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Abstract:  Limulus retina sends signals to the brain through optic nerve fibers with processes terminating 

in both the first and second optic ganglia, called lamina and medulla. At the lamina, OFF signals are 

generated and sent to the medulla. Medullar cells extend fibers to the other parts of the brain. To 

understand the neural mechanisms of their visually guided mating behavior, it is important to investigate 

responses in the medulla. However, there are only very few studies on medulla due to experimental 

difficulties. In this paper, we developed two experimental setups to study the medulla ex vivo and 

succeeded in recording responses and in mapping receptive fields. Responses of medullar cells share 

many features with responses of ganglion cells in vertebrate retina. The recorded responses can be 

classified as non-spiking, sustained and transient ON, sustained and transient OFF, ON-OFF, inhibition, 

and bilateral and contralateral types. Their receptive fields vary from 6 degrees to more than 180 degrees. 

Some cells have receptive fields classified as ON-center and OFF-center. In addition, one medullar cell 

had a separated receptive field extending over 90 degrees in the horizontal direction. 
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I. INTRODUCTION 

 

he lateral eye of the horseshoe crab, Limulus 

polyphemus, has been studied extensively as a 

comparatively simple model of a visual organ. A great 

deal is now known about neurophysiology of the lateral 

eye including quantum bumps in response to the 

absorption of a single photon [5, 6], lateral inhibition as 

a mechanism of edge enhancement [9], and circadian 

modulation of retinal function [1] as a component of 

visually guided behaviors [17]. 

The visual input to the brain from the Limulus eye 

consists of a train of impulses in the optic nerve carried 

by axons of the eccentric cells [20]. The eccentric cells 

have been considered a uniform population and had the 

same pattern of discharges to illumination: a transient 

burst at the onset of the light followed by maintained 

firing until the light is extinguished [8]. On the other 

hand, study on properties of visual neurons of the 

Limulus brain has been limited. Previous studies using 

extracellular recording techniques have shown the 

existence of, at least, three main units of light-evoked 

response in the Limulus brain; ON and OFF units [14, 18, 

19], and ON-OFF unit [18]. 

The synaptic processing of retinal signals in the brain 

remains obscure and can be deduced only from 

intracellular recordings. However, anatomical problems 

discourage investigators challenging the brain cells. For 

example, a difficult surgery is required to access the 

brain for microelectrode recordings because the brain is 

located just above the mouth on the ventral side of the 

animal. So far, only a few intracellular studies have 

examined response properties of the Limulus brain [15, 

16]. They confirmed the existence of ON and OFF types 

reported by previous investigators and introduced new 

response types with slow potential changes possibly 

corresponding to the synaptic events. Their intracellular 

recording and staining studies have further suggested a 

possibility that the optic nerve fibers and brain cells are 

electrically coupled to each other. For the other part of 

Limulus central nervous system, Mori and coworkers 

succeeded in intracellular recordings of interneuron’s 

activities in ventral ganglia and discovered their 

photosensitivies and their modulations in motor neurons 

in the ganglia [12, 13].  

The long-term goal of our study in Limulus vision is 

to understand visually guided behavior of the animal 

based on neural network activity. For this purpose, the 

intracellular recording and staining study was focused on 

the medullar cells. The medulla contains about 10,000 

cells [4] is known as the second synaptic region of the 

brain, but it also receives inputs from the lateral optic 

nerve as the first synaptic region of the brain [3]. In this 

paper, we developed two experimental systems with an 

T 
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LCD screen that allowed us to map receptive fields by 

displaying and moving various stimulus objects. The 

results obtained from this study provide a diversity of 

medullar cells whose activities are modulated by 

synaptic events and are as complex as those found in the 

inner plexiform layer of vertebrate retina. 

 

II. MATERIAL AND METHODS 

 

Horseshoe crab, Limulus polyphemus, with 15–20 cm 

in carapace width were purchased from the Marine 

Resource Center (Marine Biological Laboratory, Woods 

Hole, MA). Animals were kept in a tank of circulating 

artificial seawater (Instant Ocean, Aquarium Systems) at 

10–15 ºC under natural light-dark cycle in Syracuse, NY.  

