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Synopsis The eyes and photoreceptors of the American horseshoe crab Limulus polyphemus have been studied since the

1930s, and this work has been critical for understanding basic mechanisms of vision. One of the attractions of Limulus as

a preparation for studies of vision is that it has three different types of eyes—a pair of later compound, image-forming

eyes and two types of simple eyes, a pair of median ocelli, and three pair of larval eyes. Each eye type is tractable for

experimentation. Limulus also has extraocular photoreceptors in its segmental ganglia and tail. The current contribution

focuses on photoreceptors in Limulus larval eyes and ocelli and its extraocular photoreceptors with the goal of summa-

rizing what is currently known and not known about their physiology and function and the opsins they express. The

Limulus genome encodes a surprisingly large number of opsins (18), and studies of their expression pattern have raised

new questions about the role of opsin co-expression, the functions of peropsins expressed outside of eyes, and the

physiological relevance of opsins with apparently very low expression levels. Studies of opsin expression in Limulus lead

one to wonder whether photoreceptors yet to be discovered might be present throughout its central nervous system.

Introduction

The visual system of the American horseshoe crab

Limulus polyphemus Linnaeus 1758 has been studied

extensively beginning in the 1930s (Hartline and

Graham 1932). This work has produced an extensive

literature describing the structure of its eyes and

photoreceptors (e.g., Jones et al. 1971;Fahrenbach

1975; Calman and Chamberlain 1982; Herman

1991) and the physiology of its photoreceptors that

has been critical for our understanding of basic

mechanisms of vision including phototransduction

(e.g., Brown et al. 1984; Payne et al. 1986), light

and dark adaptation (e.g., Lisman et al. 2002),

visual information processing (Hartline et al. 1956),

and the effects of circadian rhythms on visual func-

tion (reviewed in Battelle 2013). Limulus polyphemus,

hereafter referred to as Limulus, is a xiphosauran

chelicerate, the sister group to arachnids (Regier et

al. 2010; Edgecombe and Legg 2014); therefore, in-

vestigations of its visual system may also provide

insights into visual functions of the (eu)chelicerate

ancestor (Nilsson and Kelber 2007) and contribute

to our understanding of the evolution of vision in

arthropods.

Limulus, has three different types of eyes: a pair of

image-forming lateral compound eyes, a pair of

median ocelli, and three pair of larval eyes—lateral,

median, and ventral. Median ocelli and larval eyes do

not form images and are considered simple eyes. In

addition, extraocular photoreceptors have been iden-

tified in its segmental ganglia and tail (Fig. 1). The

compound eyes were an early focus of study, and

their structure and function are understood in con-

siderable detail (Smith and Baumann 1969;

Fahrenbach 1975, Battelle 2006). The present contri-

bution focuses on the simple eyes and extraocular

photoreceptors with the goal of summarizing current

knowledge of their structure and function, the

impact of illuminating each on behavior and their

visual pigments.
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Structure and function

Larval eyes

All three pair of larval eyes develop in embryos

before the lateral compound eyes and median

ocelli, and they persist in adults. Each larval eye con-

sists of a cluster of two types of photoreceptors—

giant photoreceptors measuring about 150 mm long

and 70 mm wide in adults and smaller photorecep-

tors about half the size of the giants (Calman and

Chamberlain 1982; Herman 1991). The giant photo-

receptors are sensitive to visible light with peak sen-

sitivity at about 520–525 nm (Millecchia et al. 1966);

the smaller photoreceptors are UV-VIS cells, mean-

ing they show two peaks of photosensitivity, one in

the UV at about 320 nm and a second in the visible

range at about 520 nm (Battelle et al. 2014).

In adults, lateral larval eyes are located at the pos-

terior edge of each lateral compound eye, and

median larval eyes are beneath the carapace between

the median ocelli. Ventral larval eyes consist of a pair

of optic nerves that extend anteriorly from the brain

and terminate in an end organ that is attached to a

specialized region on the ventral cuticle. This special-

ized region is devoid of pigment and has a small

lens-like structure over each end organ (Patten

1894 and personal observations) (Fig. 1B).

Photoreceptors in adult ventral eyes cluster in the

end organ and at the posterior ends of the optic

nerves on the brain. They are also scattered along

the lengths of the optic nerves. Since lateral and

median larval eyes are beneath the carapace in

adults, it is not clear whether in adults they receive

significant light to respond to and influence behav-

ior. However, photoreceptors in the ventral larval

eyes clearly respond to light in adult animals. Light

responses have been recorded from the ventral eye

end organs of intact adults (Kass and Renninger

1988), and light-driven rhabdom shedding has been

observed in adult ventral larval eye photoreceptors in

vivo under conditions of natural illumination (Katti

et al. 2010). In naturally behaving animals, ventral

Fig. 1 Locations of Limulus eyes, CNS, and extraocular photoreceptors and the structure of it CNS and median ocelli. (A) Limulus

embryo early following its fourth embryonic molt immunostained for visual arrestin showing well developed lateral larval eyes with

photoreceptor axons extending toward the brain (arrows) and fused median larval eyes (arrow head). The lateral larval photoreceptors

and their axons surround a region where the lateral compound eyes will later develop. Scale bar, 250�m. Modified from Harzsch et al.

