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Extraocular photoreceptors exist across a wide range of taxa, and there is much 

interest in learning more about these types of photoreceptors. Many tissues, 

including the central nervous system, light organ, lateral line, genitalia, and skin, 

can contain photoreceptors utilized for a variety of tasks, such as regulation of 

circadian cycles, copulation, escape responses, and counterillumination. Many 

studies have focused on the presence of non-visual opsins that couple to 

phototransductive pathways different than those used for vision (e.g. melanopsin, 

pinopsin, parapinopsin). However, new evidence suggests that extraocular 

photoreceptors may also incorporate visual opsins and utilize phototransductive 

pathways typical of visual photoreceptors. 

 



In this dissertation, three animal phyla were used to contribute new knowledge 

concerning extraocular photoreceptors, including the presence of molecular 

components of visual phototransduction in extraocular tissues. Crustaceans, 

cephalopods, and fish represent a diverse sampling of animals that are 

hypothesized to have unique and undescribed extraocular photoreceptors that 

function using typical visual phototransduction pathways. 

 

Crayfish have a photoreceptor called the caudal photoreceptor, which initiates 

shadow-seeking behaviors as a means of concealment. This photoreceptor is 

located in the sixth abdominal ganglion of the ventral nerve cord and is 

hypothesized to function using an opsin based visual pigment. I found two opsin 

transcripts in the retina and in each ganglion of the central nervous system, 

including the sixth abdominal ganglion in the red swamp crayfish, Procambarus 

clarkii. The long-wavelength sensitive (LWS) opsin protein, expressed in the 

main rhabdoms of the retina and the short-wavelength sensitive (SWS) opsin, 

expressed in the R8 cells distal to the main rhabdoms, are also expressed in 

small nerve fibers in the cerebral ganglion and throughout the ventral nerve cord, 

including the sixth abdominal ganglion. The presence of opsin transcripts and 

proteins throughout the central nervous system suggests that the caudal 

photoreceptor could function using visual opsins and a visual phototransduction 

pathway, but also that unidentified photoreceptors exist throughout the central 

nervous system. 



Cephalopods use chromatophores for camouflage and signaling. Interestingly, 

rhodopsin, retinochrome, Gqα, and squid transient receptor potential channel 

gene transcripts were discovered in my research in skin and muscle tissues of 

the squid Doryteuthis pealeii and the cuttlefishes Sepia officinalis and Sepia 

latimanus. In fact, rhodopsin, retinochrome, and Gqα proteins are expressed in 

specific regions of chromatophore organs that are used for camouflage and 

signaling in D. pealeii including the pigment sacs, radial muscle fibers, and 

sheath cells. Furthermore, D. pealeii fin muscle, hair cells, axial ganglia, and 

peduncle nerves express rhodopsin and retinochrome proteins, which suggest 

the presence of photoreceptors in many tissues throughout their bodies. 

 

Similar to cephalopods, flat fish (including the summer flounder, Paralichthys 

dentatus) are known to use dynamic patterning to achieve camouflage and 

signaling. Some fish chromatophores can contain photoreceptors, but fish that 

use dynamic patterning have not yet been investigated. Five visual opsin 

transcripts were identified in dermal tissues from all regions of the body of P. 

dentatus, all identical to those expressed in the retina. Additionally, one 

melanopsin transcript identical to a melanopsin transcript found in the retina is 

located in the ventral skin, dorsal fin, and caudal fin. Interestingly, the five visual 

opsins, when expressed in the retina, are expressed in photoreceptors that 

detect light for image formation. Conversely, melanopsin is a well-described non-

visual retinal opsin that is expressed in photoreceptors that are primarily involved 

in non-image forming vision. Given these results, it is possible that flounders 



have dermal photoreceptors in their chromatophores that utilize visual and non-

visual opsins, and that these photoreceptors may play a role in dynamic 

patterning in the dermis of these animals. 

 

Collectively these results suggest that visual opsins and visual phototransduction 

components are commonly utilized in extraocular photoreceptors across a wide 

range of animals. This research also suggests that many animals have 

extraocular photoreceptors that are unidentified and require greater attention to 

learn about the molecular, physiological, and functional characteristics of such 

photoreceptive systems. 
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CHAPTER 1: Introduction and Background 

 

Introduction 

Sensory systems are important to all organisms. For many animals, the ability to 

detect light is particularly critical. Light detection provides information about day 

length and seasonality and provides the basis for vision. Vision provides animals 

with the ability to detect motion and form images. Photoreceptors, cellular 

structures that contain the components to detect light, can be organized into 

highly efficient assemblages, such as retinas, which transduce electrical signals 

for image formation and motion detection. Visual photoreceptors are typically 

described as those located in the retina and dedicated to vision. Photoreceptors 

can also be organized in a number of other ways. These are called non-visual 

photoreceptors. In contrast to visual photoreceptors, non-visual photoreceptors 

can exist anywhere, including the retina, and are dedicated to detection of 

general aspects of light, including intensity, duration, and sometimes direction. 

Non-visual photoreceptors do not support image formation or motion detection. A 

subset of non-visual photoreceptors, called extraocular photoreceptors, exists in 

tissues other than eyes and in many animals.  

 

Generally, visual and non-visual photoreceptors employ seven-transmembrane 

alpha-helical proteins called opsins. Opsin proteins form visual pigments, the 

molecules responsible for light detection, when they are covalently bound to a 

vitamin A-derived chromophore. When it absorbs a photon, the visual pigment 
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activates a heterotrimeric G-protein, also called a guanine nucleotide-binding 

protein. The attributed G-protein signals a downstream cascade, which involves 

second messengers and ultimately the opening or closing of ion channels, 

thereby initiating a cellular signal.  

 

Generally, two types of photoreceptors exist, ciliary and rhabdomeric. In typical 

ciliary phototransduction (best described in vertebrate retinas, except in the case 

of melanopsin), light activates a ciliary opsin (Figure 1.1A). This leads to 

activation of the G-protein transducin (Gt) and phosphodiesterase (PDE). Active 

PDE hydrolyzes cyclic GMP, which activates cyclic nucleotide gated-channels 

(CNG) (Diaz and Sprecher, 2011) and the decrease in cGMP results in 

hyperpolarization of the photoreceptor cell. In typical rhabdomeric 

phototransduction (best described in the retinas of Drosophila), a rhabdomeric-

type opsin is thought to bind a Gq G-protein (Figure 1.1B). Dissociation of the 

heterotrimeric G-protein activates phsopholipase C (PLC) which cleaves 

phosphotidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) 

and diacylglycerol (DAG). IP3 and DAG signal downstream to activate transient 

receptor potential channels (TRP) (Dias and Sprecher, 2011), which results in 

depolarization of the photoreceptor cell. 

 

While most non-visual photoreceptors utilize opsin proteins (Table 1.1 and Table 

1.2; Figure 1.2), some operate using other proteins such as cryptochrome, lite-1, 

and Gr28b, as well (Chaves et al., 2011; Liu et al., 2010; Xiang et al., 2010). 
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While these are important examples of non-opsin based photoreception, the 

research described here focuses solely on non-visual photoreceptors involving 

opsins. 

 

Non-visual Photoreception Systems and Photopigments 

The presence, physiology, functions, and behaviors associated with non-visual 

photoreceptors have been studied for nearly a century (Prosser, 1934; Welsh, 

1934). Beginning with the early studies on crayfish caudal photoreceptors, many 

physiological studies have shown that non-visual photoreception is widespread. 