 

A. Preparations 

1) Whole animal preparation: The brain was exposed 

in the body with the connection to the eyes intact (Fig. 

1B). In order to minimize blood coagulation the blood 

was drained by a syringe needle that was inserted into 

the heart through the anterior mid-intra ophthalmic 

margin. Then, the animal was secured to a wooden base 

with screws. The brain is located just above the mouth 

on the ventral side of the animal. A dorsal approach was 

taken for exposing the brain. An about 3 x 8 cm2 slit was 

Fig. 1.  A: Horseshoe crab, Limulus polyphemus, and its brain. The brain is located just above of the mouth on the 

ventral side of the body and is connected to the lateral eyes on the dorsal carapace through lateral optic nerves. cer, 

circumesophageal ring; vnc, ventral nerve cord; pn, pedal nerves; cp, corpora pedunculata; ven, ventral eye nerve; 

men, median eye nerve. B: Whole animal preparation. An animal of which the brain is exposed and screwed on a 

wooden plate and its brain is lifted up with a metal plate. Eye stimulus was monitored with a photo diode placed 

above a lateral eye. C: Eye-brain preparation. The brain is isolated with lateral eyes connected through the optic 

nerves. Saline of which the temperature is controlled with a Peltier cooling device is for perfusion during 

experiments. 
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made on the carapace by a handsaw, and a portion of the 

heart and intestine was exposed. These organs were 

individually tied with strings and cut at the posterior 

portion of the prosoma. Strings were lifted up toward 

anterior portion of the prosoma while separating from 

surrounding tissue and uncovering the top surface of a 

tough, milky-white endostermite. The brain encircling 

esophagus was exposed as the endostermite was 

dissected away. Finally, the esophagus was cut just under 

the brain. A metal platform (l x l.5 cm2) with a hole on 

its middle was inserted between the brain and mouth to 

isolate mechanically the brain from movements of the 

animal. A removable post was screwed down into a hole 

of the metal platform on the wooden base through the 

center of the circular brain and the mouth of the animal. 

The brain on the platform was lifted up slightly and the 

platform was screwed down tightly with the post. 

Under the binocular, all nerves were ceased and the 

dorsal surface of the medulla was desheathed. The 

animal was submerged in a plastic tank containing fresh 

Limulus saline solution (pH 7.4) and the solution was 

maintained at a temperature of 10–15°C by ice during 

the experiment.  

2)  Eye-brain preparation: For the eye-brain 

preparation (Fig. 1C), lateral eyes were isolated by 

sawing the carapace. Optic nerves were isolated with 

surrounding tissue. Brain – optic nerves – eyes were 

immediately moved into a handmade chamber of which 

parts of the side wall were cut out to hold eyes, and the 

brain was pinned dorsal side up on Sylgard stage in the 

center of the chamber. This chamber allowed us to 

perfuse saline at 15 ºC maintained with a Peltier device. 

To expose the medulla, the dorsal part of the brain was 

desheathed and connective tissues covering the medulla 

were carefully removed.  

 
B. Intracellular recordings 

Intracellular microelectrodes were made from quartz 

capillary tubing (l mm OD x 0.5mm ID) using a Brown-

Flaming microelectrode puller (P-2000, Sutter Inst). 

Electrodes were filled with 3% Lucifer yellow (Sigma 

Inc) in 100 mM LiCl (50–150 Ω). They were advanced 

vertically into the medulla from the dorsal side in steps 

of 1–5 µm using a Burleigh inchworm (Type 8200, 

Burleigh Inst Inc Fishers). 

All signals from the microelectrode were fed to a 

bridge amplifier (AxoClamp 2B, Axon Inst). Signals 

were digitized with an A/D converter (Digidata 1322A, 

Axon Inst), monitored with a display, saved on a 

computer, and analyzed with Clampex software (version 

9, Axon Inst). 