(2006) with permission. (B) Schematic of a dorsal view of an adult Limulus showing the locations of the lateral compound eyes, median

ocelli, and median and lateral larval eyes. The central cut-away shows the locations of the brain, ventral optic nerves and end organ,

synganglion, and segmental ganglia. Presumed locations of photoreceptors along the length of the tail are indicated. (C) Schematic of a

dorsal view of the central nervous system from a juvenile animal measuring 2–2.5 cm across the prosoma showing structures visible on

the dorsal brain. BR, brain; CB, central body; CP corpora pedunculata; L, lamina; LON, lateral optic nerve; M, medulla; MON, median

optic nerve; ON, ocellar neuropile; SG, segmental ganglia; SY, synganglion; VON, ventral optic nerve. Scale bar, 1 mm. (D) Schematic of

a ventral view of segmental ganglia (SG) from an adult showing locations of 20 photoreceptive neurons. Redrawn from Mori et al.

(2004) with permission. (E) Schematic of a longitudinal section through a median ocellus showing clusters of photoreceptors, arhab-

domeric cells, and guanophores separated by glial partitions. Rhabdomeres are near the base of the lens. Rh, rhabdom. Modified from

Battelle et al. (2014) after Jones et al. (1971).
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larval eyes can be exposed to light whenever the

animal moves on its walking legs, swims—it swims

upside down—or becomes inverted on the beach

while spawning. Illuminating the ventral larval eyes

of adults can also phase-shift the animal’s circadian

clock (Horne and Renninger 1988). The latter find-

ing provides clear evidence that the ventral larval

eyes function in adults and can influence behavior.

The relative importance of larval eyes for light-

driven behaviors in adults, compared with the lateral

and median eyes, can be debated, however, larval

eyes probably provide the major photic input to em-

bryos and newly hatched larvae. During develop-

ment, Limulus undergo four embryonic molts

before they hatch as free-swimming larvae called tri-

lobite larvae (Sekiguchi et al. 1982). Using photore-

ceptor-specific antibodies, photoreceptors in lateral

eye ommatidia and median ocelli are first detected

late during the trilobite larval stage (Harzsch et al.

2006). By contrast, photoreceptors in lateral and

median larval eyes are detected soon after the first

embryonic molt. Following the second embryonic

molt, lateral larval eye photoreceptors and their

axons partially surround an area where ommatidia

of the compound eye appear later (Fig. 1A)

(Harzsch et al. 2006; Blackburn et al. 2008).

It is not known how early in development larval

photoreceptors begin to respond to light. Light re-

sponses from the lateral eye region were detected

with electroretinogram recordings at the time of

hatching (French 1980), which is before ommatidia

of the lateral compound eye develop, but larval pho-

toreceptors probably respond to light earlier. Arrestin

protein is detected in larval photoreceptors soon

after the third embryonic molt indicating that at

least some proteins required for the photoresponse

are expressed quite early (Harzsch et al. 2006). It is

also not known how early in development photore-

ceptor axons from the lateral and median larval eyes

reach the brain, but their projections to brain target

areas (Fig. 2) are in place between the third and

fourth embryonic molts (Blackburn et al. 2008 and

N. L. Brown and BA. Battelle, unpublished data).

Ventral larval eye development was not studied

during very early embryonic stages, but ventral

larval photoreceptors are detected on the anterior

brain between the third and fourth embryonic

molts (N. L. Brown and BA. Battelle, unpublished

data). Each of the larval eyes is also innervated by

efferent neurons that are driven by a central circa-

dian clock. These efferents fire action potentials only

during the subjective night. In response to this input,

ventral larval eyes, and presumably also median and

lateral larval eyes, show increased sensitivity to light

at night (reviewed in Battelle 2002).

Larval photoreceptors respond to light stimuli

with graded depolarizations, and only graded poten-

tials are conducted by their axons (Millecchia and

Mauro 1969). This raises the question of whether

signals from larval photoreceptors reach the brain.