Currently, each class of vertebrate is known to possess non-visual 

photoreceptors. Most types of invertebrates, including annelids, molluscs, 

arthropods, and echinoderms are also known to posses non-visual 

photoreceptors. Non-visual photoreceptors can be classified into two groups. The 

first group consists of photosensitive interneurons located in or directly 

associated with the central nervous system (CNS; Table 1.1). Examples of CNS 

non-visual photoreceptors include interneurons in the terminal ganglion of many 

decapod crustaceans, intrinsically photosensitive retinal ganglion cells (ipRGCs; 

Figure 1.2) in the inner retina of mammals, neurons in the pineal glands of non-

mammalian vertebrates, and intracerebral stemmata in the several lepidopterans 

(Briscoe and White, 2004; Foster and Hankins, 2002; Lampel et al., 2005; 

Prosser, 1934; Provencio et al., 2000; Welsh, 1934). The second group includes 

cells, neurons, organs, and structures outside of the CNS. Examples include 

chromatophores in fish, cephalopods, and amphibians (Figure 1.4), the light 
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organ of bobtail squids, the trunk lateral line nerve in lampreys, and two neurons 

in the genitalia of papilionid butterflies (Arikawa et al., 1991; Ban et al., 2005; 

Hara and Hara, 1980; Kasai and Oshima, 2006; Lythgoe et al., 1984; Mathger et 

al., 2010; Ronan and Bodznick, 1991). 

 

Vertebrates in all classes except mammals have photosensitive pineal 

complexes (Meissl and Yanez, 1994) (Figure 1.5). The pineal organ, parapineal 

organ, and parietal eye of non-mammalian vertebrates develop from the 

forebrain and express a number of non-visual opsins, including pinopsin and 

parapinopsin. The photoreceptors within these structures can also express the 

visual opsin rhodopsin (Maronde and Stehle, 2007), which is typically expressed 

in rod cells within the retina. While the presence of rhodopsin may initially have 

been unexpected, many photoreceptors have since been shown to utilize visual 

opsins, like rhodopsin and other retinal opsins, to function in extraocular tissues.  

 

Mammals, amphibians, and fish express melanopsin in the retina and in other 

regions of the body. Melanopsin, found in ipRGCs, is an unusual opsin that 

regulates many non-visual light-based functions for vertebrates, is a key example 

of a non-visual opsin (Figure 1.3). First discovered in the melanocytes (darkly 

pigmented cells in the skin) of Xenopus laevis where it is thought to be involved 

in pigmentation changes (Figure 1.4), melanopsin in the retina is known to 

regulate numerous functions including the pupillary light reflex and circadian 

rhythmicity (in Xenopus) (Provencio et al., 2000; Provencio et al., 1998). 
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Interestingly, melanopsin shares greater sequence homology with many 

invertebrate opsins than it does with typical vertebrate opsins, even though it has 

only been characterized in vertebrates and in the cephalochordate, amphioxus 

(Koyanagi et al., 2005). Melanopsin is a rare example of a non-visual opsin, as it 

exists both in the retina and in the skin (and elsewhere) of some vertebrates. It is 

the only example of a photoreceptor molecule expressed in the retina that is 

primarily involved in non-visual photoreception. 

 

Unlike melanopsin, the great majority of non-visual opsins are expressed outside 

of the retina. Given the diversity of known non-visual photoreceptors and their 

corresponding opsins, the expression of visual opsins in non-visual 

photoreceptors has been generally unexpected. However, many studies have 

documented the presence of opsins typically used in the retina for vision in many 

extraocular tissues.  

 

For instance, in the squid, Todarodes pacificus, visual rhodopsin is expressed in 

the parolfactory vesicles. These vesicles are arranged ventrally, along the optic 

tract. They are thought to be useful during diel migration to regulate depth, based 

on ambient light levels (Hara and Hara, 1976). Neon tetra (Paracheirodon innesi) 

and Nile tilapia (Oreochromis niloticus) also express visual opsins in their skin 

(Ban et al., 2005; Kasai and Oshima, 2006; Chen et al., 2013). In these fish, 

chromatophores, pigment cells in the skin, respond directly to light. This light 

response is thought to be controlled by photoreceptor molecules in the 
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chromatophores themselves. Specifically, the same cone opsins as those 

expressed in the retina for color vision are found in the chromatophores and are 

thought to be responsible for this direct light reception. Studies of opsin 

expression in the retina and extraretinal tissues throughout animals have led to a 

great broadening of our understanding of how retinal opsins may be used in 

extraocular tissues for general light detection. 

 

Thus, the expression of visual opsins in extraocular photoreceptors appears to 

be common. In many cases, this seems to be the result of pleiotropy. This 

genetic event results in the use of the same gene in different contexts, which 

may be responsible for the expression of phototransduction genes, and ultimately 

proteins in multiple tissues. Therefore, it is possible that any available opsin may 

be utilized for photoreception throughout an animal. For continuity with current 

literature, I will continue to distinguish opsins as visual and non-visual, as this 

distinction is imperative to the understanding of this dissertation. 

As already noted, crustaceans, cephalopods, and fish are all known to have 

extraocular photoreceptors. These three groups represent animal phyla 

(arthropods, molluscs, and chordates) that are phylogenetically distantly related. 

Investigating non-visual photoreception across such varied groups of animals 

can significantly contribute to our understanding of non-visual photoreception 

across animals and allow a better understanding of the various molecular 

mechanisms that are used throughout non-visual photoreceptors.  
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Crustacean Extraocular Photoreceptors 

Several species of crustaceans have extraocular photoreceptors that have been 

studied physiologically, though none has been studied at the molecular level. 

Using electrophysiological recordings and behavioral experiments, Prosser 

(1934) and Welsh (1934) first showed that the tail of the crayfish, Procambarus 

clarkii, had light sensitive structures. Subsequent studies showed that 

illumination of the sixth abdominal ganglion, which was found to be the site of the 

caudal photoreceptor (CPR), evokes a backwards walking or tail flexing motion in 

crayfish. A number of other decapods, including the blue mud shrimp (Upogebia 

pugettensis), the California spiny lobster (Panulirus interruptus), the white shrimp 

(Penaeus setiferous), and the sand shrimp (Crangon septemspinosus) also have 

functionally characterized caudal photoreceptors (Wilkens and Larimer, 1976) 

(Figure 1.6). Interestingly, not all decapod crustaceans seem to have functional 

caudal photoreceptors. For instance, the lobster Homarus apparently lacks an 

electrophysiological or behavioral response to stimulation of the sixth abdominal 

ganglion (Wilkens and Larimer, 1976).  

 

Many studies hypothesize that CPR stimulation initiates or otherwise influences 

escape behavior, but Wilkens (1988) suggests that the CPR is used in 

conjunction with the eyes to elicit a shadow-seeking behavior, rather than an 

escape behavior. Crayfish lacking CPRs can successfully locate shadowed 

regions of a tank; crayfish lacking eyes can also successfully navigate to 
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shadowed regions, though these behaviors are significantly slowed compared to 

crayfish with intact eyes and CPRs (Wilkens, 1988). 

 

The opsin responsible for long-wavelength light sensitivity in the retina (known as 

a long-wavelength sensitive opsin) is thought to utilize a typical rhabdomeric 

photoreceptor pathway, where activation of a visual pigment allows binding of a 

Gq G-protein that activates phospholipase C to generate a second messenger 

(Diaz and Sprecher, 2011). The result of this signaling cascade is the opening of 

transient receptor potential channels (TRP) and the depolarization of the cell. 