Fig. 3. Two response patterns of non-spiking cells 

recorded in the Limulus medulla. The white box 

indicates the duration of an eye stimulus. These cells 

respond by hyperpolarization. A: This cell 

responded to a lateral eye illumination with 

hyperpolarization followed by a temporal 

depolarization. The latency of the response was 125 

ms. B: This cell responded with hyperpolarization 

with 210 ms latency. During the visual stimulus the 

membrane potential fluctuated indicating synaptic 

inputs. 
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Fig. 2. Traced image of a Lucifer yellow-injected 

optic nerve. The nerve branches in the lamina and the 

medulla and reaches to the central body. 
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C. Light stimulus and receptive field 

measurement 

The experiment was performed under dark condition, 

while both lateral eyes were illuminated with a 

microscope light through fiber optics. If action potentials 

were recorded, the response patterns to the light were 

examined by turning on and off of the light. If recordings 

were maintained for sufficient amount of time, the 

receptive field of the cell was carefully measured with a 

mobile point-source probe light (hand-held flashlight 

bulb), and the latency of the response was determined by 

a point-source light located in the center of the receptive 

field.                                                                                         

To map precise receptive fields, a newly developed 

visual stimulus system was used. Stimulus images 

programmed with Vision Works software (Version 4, 

Vision Research Graphics Inc) were displayed on a 

handmade 7.5 inch LCD screen (NL6448BC20-08E, 

NEC) hanging down from the top of the cage. The LCD  

screen could be rotated centering on one lateral eye with 

the holding arm and this setup allowed us to adjust the 

screen position to the front of the receptive fields.  

 

D. Intracellular staining and reconstruction of 

the stained cells 

The bridge amplifier was also used to pass current 

and iontophoretically load Lucifer yellow (over –1.5nA 

for more than 3min) into the recorded cell. The brain 

containing cells with Lucifer yellow was fixed with 4.0% 

paraformaldehyde in saline and kept in the refrigerator 

until use for sectioning. The fixed brain was sectioned on  

Fig. 4. ON and OFF responses recorded in the 

medulla of Limulus. Sustained ON: These cells 

kept firing during the eye stimulus. a: This cell 

depolarized and initiated firing action potentials 

with the latency of 140 ms. No background action 

potentials were observed. b: This cell kept firing 

under the dark condition. At the onset of the eye 

stimulus it responded with hyperpolarization 

followed by the increment of the spike frequency. 

Transient ON: This type of cell discharged a few 

action potentials at the onset of the eye stimulus. a: 

The cell was depolarized by the eye illumination 

and discharged three action potentials. The latency 

was 480 ms. When the stimulus ended, the response 

decayed to the original resting potential. b: The cell 

responded with a single action potential. The 

latency of this response was 540 ms. Sustained 

OFF: These cells responded with stopping firing or 

decreasing the firing frequency. a: This cell 

completely inhibited the firing by the eye 

illumination. It responded with hyperpolarization 

with 190 ms latency and no action potentials were 

observed during the stimulus. The response returned 

to the original resting potential after stimulus 

followed by increment of the spike frequency. b: 

This cell discharged under the dark condition and 

the frequency was decreased by the eye stimulus. 

The latency was 230 ms. Transient OFF: These 

cells showed transient responses at the offset of the 

eye stimulus. a: The response was a 

hyperpolarization with 125 ms latency. By 

terminating the stimulus the response depolarized 

and discharged an action potential followed by 

returning to the original resting potential. b: This 

cell discharged during dark condition and the 

response was hyperpolarization with 105 ms 

latency. The response depolarized by terminating 

the stimulus, and discharged three action potentials.  

a vibratome (VT1000 S, Leica) at a thickness of 200 µm 
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and mounted on slides. The stained cell was three-

dimensionally imaged by confocal microscopy 

(LSM510 Meta, Zeiss). The cellular images were 

reconstructed on a PC with the painting software GIMP 

2 (The GIMP Team). 

 

III. RESULTS 

 

A.  Optic nerve morphology in the brain 

We first labeled one optic nerve fiber extended from 

a lateral eye by injecting Lucifer yellow to investigate 

their innervation of the brain. The optic nerve gives off a 

few fine and short processes in the lamina, and one thick 

process entering into the medulla splits into several long 

and short processes (Fig. 2). Two of them leave the 

medulla and extend toward the central body. 