Their graded potentials probably do reach the brain

in embryo, larvae, and young juveniles when their

optic nerves are short. Furthermore, larval photore-

ceptor axons have large diameters and low axial re-

sistance. There is some evidence that graded

potentials from larval photoreceptors reach the

brain even in adults (Behrens and Fahy 1981).

The central questions of whether and how visible

light influences the development or behavior of em-

bryos have been addressed in only preliminary stud-

ies (French 1980), but these showed that the time to

hatching is accelerated among animals reared in a

12:12 light-dark cycle compared with those reared

in constant light or constant darkness, and that

more animals hatched during the light phase of the

12:12 light-dark cycle compared with the dark phase.

Thus, visible light may be one of many important

environmental cues influencing Limulus embryonic

development and hatching (Ehlinger and Tankersley

2003). When Limulus hatch and become free-swim-

ming trilobite larvae, the larval eyes are still their

only eyes. Because larval eyes are located on different

Fig. 2 Summary diagram of central projections from larval eyes

and median ocelli. LON, lateral optic nerve; ME, median eye;

MON, median optic nerve; TR, terminal region for axons of the

median larval photoreceptors; VON, ventral optic nerve. Based

on Chamberlain and Barlow (1980); Calman et al. (1991);

Harzsch et al. (2006).
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regions of the animal’s body—dorsal-lateral, dorsal-

anterior, and ventral (Fig. 1)—and each eye projects

to a different region of the brain (Fig. 2), it seems

reasonable to speculate that they provide directional

information to the newly hatched animals.

Median ocelli

Based on the shape of the lens and organization of

the underlying retina, median ocelli are thought not

to form images but to provide directional informa-

tion (Fahrenbach 1975). The large size of the lens

aperture compared with that of the underlying

pseudo-ommatidia (see below) suggests that the eye

is particularly adapted for operating in low light

levels, and electrophysiological and behavioral studies

suggest median ocelli are particularly important for

detecting UV light (Nolte and Brown 1972; Lall and

Chapman 1973).

Each ocellus has a single, weakly converging lens

below which lay elongated photoreceptors with con-

voluted rhabdomeres positioned close to the base of

the lens (Fig. 1E). The retina consists of a number

of loosely organized cell clusters, called pseudo-

ommatidia containing UV light-sensitive and visible

light-sensitive photoreceptors, quanophores—cells

containing reflective crystals of guanine—and usually

one arhabdomeric cell. These cell clusters are sepa-

rated from one another by partitions of pigment cells

and glia. Glial processes also penetrate photorecep-

tors and line the base of the retina (Jones et al. 1971;

Fahrenbach 1975). Within each cell cluster the rela-

tive number of visible light- compared with UV

light-sensitive photoreceptors vary widely, but elec-

trophysiological recordings show that on average

70% of photoreceptors are maximally sensitive to

UV light at 360 nm (Nolte and Brown 1972). Peak

sensitivity of the visible light photoreceptors is 520–

525 nm, like the photoreceptors in the larval eyes, but

their overall spectral sensitivity is different from that

recorded from larval photoreceptors (Nolte and

Brown 1970) hinting that the visible light-sensitive

opsins expressed in median eyes and larval eyes are

different. No cells with dual sensitivity to UV and

visible light were detected (Nolte and Brown 1970,

1972). Like photoreceptors in larval eyes, photorecep-

tors in median ocelli generate graded depolarizations

when stimulated with light, and although the photo-

receptors project axons to the brain (Fig. 2), arhab-

domeric cells are thought principally responsible for

transmitting visual information from the ocelli to the

brain (Nolte and Brown 1972). Arhabdomeric cells

are electrically coupled to photoreceptors and gener-

ate action potentials (spikes) when photoreceptors

depolarize. Their axons project to the ocellar neuro-

pil, through the optic track and to the medulla

(Fig. 2). Interestingly, arhabdomeric cells are electri-

cally coupled only to UV photoreceptors (Nolte and

Brown 1972).

Illuminating median ocelli with UV light produces

a positive phototactic response in adult animals

whereas iIlluminating median ocelli with visible

light produces no phototactic response (Lall and

Chapman 1973). The significance of the behavioral

response to UV light is not clear, but because UV

light attenuates sharply with water depth, it is spec-

ulated that Limulus use their median ocelli as depth

detectors to help guide them to shallow water and

beaches for spawning (Lall and Chapman 1973). In

addition, illluminating median ocelli with UV light

at night increases the sensitivity of the lateral com-

pound eye to light (Westerman and Barlow 1981;

Herzog and Barlow 1991). The central circuitry un-

derlying this phenomenon is not understood, but

electrically stimulating afferents from median ocelli

increases the activity of clock-driven efferent neurons

innervating the lateral compound eyes (Kass and

Barlow 1992), and this input is known to increase

lateral eye sensitivity at night (Barlow et al. 1977;

Barlow 1983). Limulus use their lateral compound

eyes to find mates (Barlow et al. 1982). Therefore,

UV light reflected from the moon at night and de-

tected by the median ocelli may enhance nighttime

spawning success.