The opsin responsible for short-wavelength sensitivity in the retina has not been 

identified.  

 

Locating components of phototransduction that are identical in the retina and 

extraocular tissues may suggest that the molecular basis for these 

photoreceptors results from pleiotropy. In this case, an opsin (or opsins) and the 

other associated phototransduction genes that were once considered part of a 

visual phototransduction cascade may be utilized to detect light in non-visual 

photoreceptors. 

 

Cephalopod Extraocular Photoreceptors 

As mentioned earlier, several cephalopod species have well-described 

extraocular photoreceptors, located in a variety of tissues. Young et al. (1979) 

describe dorsal vesicles in the squid, Abraliopsis, that are light sensitive. It is 
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thought that these light-sensitive structures are responsible for detecting 

downwelling light. The animal uses these organs to control counterillumination by 

adjusting the bioluminescence of the light organ (Young et al., 1979). Although 

an opsin is not specifically implicated in this system, more recent work shows 

that opsins are indeed responsible for non-visual light sensitivity in three species 

of cephalopods (Hara and Hara, 1980; Tong et al., 2009).  

 

Hara and Hara (1980) reported the presence of rhodopsin in parolfactory vesicles 

in the squid, Todarodes pacificus. This was the first evidence of rhodopsin 

expression outside of the eyes in cephalopods. Hara and Hara (1980) 

hypothesized this photopigment to be rhodopsin based on the absorption 

spectrum of the pigments extracted from the parolfactory vesicles. Similarly, a 

retinal photoisomerase, retinochrome, was also identified using the absorption 

spectrum from pigments extracted from parolfactory vesicles. Retinochrome is 

thought to regenerate chromophore for use by rhodopsin (Sperling and Hubbard, 

1975).  

 

More recently, Tong et al. (2009) identified the presence of retinal rhodopsin in 

addition to the G-protein thought to function in rhabdomeric phototransduction 

(Gq), phospholipase C (PLC), transient receptor potential channel (TRP), 

rhodopsin kinase (RK), visual arrestin, and RALPB (retinal binding protein) in the 

bioluminescent organ of the squid Euprymna scolopes. These molecular data 

indicated that the light organ has the molecular machinery to function as a 



	   10	  

photoreceptor and to respond directly to light stimuli which was subsequently 

confirmed electrophysiologically (Figure 1.7). As in Abraliopsis, described above, 

E. scolopes is thought to use light-organ photoreceptors to regulate its 

counterillumination by detecting differences in light intensity of downwelling light 

and light emitted from the bioluminescent organ.   

 

Visual rhodopsin has been identified in several dermal tissues in cephalopods. 

The cuttlefish, Sepia officinalis, expresses rhodopsin transcripts in fin and mantle 

tissue (Mathger et al., 2010). Derived amino acid sequences in the retina and fin 

are identical in S. officinalis, and two transcripts from the ventral skin differ from 

retinal rhodopsin by a single amino acid (Mathger et al., 2010). The amino acid 

difference in S. officinalis (Mantle VC1 and Mantle VC2) occurs at amino acid 

413 for Mantle VC2 and amino acid 465 for Mantle VC1. These changes, if real, 

likely do not affect spectral sensitivity as they occur in the cytoplasmic tail of the 

gene. This study suggests that cuttlefish have putative photoreceptors in the 

skin. Chromatophores are pigment-containing organs in the skin of cephalopods 

that are involved in visually controlled rapid color change. These organs consist 

of a pigment sac to which radially arranged muscle fibers are directly attached, 

and in squids and cuttlefish, sheath cells surround the pigment sac. When the 

radial muscles contract, the highly elastic pigment sac is stretched open to reveal 

the colored pigment within the sac. When radial muscles relax, the pigment sac 

is allowed to retract and become almost completely invisible.  
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Interestingly, all opsins identified extraretinally in cephalopods are identical (or 

nearly identical) to that expressed in the retina in the respective species. Coleoid 

cephalopods are unique in that only one opsin transcript and protein have been 

identified in any species. Similarly, other phototransduction components, 

including retinochrome, Gq, phospholipase C, retinal binding protein, transient 

receptor potential channel, visual arrestin, and rhodopsin kinase are thought to 

be unique among cephalopods (Arendt, 2003; Davies et al., 1996; Monk et al., 

1996). All extraocular photoreceptors known today in cephalopods are 

hypothesized to use the exact same phototransduction components in 

photoreceptors outside the retina. 

 

Fish Extraocular Photoreceptors 

Fish have many classes of non-visual and/or extraocular photoreceptors. 

Zebrafish are known to have intrinsically photosensitive retinal ganglion cells 

(ipRGCs) in the retina that express melanopsin and are involved in circadian 

cycling (Davies et al., 2011). Zebrafish express five different melanopsin genes, 

each in a different layer of the retina (Matos-Cruz et al., 2011). The expression 

pattern of different melanopsins in zebrafish differs from the expression of 

different types of ipRGCs in the ganglion cell layer of mammals (Figure 1.2). Fish 

also have photoreceptors that are not melanopsin-based in the deep brain, pineal 

gland, parapineal gland, spinal cord, and skin (Ban et al., 2005; Chen et al., 

2013; Foster and Soni, 1998; Friedmann et al., 2015). 
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Dermal photoreceptors in several species of fish not only contain opsin, but also 

directly respond to light. Light detection in dermal photoreceptors is thought to 

regulate coloration in the associated chromatophores. Like those of cephalopods, 

fish and amphibian chromatophores contain colored pigments. However, 

cephalopod and fish chromatophores are not homologous (Figure 1.8). Fish 

chromatophores are single cells that contain pigment granules that are 

distributed by their movements on microtubules whose tracts are predefined. 

These cells do not move dynamically like cephalopod chromatophores, which are 

composed of many cell types, making them actual organs. Fish are hypothesized 

to use dermal photoreceptors to modulate coloration and/or to determine if the 

body is exposed to light. While dermal photoreceptors may have a role in 

detecting light for the circadian clock (or other non-visual tasks), many 

researchers hypothesize that dermal opsins are solely used locally to signal the 

presence of light to control expansion or contraction of the pigmented 

chromatophore (Ban et al., 2005; Kasai and Oshima, 2006; Oshima, 2001).   

 

Neon tetra, Paracheirodon innesi, express a photopigment in the iridophores that 

are responsible for color change along the lateral stripe (Lythgoe et al., 1984). 

Studies show that iridophores respond directly to light. Opsins are implicated in 

the response of the iridophores, as molecular analysis reveals the presence of 

rhodopsin and two cone opsins in the skin of P. innesi. At least one of these 

opsins is thought to be responsible for mediating the direct response to light 

(Figure 1.9). The response elicited by light in these iridophores is also 
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wavelength dependent, where the reflected light from iridophores changes from 

violet to blue upon illumination with 500nm light, but 400nm and 600nm light do 

not cause changes in iridophore color (Kasai and Oshima, 2006).  