 

B.  Diversity of response types of medullar cells 

We recorded a variety of spike activities in the 

medulla of which characteristics were unlike those of 

eccentric cells (total recorded cells n=280). We 

classified these responses into several broad types 

according to the pattern of discharges to the illumination: 

“non-spiking type”, “sustained ON type”, “transient ON 

type”, “sustained OFF type”, “transient OFF type”, 

“ON-OFF type”, “inhibition type” and “bilateral and 

contralateral type”. 

1)  Non-spiking cells 

Non-spiking type cells (recorded cells n=21) did not 

discharge action potentials, but gradual changes on the 

membrane potentials were recorded. Fig. 3 shows two 

types of responses classified as non-spiking cells. Both 

responded with hyperpolarization to the eye stimulus and 

the response returned to the original resting potentials 

following the offset of the stimulus.  

Medulla

Lamina

Corpora-

pedunculata

Central body

Optic nerve

100 µm

Fig. 5. Tracing of a Lucifer yellow labeled 

medullar cell. The response of this cell is shown in 

Fig. 5 Transient OFF (a). This cell extends a fiber 

to the other medulla through the central body. 

Fig. 6. An ON-OFF type cell recorded in the 

Limulus medulla. This cell responded by 

depolarization and giving bursts of action 

potentials at onset and offset of the eye stimulus. 

The latency was 260 ms for the onset response and 

225 ms for the offset. 
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Fig. 7. Responses of inhibition cells. (A) This cell 

discharged action potentials in the dark and that was 

inhibited at both onset and offset of the eye stimulus. 

The discharge rate was not changed by the stimulus. 

(B) This cell discharged action potentials in the dark. 

It depolarized at the onset of the stimulus followed 

by incremental increase of discharge rate. After 

inhibition following the stimulus offset, the 

discharge rate increased to baseline. At the offset of 

the stimulus, it was temporally depolarized and the 

action potential was inhibited.  



 Journal of Bioinformatics and Neuroscience (JBINS), 2 (2): 62-70, April 26, 2016 

 

 67 

2)  Sustained ON cells 

ON type cells responded to an eye stimulus with a 

sustained spike discharge and slow depolarizing pre-

potentials (n=177). Fig. 4A shows examples of the 

response patterns that did not discharge in the dark (a) 

and that had spontaneous activity in the dark (b). The 

numbers of spontaneous action potentials varied greatly 

from cell to cell. The eye stimulus depolarized their 

membrane potentials and induced bursting of action 

potentials. At the offset of the stimulus the responses 

returned to the original resting potentials.  

3)  Transient ON cells 

These cells (n=9) did not discharge in the dark (Fig. 

4B). At the onset of the eye stimulus, they discharged a 

few or a single action potential with longer latencies than 

the other cell types and returned to baseline.  

4)  Sustained OFF cells 

These cells (n=40) discharged action potentials in the 

dark and the frequency decreased by illumination of the 

eye (Fig. 4C). They responded with hyperpolarization, 

and the action potentials were completely inhibited, or 

Fig. 8. A response of a binocular cell to the ipsi- 

and contralateral eye stimuli. The white bar below 

the response shows the ipsilateral eye stimulus and 

the white bar over the response shows the 

contralateral eye stimulus. This cell spontaneously 

discharged under the dark condition. When the 

ipsilateral eye stimulus was on, it hyperpolarized 

with 145 ms latency. At the offset of the stimulus 

it temporally depolarized and the response 

returned to the original membrane potential. To the 

contralateral eye stimulus, the spontaneous activity 

was completely inhibited and no action potential 

was observed. When the stimulus was terminated, 

it began firing with higher frequency and returned 

to the original frequency.  

Fig. 9. Center-surround receptive fields mapped on 

the stimulus LCD screen area and spike frequency on 

each response field. A: ON-center cell. The receptive 

field area was larger than the screen size (68º by 52º). 

This cell spontaneously discharged with 4.5 impulses 

per second (ips) under the dark condition. To a white 

disk object with a diameter of 14º on the upper half 

area the cell did not respond and kept firing. To the 

same object displayed on the lower half area, the 

spike frequency was increased to 12.5 ips, and the 

size was 24º. By displaying this object on both sides 

of the excitatory area, the cell was completely 

inhibited and did not discharged. B: OFF-center type 

response. This cell also discharged spontaneously 

under the dark condition with a frequency of 4.5 ips. 