Effects of visible light on the output of median

ocelli are less well understood. Although no behav-

ioral responses have been reported in response to

illuminating median ocelli with visible light, when

long wavelength light is applied during a prolonged

UV stimulus, spike activity in arhabdomeric cells is

suppressed (Nolte and Brown 1972). Thus, visible

light may modulate the UV light-driven output

from ocelli. In addition, illuminating median ocelli

with visible light can phase-shift the animals’ circa-

dian clock (Horne and Renninger 1988).

Extraocular photoreceptors

Extraocular photoreceptors have been detected with

electrophysiological approaches in each segmental

ganglion and in the tail (Fig. 1B,D) (Hanna et al.

1988; Mori and Kuramoto 2004; Mori et al. 2004).

In isolated preparations of ventral nerve cord, spon-

taneous activity of motor neurons projecting out seg-

mental nerves is modulated by illuminating the

ganglia (Mori and Kuramoto 2004). Intracellular re-

cordings (Mori et al. 2004) suggest that photorecep-

tors represent less than 2% of cells in segmental
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ganglia, that they are maximally sensitive to light at

425 nm or below, that they fire spontaneous action

potentials in the dark, and that their rate of firing

increases with light intensity. Filling these cells with

dye typically revealed a roughly 100 mm diameter

soma with a single axon projecting to the contralat-

eral side of the nerve cord and then longitudinally in

the nerve cord in one or both directions. Motor

neurons projecting out segmental nerves innervate

the heart, viscera, and gills; therefore, it is speculated

that light impinging on photoreceptors in segmental

ganglia modulates the activity of these organs (Mori

et al. 2004).

Evidence for tail photoreceptors comes from stud-

ies showing that illuminating the tail with broad

spectrum visible light can phase-shift animals’ circa-

dian clock (Hanna et al. 1988). These same studies

showed that photosensitivity is apparently distributed

along the length of the tail, but tail photoreceptors

have not been identified, and their spectral tuning

has not been characterized.

Opsin expression

The results of spectral recordings from characterized

Limulus photoreceptors (Table 1) suggested that

Limulus expressed a relatively limited number of

opsins: 1. A UV light-sensitive opsin expressed in

median ocelli and larval eyes (Nolte and Brown

1970; Battelle et al. 2014). 2. A long wavelength-

sensitive (LWS) opsin expressed in both the lateral

compound eye and larval eyes (Nolte and Brown

1970). 3. A LWS sensitive opsin expressed in

median ocelli that is different from the opsin ex-

pressed in larval and lateral compound eyes (Nolte

and Brown 1970). 4. A short wavelength-sensitive

opsin expressed in segmental ganglia (Mori et al.

2004). 5. A visible light sensitive opsin expressed in

the tail with unknown spectral sensitivity (Hanna et

al. 1988). Therefore, it was a surprise to discover 18

opsin genes in the Limulus genome (Battelle et al.

2016) (Fig. 3B; Supplementary Table S1). All

Limulus opsins have been characterized and their dis-

tributions in eyes, central nervous system (CNS), and

tail have been examined (Table 1, Fig. 3).

Limulus opsins cluster among three of the four

major opsin classes (Battelle et al. 2016). Fourteen

are R-type opsins. These include: seven LWS opsins

(LpOps1-4 and 6-8); an opsin (LpOps5) that clusters

among median wavelength sensitive opsins in phylo-

genetic analyses but which has a maximum sensitiv-

ity indistinguishable from that of LWS LpOps1-4

(Battelle et al. 2014); a UV opsin (LpUVOps1),

three UV-short wavelength sensitive (SWS) opsins

(LpUVOps 2, LpOps 9, and 10), which cluster

among UV7-type opsins and two arthopsins

(LpArthOps1 and 2). In addition there are two C-

type opsins (LpCOps1 and 2) and two RGR/Go-type

or Group 4 opsins (peropsins LpPerOps1 and 2).

Table 1. Maximum spectral sensitivities of Limulus photoreceptors identified with electrophysiological recordings, the opsin they are

known to express and other opsins expressed in the same tissue.

Photoreceptive

tissue

Photoreceptor

type

Maximum

sensitivity

in nm

Opsins confirmeda

in identified

photoreceptors

Other opsins expressed

in the tissue detected

by RT-PCR References

Lateral eye Retinular cell 520–525 LpOps1-4, 5 LpOps9, PerOps1,

UVOps1

Battelle et al. (2014, 2015, 2016);

Katti et al. (2010); Nolte and Brown

(1970); and. Smith et al. (1993).