 

Light-sensitive chromatophores exist in cichlids as well. Erythrophores (red 

pigment cells) in Nile tilapia, Oreochromis niloticus, respond directly to light by 

pigment aggregation or dispersion depending on the wavelength of illumination 

(Figure 1.10). Two cone opsins were originally identified in the erythrophores of 

Nile tilapia and were thought to be responsible for their light sensitivity (Ban et 

al., 2005). More recently, additional opsins including SWS1, SWS2a, SWS2b, 

RH2aα, RH2aβ, RH2b, and LWS were found in erythrophores and melanophores 

in the tail of O. niloticus. When illuminated with light, regardless of wavelength, 

pigments in melanophores dispersed. However, erythrophores displayed 

wavelength-dependent dispersion and aggregation of pigments. Short-

wavelength light induced aggregation of pigments in erythrophores, while long-

wavelength light induced dispersion (Chen et al., 2013).  

 

Project Overview 

In my research, I utilized molecular techniques to characterize putative 

photoreceptors in the central nervous systems of crayfish and cephalopods and 

in the skin of cephalopods and fish. In crayfish, I characterized and examined the 

expression patterns of the two opsins known to exist in the retina both retinally 

and throughout the central nervous system. While the long-wavelength sensitive 
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(LWS) opsin in the main rhabdoms of the retina has been studied for decades 

(Hariyama et al., 1993), the short-wavelength sensitive (SWS) opsin that is 

expressed in R8 cells was formerly undescribed. I confirmed the sequence of the 

LWS transcript and identified the SWS transcript in the retina, and located these 

two transcripts and proteins in each ganglion of the ventral nerve cord in the red 

swamp crayfish, Procambarus clarkii. In cephalopods, I searched for rhodopsin, 

retinochrome, Gqα, and squid transient receptor potential channel (sTRP) 

transcripts and/or proteins in the skin. In the common cuttlefish Sepia officinalis, 

and the broadclub cuttlefish, Sepia latimanus, I identified the presence of 

rhodopsin and retinochrome transcripts in the retina and throughout dermal 

tissues. In the longfin squid, Doryteuthis pealeii, I located rhodopsin, 

retinochrome, Gqα, and sTRP transcripts in retinas and dermal chromatophore 

organs. I showed that rhodopsin, retinochrome, and Gqα proteins are expressed 

in the retina, and in pigment sac membranes, radial muscle fibers, and sheath 

cells of chromatophore organs. I also showed that rhodopsin and retinochrome 

proteins are present in parolfactory vesicles, hair cells, muscle tissues, and arm 

ganglia. Finally, in the summer flounder, Paralichthys dentatus, I searched for the 

presence of all visual opsins and the non-visual melanopsins in the retina and 

skin. These studies offer greater understanding of the presence and properties of 

extraocular photoreceptors throughout a number of animal species in three 

distinct animal phyla.  
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Table 1.1 Location and classification of CNS photoreceptors and 

photopigments 

Location Photoreceptor Species Opsin References 
Pineal Organ 
 

Pineal neurons Gallus gallus 
Podarcis sicula 
Anolis carolinensis 
Raja clavata 

Pinopsin 
Pinopsin 
Pinopsin 
Opsin 

Okano et al., 1994  
Frigato et al., 2006  
Kawamura and 
Yokoyama, 1997 
Vigh-Teichmann et al., 
1983 

Parapineal Organ Parapineal neurons Ichtalurus punctatus Parapinopsin Blackshaw and 
Snyder, 1997 

Brain  
 
 
 

Unknown 
Unknown 
Unknown 
Somata 
Intracerebral stemmata 
 
 
 
Intracerebral stemmata 
 
Intracerebral ocelli 
 
Dorsal and ventral anterior 
protocerebral cells 
 
Intracerebral ocelli 
Unknown 
Lateral/median ocelli 

Mus musculus 
Mus musculus 
Homo sapiens  
Cherax destructor 
Manduca sexta, 
Acherontia atropos, 
Agruis convlvui, Hippotion 
celerio 
Vanessa cardui 
 
Drosophila melanogaster 
 
Bombyx mori 
 
 
Talitrus saltator 
Platynerius dumerilii 
Limulus polyphemus 

Encephalopsin 
Neuropsin 
Neuropsin 
Unknown 
UV-, blue-, green- 
opsin 
 
 
UV-, green- opsin 
 
Blue-, green-opsin 
 
Boceropsin 
 
 
Unknown 
Ciliary Opsin 
Opsin 

Blackshaw and 
Snyder, 1999 
Tarttelin et al., 2012 
 
Sandeman et al., 1990 
 
Lampel et al., 2005  
 
 
 
 
Briscoe and White, 
2004 
 
Smith et al., 1993 
Malpel et al., 2002 	  
Mita et al., 2004 
 
  
 
Frelon-Raimond et al., 
2002 
Arendt et al., 2004 
Mori and Kuramoto, 
2004 

Inner Retina ipRGCs All mammals Melanopsin Provencio et al., 2000 

Nerve cord Interneurons 
 
 
 
 
 
 
Ventral neuron 
 
 
 
 
Segmental nerves 

Procambarus clarkii 
Orconectes virilis 
Upogebia pugettensis 
Panulirus interruptus 
Penaeus setiferous 
Crangon septemspinosus 
Galathea strigosa 
Aplysia, Onchidium, Helix 
 
 
 
 
Limulus polyphemus 

LWS opsin 
Opsin 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
 
 
 
 
Opsin 

Preliminary Data 
Preliminary Data 
 
Wilkens and Larimer, 
1976 
 
 
 
 
 
Andresen and Brown, 
1979 
Kartelija et al., 2005 
Mori and Kuramoto, 
2004 
Nishi and Gotow, 1992 
Millecchia et al., 1966  
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Table 1.2 Location and classification of non-CNS photoreceptors and 

photopigments 

Location Photoreceptor Species Opsin Reference 
Skin 
 

Chromatophores 
Chromatophores 
Chromatophores 
Iridophores 
Erythrophores 
 
Melanophores 

Sepia officinalis 
Sepia latimanus 
Loligo pealeii 
Paracheirodon innesi 
Oreochromis niloticus 
 
Xenopus laevis 

Rhodopsin 
Rhodopsin 
Rhodopsin 
MWS/LWS opsins 
MWS/LWS opsins 
 
Melanopsin 

Mathger et al., 2010 
Preliminary Data 
Preliminary Data 
Kasai and Oshima, 2006  
Ban et al., 2005 
Lythgoe et al., 1984  
Provencio et al., 1998 

Light Organ Parolfactory Vesicles 
Light Organ 
Dorsal Vesicles 

Todarodes pacificus 
Euprymna scolopes 
Abraliopsis sp. 

Rhodopsin 
Rhodopsin 
Unknown 

Hara and Hara, 1980 
Tong et al., 2009 
Young et al., 1979 

Lateral Line 
and Tail 

Trunk lateral line 
nerve 

Petromyzon marinus Unknown Binder and McDonald, 2008 
Ronan and Bodznick, 1991 

Genitalia Sensory neurons Papilio xuthus Unknown Arikawa et al., 1991 
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Figure 1.1. Phototransduction pathway of ciliary photoreceptors (A) and 

rhabdomeric photoreceptors (B). Vertebrate photoreceptors typically function 

using a ciliary phototransduction pathway. In ciliary phototransduction, light 

activates a ciliary opsin. Activation of the opsin activates a heterotrimeric G-

protein called transducin (Gt) while also activating phosphodiesterase (PDE). 