The receptive field was 24º on the center of the LCD 

screen. By passing a white bar object on the black 

background, the spike frequency was increased on 

both side of the center inhibitory area of 5º.  
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the frequency was decreased. By terminating the eye 

stimulus, the response returned to the original resting 

potentials and began discharging with the original 

frequency. 

5)  Transient OFF cells 

These cells (n=14) discharged action potentials at the 

offset of the eye stimulus (Fig. 4D). They responded with 

hyperpolarization to the eye stimulus. By terminating the 

eye stimulus, the responses depolarized followed by 

discharging a few action potentials, and returned to the 

original resting potentials.  

A transient off cell was successfully stained with 

Lucifer yellow (Fig. 5). The cell body is located at the 

edge of the medulla. It extends the axon to the middle of 

the medulla and is split to two. The one is extended to 

the contralateral medulla through the central body. The 

other one branches in the medulla.  

6)  ON-OFF cells 

ON-OFF cells (n=4) discharged in the dark and 

increased the discharge rate at both onset and offset of 

the eye stimulus (Fig. 6). However, the discharge rate 

quickly decreased to the dark condition rate and did not 

change during the stimulus. By terminating the stimulus, 

the membrane potential returned to the original resting 

potential after a temporal depolarization accompanied by 

discharge of a few action potentials. 

7)  Inhibition cells 

These cells (n=9) are characterized by inhibitory 

responses to the full eye stimulus (Fig. 7).  

8)  Bilateral and contralateral cells  

Contralateral cells (n=4) only responded to a 

contralateral eye stimulus while bilateral cells (n=2) 

responded to both, contralateral and ipsilateral eye 

stimuli. Fig. 8 shows inhibitory responses to ipsi- and 

contralateral eye stimuli of a bilateral cell. To an 

ipsilateral visual stimulus the cell responded with 

hyperpolarization, but that did not affect the discharge 

rate. To contralateral stimulus it hyperpolarized slightly 

and the action potential was completely inhibited. By 

terminating the contralateral stimulus, it began 

discharging action potentials. 

 

C. Receptive fields 

With a point-source light, the receptive fields were 

roughly mapped. The areas were varied between cells 

from 6º that corresponds with a single ommatidium to 

more than 180º that covers the entire visual field. 

We succeeded in mapping complicated receptive 

fields from four cells by moving a stimulus object on a 

LCD screen. The receptive fields of the brain cells were 

classified as “ON-center”, “OFF-center” and “complex”. 

All cells responded with sustained discharge of action 

potential to the full eye stimulus those are classified as 

sustained ON cells, however, they showed different 

responses to a partial stimulus on the eye with objects 

displayed on a LCD screen. 

1)  On-center 

These cells (n=2) were excited when the center of the 

receptive field was stimulated and was inhibited by a 

stimulus on the surrounding region (Fig. 9A).  

2)  OFF-center 

This cell (n=1) was inhibited by a stimulus on the 

center of the receptive field while it was excited when 

the peripheral part of the receptive field was stimulated 

(Fig. 9B).  

3)  Complex 

This cell (n=1) exhibited three separated receptive 

fields (Fig. 10). With a point light source the first 

receptive field was mapped on the behind of an animal. 

In addition, by using disk objects displayed on the LCD 

screen, two separated receptive fields were mapped with 

an ON response and an OFF response, respectively. 

Fig. 10. Complex receptive field mapped on three 

separate areas. The first receptive field located behind 

the animal was mapped with a point-source light (A). 

The response type was sustained ON. The cell only 

responded to the stimulus on the receptive field, but 

no responses on the other area in the visual field. 

However, the cell began to discharge action potentials 

at the onset of the LCD panel displaying a black 

background. The two separated receptive fields, ON 

(+) and OFF (-), were mapped on the side of the body 

(B). The ON area was located 30º above the OFF area.  
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IV. DISCUSSION 

 

Limulus has a relatively simple visual system consists 

of a compound eye with about one thousand ommatidia 

to cover the visual field, 204º along the horizontal plane 

and 106º along vertical plane [10], the optic nerves, and 

two optic ganglia in the brain. With such a simple 

processing system, animals can navigate, recognize a 

mate, and move toward it at day and night by changing 

the shapes of retinular cells in ommatidia [2]. Therefore, 

it is suggested that Limulus is a good model for visual 

information processing and specifically to study visually 

guided mating behavior. However, research on brain 

activity has been hampered by a difficult surgery and 

electrophysiology. To record brain activity, we 

developed two setups. 