Larval eyes Giant

——————–

Smaller

520–525

—————

520–525 and 350

LpOps1-4, 5

—————–

LpOps5,

UVOps1

LpOps9, UVOps2;

ArthOps1;

PerOps1

Battelle et al. (2001); Battelle et al.

(2014, 2015, 2016); Katti et al.

(2010); and Millecchia et al. (1966)

Median ocelli Visible light

sensitive

——————-

UV light

sensitive

520–525

————–

350

LpOps7,8,9

—————-

LpUVOPs1

LpOps1-4, 5, 9,

PerOps1

Battelle et al. (2014, 2015, 2016);

Katti et al. (2010); Nolte and Brown

(1970); and Smith et al. (1993).

Segmental

ganglia

100 mm

neurons

425 or below None LpOps1-4,5,9 UVOps2,

Arthops1, PerOps1,

COps1,2

Battelle et al. (2016); Mori and

Kuramoto (2004); and Mori et al.

(2004);

Tail Unknown Visible light sensitive

Maximum Sensitivity

Unknown

None LpOps1-4,9,10, UVOps2,

ArthOps1,

PerOps1, COps1,2

Battelle et al. (2016) and Hanna

et al. (1988)

aOpsin expression confirmed by in situ hybridization or immunocytochemical assays.
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LpOps1-4 genes are considered a set because the

coding regions of their transcripts are 99% identical

to one another, and their gene products cannot be

distinguished from one another using in situ hybrid-

ization or immunocytochemical assays (Dalal et al.

2003). LpOps1-4 genes are located on the same scaf-

fold and may have resulted from tandem duplication

events (Battelle et al. 2016). Other opsins appear to

be paralogous pairs (LpOps6 and 7; LpUVOps2 and

LpOps9; LpArthops1 and 2; LpCOps1 and 2;

LpPerOps1 and 2) (Battelle et al. 2016) and may

be products of a whole-genome duplication (Nossa

et al., 2014; Kenny et al., 2015).

Of particular interest for the present discussion are

the tissue and cellular distributions of these opsins

and how their expression pattern might enhance our

understanding of ocular and extraocular photorecep-

tion. In a series of studies, the tissue expression pat-

tern of each opsin was assayed with RT-PCR, and

their cellular distributions in eyes and CNS was ex-

amined with in situ hybridization assays.

Immunocytochemistry was also applied to search

for LpOps1-4, 5, 6, UVOps1, and PerOps1 (Smith

et al., 1993; Katti et al.,2010; Battelle et al., 2014;

2015; 2016). The results of this work are summarized

in Table 1 and Fig. 3. The cellular distribution of

opsins in the tail could not be examined because

of the difficulty of applying morphological tech-

niques to the tail.

Tissue distribution

Transcripts encoding each of the opsins were de-

tected by RT-PCR in the CNS dissected from

young juveniles between their first and second juve-

nile molts, in adult eyes, in the CNS from adults and

older juveniles measuring 2.5–3.5 cm across the pro-

soma, or in the tails from older juveniles, with one

exception. LpPerOps2 transcripts were not detected

in any tissues assayed. RT-PCR assays showed that

the expression of some opsins is tissue specific.

LpOps6, 7, and 8 were detected only in the median

ocelli and LpOps10 only in the tail. Transcripts for

other opsins were detected in multiple tissues.

LpOps1-4, 5, 9, and PerOps1 were detected in all

tissues assayed; LpUVOps2 and Arthops1 in all tis-

sues except the lateral compound eyes and median

ocelli; LpCOps1 and 2 throughout the CNS and in

the tail but not in the eyes; LpUVOps1 in each eye

type and the brain but not in other CNS tissues or

the tail. LpArthOps2 was detected in the CNS of

young juveniles but not in any tissues from older

animals; thus, LpArthOps2 may be expressed only

early in development (Battelle et al. 2016).

Cellular distribution

In situ hybridization and immunocytochemical assays

further clarified opsin expression patterns but also

raised new questions. These assays revealed that

most photoreceptors in the simple eyes express

more than one opsin. Furthermore, some opsin tran-

scripts detected by RT-PCR in a tissue were not de-

tected with in situ hybridization assays, and the

Fig. 3 Limulus opsins and their expression pattern. (A) Schematic

of Limulus showing the tissues assayed for opsin expression. (B)

Left. Phylogenetic tree of Limulus opsins constructed using a

maximum likelihood analysis of amino acid sequences (Phylogen.fr

platform: http://www.phylogeny.fr/simple_phylogeny.cgi) with

Trichoplex adhaerens opsin (Accession number EDV21947) as the

out group. Accession numbers for the Limulus opsins are pro-

vided in Supplementary Table S1. Numbers on branches are aLRT

(approximate likelihood-ratio test) values for nodes supported by

greater than 70%. Limulus opsins that cluster among other ar-

thropod long wavelength sensitive (LWS) and UV-short wave-

length-sensitive (UV-SWS) are indicated. (B) Right. Tissue

distributions of opsins shown at the left. Tissues assayed are

listed at the top. (*) Tissues in which photosensitive cells have

been detected using electrophysiological techniques (see text).