Phosphodiesterase hydrolyzes cyclic GMP (cGMP), which ultimately closes 

cyclic nucleotide gated (CNG) channels and results in hyperpolarization of the 

cell. Invertebrate photoreceptors typically function using a rhabdomeric 

phototransduction pathway. In rhabdomeric phototransduction, light activates a 

rhabdomeric opsin. Activation of the rhabdomeric opsin activates a heterotrimeric 

G-protein, thought to be Gq. Activation of Gq cleaves phosphotidylinositol 4,5-

bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol 

(DAG). IP3 and DAG signal downstream, which ultimately results in activation of 

transient receptor potential (TRP) channels and depolarization of the cell. 

Adapted from Diaz and Sprecher, 2011. 
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Figure 1.2. Maximum-likelihood phylogeny of opsins. Branch colors indicate 

the photoreceptor cell type and circles indicate tissues where each opsin is 

expressed. Many opsins are expressed in retinal tissue in the eye, as indicated 

by the blue circles. Many opsins are also expressed in the brain and central 

nervous system, indicated in red. Some opsins are expressed in skin and 

unspecified ‘other’ tissue, as denoted in orange and yellow, respectively. 

Adapted from Porter et al. (2011).  
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Figure 1.3.  ipRGCs in the ganglion cell layer are non-visual photoreceptors 

in the inner retina of vertebrates that express melanopsin, a non-visual 

opsin. ipRGC subtypes (M1, M2, M3, M4, M5) are classified based on 

morphology, and on somatic and dendritic localization. ONL, outer nuclear layer 

(rods and cones); OPL, outer plexiform layer (dendrites of horizontal cells); INL, 

inner nuclear layer (bipolar, amacrine and horizontal cells); IPL, inner plexiform 

layer (region of dentritic-axonal interactions between bipolars, amacrines, and 

ganglion cell dendrites); GCL, ganglion cell layer (ipRGCs). Adapted from 

Schmidt et al. (2011). 
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Figure 1.4. Amphibian melanophores (black pigment cells) contract in light 

and expand in dark. Tail fins from larval Xenopus laevis (African clawed frog), 

Rana piricac (Ezo brown frog), Hyla japonicus (Japanese tree frog), and 

Hynobius retardatus (Ezo salamander) were removed and illuminated. Adapted 

from Moriya et al. (1996).  
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Figure 1.5. Diagrams summarizing photoreceptor locations in the retinas 

and brains of (A) teleost fish, (B) amphibians, (C) reptiles, and (D) birds. 

The representation of photoreceptors in the retina indicates the presence of 

visual photoreceptors and ipRGCs. All groups have pineal organs. Reptiles and 

amphibians have extracranial organs called the parietal eye and frontal organ, 

respectively. A, adenohypophysis; F, forebrain; H, hypothalamus, LS, lateral 

septum; M, mid-brain; NMPO, nucleus magnocellularis preopticus; N 

neurohypophysis; OC, optic chiasm; SH, subhabenular. Adapted from Foster and 

Soni (1998). 
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Figure 1.6. Electrophysiological recordings of caudal photoreceptors 

(CPRs) in five species of decapod crustaceans. A schematic of the sixth 

abdominal ganglion of each species is illustrated on the right, and cross-sections 

of the segmental 5-6 connectives in each species are reproduced on the left. 

Recordings show light sensitivity in the CPRs of Procambarus clarkii (red swamp 

crayfish), Upogebia pugettensis (blue mud shrimp), Panulirus interruptus 

(California spiny lobster), Penaeus setiferous (white shrimp), and Crangon 

septemspinosus (sand shrimp). Adapted from Wilkens and Larimer (1976). 
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Figure 1.7. Electroretinograms from the eyes and light organs of the 

Hawaiian bobtail squid, Euprymna scolopes, show that hyperpolarizations 

in the light organ contrast with depolarizations in the retina. As light organs 

grow, hyperpolarizations increase, as evidenced by hatchling versus juvenile light 

organ recordings. Adapted from Tong et al. (2009). 
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Figure 1.8. Schematic representation of chromatophores from (A) 

cephalopods and (B) fish. Cephalopod chromatophores consist of a highly 

reticulated pigment sac membrane (m) to which radially arranged muscle fibers 

(r) are directly attached (n, radial muscle fiber nuclei). Surrounding the pigment 

sac are sheath cells (sc). In contrast, fish chromatophores contain pigment 

granules that move on predefined tracks of microtubules to produce pigment 

dispersion and aggregation.  
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Figure 1.9. The lateral stripe of the neon tetra, Paracheirodon innesi, is 

directly light sensitive. When illuminated with 500nm light after being kept in 

the dark (A1), iridophores change from deep purple to light blue (A2, A3). 

Adapted from Kasai and Oshima (2006). 
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Figure 1.10. Melanophores and erythrophores in the Nile tilapia, 

Oreochromis niloticus, are light sensitive. Melanophores (left) disperse upon 

illumination with any wavelength of light. Erythrophores (right) aggregate under 

short wavelength illumination and disperse under long wavelength illumination. 

Adapted from (Chen et al., 2013). 
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Abstract 

Crayfish have two recognized classes of photoreceptors in the retinas of their 

reflecting superposition eyes. The long-wavelength-sensitive photoreceptors 

make up the main rhabdoms, comprised of microvilli from R1-7 cells. The eighth 

retinular cells, located distal to the main rhabdoms, house short-wavelength-

sensitive photoreceptors. While the sequence of the opsin involved in long-

wavelength sensitivity has long been known, we here present the first description 

of the short-wavelength sensitive opsin sequence in the retina of the red swamp 

crayfish, Procambarus clarkii. The expression patterns of these short- and long-

wavelength-sensitive opsin proteins in the retina are consistent with the 

previously described locations of the SWS and LWS receptors. Crayfish also 

have a well-characterized extraocular photoreceptor, called the caudal 

photoreceptor, located in the sixth abdominal ganglion. To search for the 

presence of retinal opsins in the caudal photoreceptor (and elsewhere in the 

central nervous system), we used RT-PCR and immunohistochemical labeling. 

We found both short- and long-wavelength-sensitive opsin transcripts not only in 

the sixth abdominal ganglion, but also in the brain and in all other ganglia of the 

nerve cord. Immunolabeling shows that both opsins are expressed in nerve fibers 

that extend from the brain through the entire length of the central nervous system. 

Thus, the same two photopigments are used both for vision in the retina and for 

extraocular functions throughout the central nervous system of crayfish.  
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Introduction 

Crayfish have been models for photoreceptor studies for over a century. Their 

large retinal photoreceptors and caudal photoreceptor (located in the terminal 

abdominal ganglion) make crayfish ideal for studying both visual and non-visual 

photoreception.  

Crayfish have reflecting superposition eyes, in which the retina is comprised of 

two photoreceptor classes. Microvilli from seven retinular cells (R1-7) form the 

main rhabdoms of the retina. The rhabdomere formed by the eighth retinular cell 

(R8) is situated distal to the main rhabdoms. Photoreceptors in the main 

rhabdoms are maximally sensitive to 530-nm light (Cronin and Goldsmith, 1982; 

Cummins and Goldsmith, 1981), as measured by microspectrophotometry (MSP) 

and intracellular electrophysiological recordings. The main rhabdom 

photoreceptors of one crayfish species, Procambarus clarkii, contain a visual 

pigment that utilizes a typical long-wavelength sensitive (LWS) opsin (de Couet 

and Sigmund, 1985; Hariyama et al., 1993). R8 cells of the same species contain 

photoreceptors that are maximally sensitive to 440 nm, which was also 

determined using MSP and intracellular recordings (Cummins and Goldsmith, 

1981). While the opsin in R8 cells was previously undescribed, it was thought to 

be a short-wavelength sensitive (SWS) opsin, typical of other arthropod SWS 

opsins and photoreceptors. 

