IBN does the inner and outer lobe
muscle (Patten and Redenbaugh, 1900). Inhibition of rhyth-
mic bursts of the EBN and MBN in response to light sug-
gests that the movements of the gill plates would be
changed in intact animals responding to environmental light
(Fig. 3). In a preliminary experiment, blue illumination shed
on restrained animals with an embedded LED between the
gill plates sometimes accelerated the heart beat and the
movement of the gill plates after moving the opisthosoma
(unpublished observation). This finding suggests that the
photoresponse of the opisthosomal ganglia is indeed func-
tional in the intact animal. It is interesting to note that juve-
nile horseshoe crabs are much more transparent than adults
and sometimes swim on their back. The photoresponse
might have a significant role in a juvenile horseshoe crab,
rather than in a mature one.
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