Solid boxes, opsin detected by RT-PCR and in situ hybridization/

immunocytochemistry. Black/white boxes, opsin detected by RT-

PCR but not by in situ hybridization/immunocytochemistry. Black/

gray boxes, opsin detected by RT-PCR but not assayed with in situ

hybridization/immunocytochemistry. Solid white box, transcript

not detected by RT-PCR. A single set of boxes is shown for opsin

paralogs with the same distribution. ME, median eye; VE, ventral

eye; LE, lateral eye; BR brain; SY, synganglion; SG, segmental

ganglia; TL, tail. Data from Battelle et al. (2016).
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encoded proteins were not detected by immunocyto-

chemistry. Where opsin transcripts are not detected

by in situ hybridization the assumption is that their

expression level is low.

Simple eyes.The cellular distribution of opsins in

larval eyes was examined in adult ventral larval eyes,

which are considered representative for all three pairs

of larval eyes (Fahrenbach 1975; Harzsch et al. 2006;

Battelle et al. 2014). In the ventral larval eyes, RT-

PCR assays detected transcripts for 10 different

opsins: Lp1-4, 5, 9, UVOps1 and 2, Arthrops1 and

PerOps1 (Dalal et al. 2003; Katti et al. 2010; Battelle

et al. 2015, 2016). In situ hybridization and immu-

nocytochemical assays confirmed the expression of

Lp1-4, 5, UVOps1 and PerOps1, and immunocyto-

chemistry showed co-expression of LpOps1-4 and 5

in giant photoreceptors and LpOps5 and UVOps1 in

the smaller photoreceptors. LpPerOps1 expression

was confirmed by in situ hybridization and immu-

nocytochemistry in glia surrounding photoreceptors

(Battelle et al. 2001; Katti et al. 2010; Battelle et al.

2014, 2015). By contrast, transcripts encoding

LpOps9, UVOps2, and ArthOp1 were not detected

in the ventral eyes with in situ hybridization assays

(Battelle et al. 2016).

In the median ocelli, RT-PCR assays detected tran-

scripts for 11 different opsins: LpOps1-4, 5, 6, 7, 8, 9,

UVOps1, and PerOps1 (Smith et al. 1993; Katti et al.

2010; Battelle et al. 2014, 2015, 2016). Combined in

situ and immunocytochemical assays revealed that a

majority of photoreceptors express LpUVOps1, the

same UV opsin expressed in larval eyes, and that

the remaining photoreceptors co-express the LWS

opsins LpOps6, 7, and 8. No photoreceptors co-ex-

press LpUVOps1 and a visible light sensitive opsin

(Battelle et al. 2015). These data are consistent with

the electrophysiological studies described above

showing that the majority of photoreceptors in the

median ocelli are sensitive to UV light, that the vis-

ible light sensitive photoreceptors contain photopig-

ment(s) different from that found in the larval eyes

and that there are no photoreceptors with dual sen-

sitivity to UV and visible light. LpPerOps1-express-

ing glia were identified surrounding the retina, in

partitions between pseudo-ommatidia and between

photoreceptors (Battelle et al. 2015). As was the

case in the larval eyes, a number of opsin transcripts

detected in the median ocelli by RT-PCR were not

detected by in situ hybridization (LpOps1-4, 5, and

9). Furthermore, LpOps1-4 and 5 proteins were not

detected in the median ocelli by immunocytochem-

istry using antibodies that clearly detected these

opsins in ventral larval eyes (Battelle et al. 2014,

2016).

Central nervous system. All 10 opsin transcripts

detected in the ventral larval eyes by RT-PCR were

also detected in the brain. This was expected because

some ventral photoreceptor cell bodies are located on

the brain. Indeed, in situ hybridization assays of

brain whole mounts confirmed the expression of

LpOps1-4, 5, and UVOps1 transcripts in ventral

photoreceptor cell bodies located on the brain

(Battelle et al. 2016), and LpPerOps1 transcripts in

cells associated with ventral photoreceptors (Fig. 4;

Battelle et al. 2016). LpOps1-4 transcripts were also

observed in axons of lateral eye photoreceptors

where they enter the brain (Fig. 1C), but no cell

bodies or processes elsewhere in the brain stained

positively for LpOps1-4, 5, or UVOps1 transcripts,

and only ventral photoreceptor cell bodies stained

positively for LpOps1-4, 5, and UVOps1 proteins

(Battelle et al. 2016). Thus, LpOps1-4, 5, and

UVOps1 transcripts in the brain can be fully ex-

plained as originating from photoreceptors in the

eyes. Since LpUVOps1 is not detected elsewhere in

the CNS, this opsin may be eye specific.