In addition to their well-studied retinal photoreceptors, crayfish have at least one 

non-visual photoreceptor system. The caudal photoreceptor (CPR) consists of 
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two light sensitive interneurons in the sixth abdominal ganglion of the ventral 

nerve cord (Simon and Edwards, 1990; Wilkens and Larimer, 1972). First 

discovered using electrophysiogical recordings and behavioral assays, CPRs 

display electrical responses to direct light stimulation that elicits leg movements 

(Prosser, 1934; Welsh, 1934). Besides crayfish, caudal photoreceptors have 

been recorded from in blue mud shrimp, Upogebia pugettensis, California spiny 

lobster, Panulirus interruptus, white shrimp, Litopenaeus setiferus (formerly 

Penaeus), and sand shrimp, Crangon septemspinosa. Though most decapod 

crustaceans that have been studied have functional caudal photoreceptors, the 

lobster, Homarus americanus, appears to lack electrical and behavioral 

responses to stimulation of the sixth abdominal ganglion (Wilkens and Larimer, 

1976). Interestingly, even crayfish that have evolved a severe reduction or loss of 

eyes have functional caudal photoreceptors (Larimer, 1966; Larimer et al., 1966). 

Maintaining a functional non-visual photoreceptor while simultaneously losing 

eyes as a result of transitioning to life in a cave environment has fascinating 

implications that surely require further study. 

The spectral sensitivities of the CPRs in both epigeal and troglodytic crayfish 

peak near 500 nm (Bruno and Kennedy, 1962; Larimer et al., 1966). This is 

different from both photoreceptor classes in the retina. However, the spectral 

sensitivity curves suggest that a rhodopsin-like photopigment is used in this 

system (Bruno and Kennedy, 1962; Larimer et al., 1966). Larimer et al. (1966) 

suggest that a third visual pigment is responsible for photosensitivity in the 

caudal photoreceptor, but if it exists, this visual pigment has remained elusive. 
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In this study, we recovered the short-wavelength-sensitive opsin transcript 

expressed in the retina, and confirmed expression of LWS and SWS opsin 

proteins in different sets of retinular cells in the retina. Additionally, we identified 

the presence of LWS and SWS opsin transcripts in each ganglion of the ventral 

nerve cord. We also provide strong evidence suggesting the presence of LWS 

and SWS opsin proteins throughout the central nervous system. At the onset of 

this study, we hypothesized that we would find one previously undescribed opsin 

expressed in the sixth abdominal ganglion, but we instead found evidence for the 

expression of two retinal opsins throughout the ventral nerve cord. We 

hypothesize that light sensitivity in the ventral nerve cord is not restricted to the 

terminal ganglion, but that nerve fibers expressing opsin reach from the cerebral 

ganglion to the terminal ganglion, conferring light sensitivity throughout the 

central nervous system. 

 

Materials and Methods 

Tissue collection, dissection, and fixation 

Adult Procambarus clarkii were purchased from Carolina Biological (Burlington, 

NC, USA) and housed in a tri-level recirculating freshwater tank, exposed to 

14L:10D at 20°C. The eyes, cerebral ganglion (brain), subesophageal ganglion 

(SEG), each thoracic ganglion (TG1, TG2, TG3, TG4/5), and each abdominal 

ganglion (AG1, AG2, AG3, AG4, AG5, AG6) from Procambarus clarkii were 

dissected out, separated, and used for RT-PCR. Thoracic ganglia four and five 
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(TG4/5) were studied as a single unit, as these two ganglia are fused. Each of 

these tissues was also analyzed immunohistochemically.  

Tissues were dissected after submerging an animal in ice for 10 minutes and 

euthanizing it by decapitation immediately prior to dissection. Eyes were 

removed and held in PBS (0.1M phosphate buffered saline) on ice during the 

dissection of the CNS. The cerebral ganglion was removed from the anterior 

region of the cephalothorax. The remainder of the nerve cord from the SEG to 

AG6 was removed intact. 

Dissected tissues were stored in RNALater (Qiagen, Valencia, CA, USA) or fixed 

immediately for immunohistochemistry in 4% paraformaldehyde in PBS for 4 

hours at room temperature. Eyes were cryoprotected using a 10, 20, 30% 

sucrose gradient in PBS overnight at 4°C.  

 

RNA Isolation, PCR, Cloning, Sequencing 

Total RNA was isolated using TRIzol Reagent (Life Technologies, Carlsbad, CA, 

USA) following the manufacturer’s protocol. RNA was reverse-transcribed using 

Superscript III Reverse Transcriptase (Life Technologies, Carlsbad, CA, USA) 

and an Oligo(dT)50 primer (Life Technologies, Carlsbad, CA, USA). RT-PCR was 

performed using PrimeSTAR HS Premix (Takara, Otsu, Japan) and gene-specific 

primers for long-wavelength sensitive opsin (LWS). Initially, primers based on 

other crustacean short-wavelength sensitive opsin (SWS) transcripts and 5’ rapid 

amplification of cDNA ends (5’ RACE) (Roche 5’/3’ RACE kit, Roche Diagnostics, 
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Indianapolis, IN, USA) were used to identify the SWS opsin transcript in the 

retina. Then, gene-specific primers were generated to amplify full-length SWS 

opsin from all tissues (Supplemental Table 2.1). PCR products were sequenced 

using gene-specific primers, or TA-cloned using pGEM T-easy vector system 

(Promega, Madison, WI, USA) and sequenced using M13 vector primers. 

 

Antibodies 

Custom anti-LWS antibody (Covance, Princeton, NJ, USA) was designed against 

twelve amino acids near the C-terminal tail of the retinal long-wavelength 

sensitive opsin sequence from P. clarkii. The twelve-amino-acid peptide 

(CKTESDDVSESA; Supplemental Figure 2.1) was conjugated to BSA (bovine 

serum albumin) to maximize the immune response of the host. The host for this 

antibody was rabbit, and upon completion of the standard rabbit protocol 

(Covance, Princeton, NJ, USA), the antibody was affinity purified from 25mL 

serum. Custom anti-SWS antibody (Covance, Princeton, NJ, USA) was designed 

against thirteen amino acids near the C-terminal tail of the retinal short-

wavelength sensitive opsin sequence from P. clarkii. The thirteen-amino-acid 

peptide (CIHEEKPQDTISQ; Supplemental Figure 2.2) was conjugated to keyhole 

limpet hemocyanin (KLH) that served as a carrier protein to maximize immune 

response of the host. The host for this antibody was chicken to avoid potential 

cross-reactivity when doubled labeling with anti-LWS antibody, and upon 
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completion of the standard chicken protocol (Covance, Princeton, NJ, USA), ten 

egg yolks were affinity purified.  

Secondary antibodies used included Alexa Fluor 488 Goat Anti-Rabbit IgG (H+L) 

and Alexa Fluor 555 Goat Anti-Chicken IgY (H+L) (Life Technologies, Carlsbad, 

CA, USA). 