 

A. Experimental setups 

Lateral eyes are located on the dorsal side of the body 

while the brain is located on the ventral side. Both are 

connected with a long lateral optic nerves (Fig. 1A). The 

esophagus runs through the esophageal ring of the brain 

and an endoskeleton is located just above the brain. 

Intestines and the heart are located between the carapace 

and the endoskeleton. This structure made it difficult to 

access to the brain from the dorsal side of the body. 

Another difficulty is the brain structure. The brain is 

covered with a sheath, as in other invertebrates, and brain 

cells are embedded in very tough connective tissue that 

is attached on the sheath. After we desheathed the brain, 

we carefully removed the connective tissues with 

tweezers, however, we still needed to penetrate some 

connective tissue to reach the brain cells. Previously, 

borosilicate glass was used for electrodes, however, that 

was not strong enough to penetrate the tissues. Also, 

brain cells are not fixed at their position, but were easily 

moved by the approaching electrode. 

To solve these issues, a whole animal preparation 

with a stage to hold the brain was developed, and we 

used quartz pipettes (Fig. 1B). By lifting up the brain 

from the body with a metal plate, the brain was kept at a 

certain position. Also, this made it easy to penetrate brain 

cells with a microelectrode. However, gill plates located 

on the opisthosoma moved during the recording and this 

movement was transferred to the brain through water 

wave.  

Therefore, we developed an isolated eye-brain 

preparation that allowed us to perfuse saline of which 

temperature was maintained with a Peltier cooling 

device (Fig. 1C). We were able to record brain cell 

activity for up to 8 hours after the surgery and to 

precisely map their receptive fields ex vivo.  

With these setups we succeeded in recording 280 

brain cells responses to eye stimuli and in mapping 

receptive fields of ON-center and OFF-center. 

 

B. Comparison of the Limulus eye-medulla 

system with vertebrate retinas 

The Limulus retina processes visual information with 

excitatory and inhibitory mechanisms (lateral inhibition). 

This is similar to the outer plexiform layer of the 

vertebrate retina where photoreceptors synapse on 

horizontal cells exciting the center and inhibiting the 

surrounding. In addition, bipolar cells in the vertebrate 

retina, another second order neuron, segregate 

photoreceptor signals into two fundamental signals in the 

outer plexiform layer, ON and OFF signals, and then 

these signals are transferred to the inner plexiform layer 

where bipolar cells and third order neurons, amacrine 

and ganglion cells, make synaptic contacts. Ganglion 

cells in the vertebrate retinas have been classified three 

fundamental classes based on their response patterns to 

light, ON, OFF, and ON-OFF units [7]. The ON and OFF 

ganglion cells were further subdivided into sustained ON 

and OFF, and transient ON and OFF. Results obtained 

from our intracellular studies together with those of 

previous extracellular and intracellular investigations 

[14-16, 18, 19] also demonstrated the presence of 

sustained and transient ON and OFF responses, and ON-

OFF responses in the Limulus brain.  

In addition to the response patterns, we succeeded in 

mapping their receptive fields. Their patterns were 

classified as “ON-center” and “OFF-center” similar to 

mammal ganglion cells [11]. We also succeeded in 

mapping additional “Complex” receptive fields, but the 

details are not known.  

On the other hand, bilateral and contralateral cells 

recorded in the Limulus brain are higher order neurons in 

the medulla because they integrate signals from the 

contralateral visual ganglia with that of the ipsilateral eye. 

The synaptic mechanisms underlying neuronal responses 

in the Limulus brain, especially the segregation of ON 

and OFF signals needs further investigations. 

 

V. Conclusion 

1. Limulus medullar cells were classified as non-spiking, 

ON, OFF, ON-OFF, inhibitory, bilateral and 

contralateral units based on the response to full-eye 

stimulation.  

2. Limulus medullar cells exhibit ON-center, OFF-center 

and complex receptive fields. 
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