Since LpOps9; LpUVOps2 and LpArthOp1 tran-

scripts are also present in the ventral larval eyes,

ventral photoreceptors may also be the source of

these transcripts detected in the brain. But as in

the ventral larval eyes themselves, transcripts for

these opsins were not detected with in situ hybridi-

zation assays in ventral photoreceptors located on

the brain, nor were they detected in cells elsewhere

in the brain. LpCOps1 and 2 transcripts in the brain

cannot be explained as originating from eyes, yet no

LpCOps1-or 2-expessing neurons or process were de-

tected in the brain (Battelle et al. 2016). The only

opsin transcripts detected in the brain by in situ hy-

bridization that have a cellular distribution which

cannot be fully explained by an association with

eye photoreceptors are those encoding LpPerOps1.

In addition to being in cells surrounding ventral

photoreceptor cell bodies, LPerOps1 transcripts

were detected at the periphery of lateral optic

nerves and in what appear to be processes in the

central body (Fig. 4A).

In the synganglion and segmental ganglia, RT-PCR

assays revealed transcripts encoding the same com-

plement of 11 opsins (Fig. 4B); however, in situ hy-

bridization and immunocytochemistry assays failed

to confirm expression of any of these opsins in neu-

rons. Only LpPerOps1 transcripts were detected with

in situ hybridization. These were found associated

with neuronal clusters between the large nerves proj-

ecting into the periphery, and with two or three bi-

lateral neuronal clusters in each segmental ganglion

(Fig. 4B,C). Immunocytochemistry confirmed that in
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both tissues LpPerOps1 is expressed in glia sur-

rounding neurons (Battelle et al. 2016). All opsin

transcripts detected by RT-PCR in the synganglion

and segmental ganglia were also detected in the tail.

In addition, LpOps10 transcripts were detected in the

tail. Thus, LpOps10 appears uniquely expressed in

tail (Battelle et al. 2016).

Unanswered questions

What is the impact of simple eyes and extraocular

photoreceptors on animal behavior?

As was discussed above, illuminating the ventral

larval eyes in adult animals can influence the phase

of the animal’s circadian clock. Except for this effect

on circadian rhythms, nearly nothing is known about

the importance of larval eyes for the behavior of

adults. Although larval eyes appear early in develop-

ment, the influence of visible light on the behaviors

of embryo and newly hatched larvae remains largely

unexplored, and the relative importance of UV light

has not been investigated. Photoreceptors in all larval

eyes probably respond to light for at least several

years post-hatching because juveniles remain only

lightly pigmented for at least several years. But

again, the functional relevance of illuminating larval

eyes in older juveniles is completely unknown.

Photoreceptors in ventral larval eyes clearly respond

to light in adults, and since these are the only pho-

toreceptors on the ventral surface they may provide

important directional information, but this has not

been tested.

Illuminating median ocelli with UV light produces

two clearly documented functional responses: posi-

tive phototaxis during the day, and during the night,

an increase in the sensitivity of the lateral compound

eyes. Although projections from ocellar photorecep-

tors and arhabdomeric cells in the brain are known,

the central circuits that give rise to these responses

are not known. Furthermore, the role of visible light

photoreceptors in median ocelli remains an enigma

except for their ability to phase shift the animal’s

circadian clock (Hanna et al. 1988).

Little is known about the photoreceptors in seg-

mental ganglia or their function. It is not yet known

where their photosensitivity resides, dendrites or

soma, how their activity influences motor neurons

or what specific visceral functions (if any) are influ-

enced by light. In adults, it is not clear whether light

reaches segmental ganglia with sufficient intensity to

stimulate these photoreceptors; they may have a

greater role in the physiology of the nearly transpar-

ent juveniles. Although many opsin transcripts were

detected in segmental ganglia, the opsin(s) responsi-

ble for the photosensitivity of these cells is not

known. Since the cells are maximally sensitive to

short wavelength light, LWS LpOps1-4 and LpOps5

are not candidates, but a number of other possibil-

ities remain: LpOps9, Arthop1, and COps1 and 2.