 

Western Blot 

Western blots were used to ensure that the custom antibodies were specific to 

proteins of the predicted molecular weights of target proteins (LWS and SWS 

opsins) for immunohistochemistry. Proteins were solubilized using tissue protein-

extraction reagent (T-PER; Life Technologies, Carlsbad, CA, USA) containing 

2mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich, St. Louis, MO, USA) 

and 2mM dithiothreitol (DTT; Sigma-Aldrich, St. Louis, MO, USA). Whole eyes 

from P. clarkii were homogenized in protein-extraction buffer with a pestle and 

then shaken vigorously at 4°C for three hours. Supernatant containing solubilized 

protein was added to an equal volume of Laemmli sample buffer (Bio-Rad, 

Hercules, CA, USA) plus 5% beta-mercaptoethanol (Sigma-Aldrich, St. Louis, 

MO, USA) and vigorously shaken at 4°C for thirty minutes. Protein mixtures were 

loaded on a 4-15% Mini-Protean TGX precast gel (Bio-Rad, Hercules, CA, USA) 

and run at 100V for two hours. Spectra Multicolor Broad Range Protein Ladder 

(Life Technologies, Carlsbad, CA, USA) was run in gels and used to estimate 

molecular weights of proteins. Proteins were transferred from gel to PVDF 
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membrane (polyvinylidene difluoride transfer membrane) at 100V for one hour. 

Membranes were blocked overnight at 4°C in Membrane Blocking Solution (Life 

Technologies, Carlsbad, CA, USA). Membranes were incubated in primary 

antibody for one hour at room temperature, washed three times, incubated in 

secondary antibody for one hour at room temperature, and washed three times. 

Anti-LWS and anti-SWS antibodies were both used at dilution of 1:5000 in 

Membrane Blocking Solution. 

Secondary-only control blots were incubated with blocking solution for one hour 

at room temperature, washed three times, incubated in secondary antibody for 

one hour at room temperature, and washed three times (Supplemental Figure 

2.3).  

Absorption controls were performed on retinal protein extracts, to ensure that 

affinity-purified antibodies were specific to only the proteins against which they 

were designed. Primary antibody was incubated overnight at 4°C with the peptide 

against which primary antibody was generated. Primary antibody/peptide mixture 

was used as primary antibody, and the same protocol was used for antibody 

incubations and washes as when using primary antibodies. Primary antibody 

dilutions for absorption controls were the same as those used when probing for 

retinal proteins (Supplemental Figure 2.4). 

All membranes were visualized by incubating blots in HyGLO Chemiluminscent 

HRP Antibody Detection Reagent (Denville Scientific, Metuchen, NJ, USA) for 

one minute, then placing HyBLOT Autoradiography Film (Denville Scientific, 
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Metuchen, NJ, USA) on blots and developing. Secondary antibodies were 

conjugated to horseradish peroxidase and included anti-chicken IgY, HRP 

Conjugate (Promega, Madison, WI, USA) used at 1:1000 and anti-rabbit IgG, 

HRP Conjugate (Promega, Madison, WI, USA) used at 1:2500. 

 

Immunolabeling of Retinal Sections 

Following fixation and cryoprotection, eyes were cryosectioned at 12µm to 

expose longitudinally oriented photoreceptor cells, mounted on SuperfrostPlus 

slides (Fisher Scientific, Pittsburgh, PA, USA), and stored at -20°C until used. 

Sections were rehydrated at room temperature in three changes of PBS + 

0.3%Triton X-100 (PBS-TX) and blocked in PBS-TX+10% normal goat serum 

(NGS; Vector Laboratories, Burlingame, CA, USA) for one hour at room 

temperature. Primary antibodies were diluted at a concentration of 1:1000 in 

300µl PBS-TX+10% NGS and applied to sections. Slides were covered with 

parafilm and stored horizontally at 4°C overnight. Subsequently, slides were 

washed three times in 0.1M PBS at room temperature. Secondary antibodies 

were diluted at a concentration of 1:400 in 300µl PBS-TX+10% NGS and applied 

to sections. Slides were covered with parafilm and stored horizontally at 4°C 

overnight. Slides were then washed in PBS three times for thirty minutes at room 

temperature, in the dark. Slides were mounted using Dapi-FluormountG 

(Southern Biotech, Birmingham, AL, USA) and sealed with clear nail polish. In all 

immunohistochemical images in this paper, blue represents DAPI (4’,6-
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diamidino-2-phenylindole) labeling of nuclei, green represents LWS antibody 

labeling, and violet represents SWS antibody labeling. All retinal sections are 

viewed in a longitudinal orientation to expose the full length of the photoreceptors. 

Secondary-only tissue controls lacking primary antibodies were performed using 

the same protocol and conditions as used with tissues labeled with primary 

antibodies. Retinal tissue sections were labeled with anti-rabbit 488 and anti-

chicken 555 to check for non-specific secondary antibody binding or other 

fluorescence due to secondary antibodies (Supplemental Figure 2.5). 

Retinal tissues were used for absorption controls to determine that primary 

antibodies can be blocked with the antigenic peptides used to develop the 

antibody. Absorption controls were performed by incubating LWS or SWS 

antibody with the respective antigenic peptide at 4°C overnight. The mixture was 

then diluted to the working concentration of antibody used in primary antibody 

labeling experiments (1:1000 dilution) and applied to tissue following the protocol 

used previously (Supplemental Figure 2.6).  

 

Whole-mount Immunolabeling of CNS Tissues 

Immunolabeling in the CNS was performed by modifying the protocol used for 

labeling retinal sections. Post-fixation, tissues were washed in PBS-TX three 

times for two hours at room temperature, and blocked in PBS-TX (0.1M 

PBS+0.3% Triton-100; Sigma) plus 10% normal goat serum (NGS; Vector 

Laboratories, Burlingame, CA, USA), 5% normal rabbit serum (NRS; Vector 
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Laboratories, Burlingame, CA, USA), 5% normal chicken serum (NCS; Vector 

Laboratories, Burlingame, CA, USA), and 3% bovine serum albumin (BSA; 

Sigma-Aldrich, St. Louis, MO, USA) for three hours at room temperature. Primary 

antibodies were diluted at a concentration of 1:1000 in blocking solution and 

added to tissues contained in a 96-well plate. Primary antibody incubations 

lasted four days at 4°C. Tissues were washed in PBS-TX+10% NGS at three 

times for three hours at room temperature. Secondary antibodies were diluted at 

a concentration of 1:500 in 1ml PBS-TX+10% NGS and applied to tissues. 

Secondary antibody incubations lasted three days at 4°C. Tissues were 

incubated in DAPI (4’,6-diamidino-2-phenylindole) diluted to 1:1000 in PBS-

TX+10% NGS for ten minutes at room temperature prior to washing. Tissues 

were washed in PBS-TX three times for three hours at room temperature in the 

dark. Tissues were mounted on SuperfrostPlus slides (Fisher Scientific, 

Pittsburgh, PA, USA), and cover slips were sealed to the slide with nail polish. 

Secondary-only tissue controls lacking primary antibodies were performed using 

the same protocol and conditions as used with tissues labeled with primary 

antibodies. Brain and AG6 tissues were labeled with anti-rabbit 488 and anti-

chicken 555 to check for non-specific secondary antibody binding or other 

fluorescence due to secondary antibodies (Supplemental Figure 2.7). 

Brain tissues were used for absorption controls to determine that primary 

antibodies can be blocked with the antigenic peptides used to develop the 

antibody. Absorption controls were performed by incubating LWS or SWS 

antibody with the respective antigenic peptide at 4°C overnight. The mixture was 
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then diluted to the working concentration of antibody used in primary antibody 

labeling experiments (1:1000 dilution) and applied to tissue following the protocol 

used previously (Supplemental Figure 2.8).  