Even less is known about photoreceptors in the

tail. The tail is clearly photosensitive along its full

length, and illuminating the tail can phase-shift the

animal’s circadian clock (Hanna et al. 1988), but

neither the photoreceptors responsible nor their

spectral sensitivity have been characterized. Also un-

known is the nature of the central circuitry underly-

ing the effects of illuminating the tail on the animal’s

central circadian clock, which is located in the brain

(Kass and Barlow 1992). Any of the many opsins

expressed in the tail may contribute to its photosen-

sitivity, but LpOps10 is particularly interesting be-

cause its expression appears tail specific (Battelle et

al. 2016).

What is the functional relevance of opsin co-expres-

sion? Of opsins that are expressed at very low levels?

Of the broad expression of LpPerOps1?

Where co-expressed opsins have different spectral

sensitivities, they presumably broaden the spectral

sensitivity of the photoreceptor. For example, the

Fig. 4 Distribution of LpPerOps1 transcripts in CNS. LpPerOps1

transcripts were detected by in situ hybridization in brain, syn-

ganglion, and segmental ganglia of older juveniles. Representative

whole-mount of the CNS of an older juvenile incubated with

antisense probe targeting LpPerOps1 transcripts. (A) Brain,

dorsal view. Transcripts were detected in the ventral optic nerve

(VON), in cells surrounding the lateral optic nerve (L) and in the

central body (CB). Scale bar, 0.5 mm. (C) Synganglion, ventral

view. Transcript was associated with cell clusters located be-

tween large nerve roots projecting to the periphery. Scale bar,

0.5 mm. (B) Third segmental ganglion, ventral view. Transcript

was typically associated with two, sometimes three, bilateral cell

clusters (arrows) in each segmental ganglion. Scale bar, 0.25 mm.
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smaller photoreceptors in larval eyes described above

express LWS LpOps5 and LpUVOps1, and they are

sensitive to both visible and UV light. It is more

difficult to explain the functional relevance of co-ex-

pression where the opsins have the same spectral

sensitivity, as in the giant photoreceptors of larval

eyes that co-express LpOps1-4 and 5 (Katti et al.

2010; Battelle et al. 2014). However, in these giant

photoreceptors, the concentrations of LpOps1-4 and

5 proteins in rhabdomes are regulated differently.

The concentration of LpOps1-4 in rhabdomes

changes dramatically day-to-night whereas the con-

centration of LpOps5 remains relatively stable (Katti

et al. 2010). A decrease in total opsin concentration

in these rhabdomes probably reduces photoreceptor

sensitivity, but it is not yet known whether a change

in relative concentrations of LpOps1-4 and 5 impacts

photoreceptor function. The visible light sensitive

photoreceptors in median ocelli also express multiple

LWS opsins (LpOps6, 7, and 8) (Battelle et al. 2015).

The spectral sensitivities of the individual opsins are

not yet known, nor is it known whether their relative

levels change day-to-night.

A particularly puzzling finding is that transcripts

encoding a number of opsins detected by RT-PCR in

Limulus simple eyes and CNS were not detected by

in situ hybridization, nor were the encoded proteins

detected by immunocytochemistry (Table 1 and Fig.

3). In eyes, where some opsins are clearly highly ex-

pressed, it is tempting to consider those opsins ex-

pressed at apparently much lower levels as trace

opsins with no functional significance. However,

this may not be the case. In situ hybridization and

immunocytochemical assays failed to confirm neuro-

nal expression of any opsin in the CNS, yet photo-

sensitive neurons are present in segmental ganglia.

This may mean that even low levels of opsin expres-

sion can support a physiological response to light. If

this is the case, finding multiple opsins expressed

throughout the Limulus CNS could point to the in-

teresting possibility that photosensitivity in the

Limulus CNS is far more wide-spread than currently

appreciated with functions yet to be discovered.

The expression pattern of LpPerOps1 raises new

questions about its function. Peropsins were origi-

nally detected in eyes (Sun et al. 1997), and as in

Limulus, most often in cells closely associated with

photoreceptors (Battelle et al. 2015). The best current

hypothesis regarding peropsin functions is that they

are bistable photopigments and retinal photoisome-

rases (Nagata et al. 2010) that in invertebrates recycle

chromophore released from rhodopsin internalized

and degraded during rhabdom shedding (Wang et

al. 2012). The presence of LpPerOps1 in cells

within fiber tracks in the brain and surrounding

many neurons in the synganglion and segmental gan-

glia suggests LpPerOps1 must have other functions

as well.

Although photosensitivity in the American horse-

shoe crab has been studied for more than 80 years

and much has been learned, clearly much remains to

be discovered. A recently-generated high-quality

genome assembly of Limulus (Battelle et al. 2016)

should hasten these discoveries.
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