 

Confocal microscopy, tissue visualization, and image processing 

Tissues were imaged using a Leica SP5 scanning confocal microscope and a 

40x oil-immersion objective. Images were processed using Fiji (Image J). 

Maximum-intensity images were created from z-stacks (Z-projection).  

 

Results 

RT-PCR 

Long-wavelength Sensitive Opsin (LWS) 

Full-length LWS opsin transcripts were present in all tissues tested (eyes, 

cerebral ganglion, SEG, TG1-5, AG1-6). The nucleotide and predicted amino 

acid sequences for all transcripts were identical, regardless of tissue region 

(Supplemental Figure 2.1; Accession number pending). Thus, only a single LWS 

transcript was identified throughout all tissues. While the LWS opsin transcript 

was previously identified (Hariyama et al., 1993), this is the first evidence of LWS 

opsin transcript expression outside of the retina. 

Short-wavelength Sensitive Opsin (SWS) 
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Full-length SWS opsin transcript was first recovered from the retina, and 

subsequently located in all tissues tested. The nucleotide and predicted amino 

acid sequences for all transcripts were identical, regardless of tissue region 

(Supplemental Figure 2.2; Accession number pending). Thus, only a single SWS 

transcript was identified throughout all tissues. This is the first description of the 

SWS opsin sequence in crayfish. A neighbor-joining tree produced using 

arthropod LWS and SWS sequences shows that LWS and SWS opsins form two 

clades. P. clarkii LWS falls in the crustacean long-wavelength sensitive opsin 

clade, and P. clarkii SWS falls in the crustacean short-wavelength sensitive opsin 

clade (Figure 2.1). 

 

Antibody Studies 

Western Blot 

Anti-LWS antibody labeled retinal proteins of ~47 kDa, ~95 kDa, ~140 kDa, and 

~185 kDa  molecular mass in P. clarkii (Figure 2.2A). The secondary-only control 

for anti-rabbit HRP conjugate shows no labeling (Supplemental Figure 2.3A). 

Similarly, absorption controls using LWS antibody and peptide show no labeling 

(Supplemental Figure 2.4A). Anti-SWS antibody labeled retinal proteins of ~49 

kDa, ~100kDa, ~150 kDa, ~200 kDa, and ~250 kDa molecular mass in P. clarkii 

(Figure 2.2B). The secondary-only control for anti-chicken HRP conjugate and 

peptide controls for SWS show no labeling (Supplemental Figures 2.3B and 

2.4B). Bands at 47 kDa for LWS and 49 kDa for SWS are thought to be 
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monomers of the LWS and SWS proteins. Larger bands in each of the blots 

appear to be oligomers of the same proteins. Opsins often form oligomers, and it 

is common for dimers, trimers, tetramers, etc to appear when labeling opsin 

proteins using Western blot analysis. 

 

Retinal Immunolabeling 

LWS and SWS opsins were labeled both individually and simultaneously in 

sections of the retina (Figure 2.3). LWS opsin protein was localized to the large, 

ovoid main rhabdoms in retinular cells 1-7, where LWS opsin protein has 

previously been found (de Couet and Sigmund, 1985) (Figure 2.3A). SWS opsin 

protein was localized to the rhabdomeres of the eighth retinular cells (R8), where 

a short-wavelength sensitive photoreceptor is known to exist (Figure 2.3B) 

(Cummins and Goldsmith, 1981). When labeled simultaneously, LWS labels only 

main rhabdom (R1-7) photoreceptors and SWS labels only R8 cells (Figure 2.3C). 

Negative controls containing only secondary antibodies in the retina show no 

non-specific binding or cross-reactivity of secondary antibodies (Supplemental 

Figure 2.5). Additionally, absorption controls show no labeling of tissues when 

primary antibody incubated with peptide is applied to tissues (Supplemental 

Figure 2.6). 
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CNS Immunolabeling 

LWS and SWS opsins proteins are both expressed in the ventral nerve cord. 

SWS opsin is expressed in two cell-body clusters that are located in the 

posterior-medial regions of the cerebral ganglion (Figure 2.4A). These two cell 

body clusters are bilaterally symmetrical to each other, such that one cluster is 

expressed on each side of the cerebral ganglion, when viewed from the ventral 

side. SWS is also expressed in paired nerve fibers in the posterior region of the 

abdominal nerve cord, and is most notably coexpressed with LWS in connectives 

between abdominal ganglia 4, 5, and 6 (Figure 2.4E-G). On the whole, SWS 

opsin labeling is less widespread than LWS opsin labeling.  

LWS opsin is also localized to small fibers that are about 10 µm in diameter 

(Figure 2.4). Two of the labeled nerve fibers appear to connect to each cluster of 

cell bodies labeled with LWS and SWS opsin antibodies (Figure 2.4A; only two 

fibers and 1 cluster shown). These LWS-labeled fibers coil around each other 

and eventually uncouple to reveal two fibers that continue down into the 

oesophageal connectives (Figure 2.4A-B). The fibers can be followed down to 

the subesophageal ganglion (Figure 2.4B) and through the thoracic ganglia 

(Figure 2.4C). Secondary-only controls for anti-rabbit 488 and anti-chicken 555 

show no labeling, cross-reactivity, and very little autofluorescence of the tissue 

(Supplemental Figure 2.7). In addition, absorption controls, represented by brain 

tissue labeling, show little autofluorescence of the tissue and no labeling 

(Supplemental Figure 2.8). 
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Discussion 

Crayfish visual and non-visual photoreceptor systems have interesting molecular, 

physiological, and behavioral characteristics that have been studied for many 

years. Crayfish retinas are unusual in part because they have two photoreceptor 

cell types, but can contain at least three visual pigments. Two of the visual 

pigments are formed when long-wavelength sensitive opsin (LWS) binds to either 

vitamin-A1 derived retinal or vitamin-A2 derived 3-dehydroretinal. This alternate 

binding of chromophore is seasonally dictated, with most visual pigments in the 

main rhabdom formed from retinal during warmer seasons and 3-dehydroretinal 

during cooler seasons (Hariyama and Tsukahara, 1988). This chromophore 

substitution causes a shift in spectral sensitivity of the LWS photoreceptor cells: 

LWS photoreceptors are sensitive to ~530 nm when bound to retinal (Cronin and 

Goldsmith, 1982) and ~560 nm when bound to 3-dehydroretinal (Zeiger and 

Goldsmith, 1989). The LWS opsin transcript that we identified in the retina is 

identical to that described previously (Hariyama et al., 1993). LWS opsin protein 

expression in the retina agrees with previously published reports of the 

expression pattern of this opsin (de Couet and Sigmund, 1985), showing only 

expression in the main rhabdoms consisting of microvilli from seven retinular 

cells (R1-7). We find no evidence of additional opsin transcripts or additional 

opsins expressed in the main rhabdoms.  

While the LWS opsin in the main rhabdoms of crayfish retinas is well 

characterized, the opsin responsible for short-wavelength photosensitivity in the 

retina has escaped molecular characterization for years. Short-wavelength 
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sensitivity in crayfish retinas was described some decades ago (Cummins and 

Goldsmith, 1981). Crayfish eighth retinular cells (R8) act as short-wavelength 

sensitive photoreceptors, maximally sensitive to 440 nm. However, the opsin 

responsible for this sensitivity evaded identification until now. SWS opsin 

transcripts from P. clarkii are similar to other short-wavelength sensitive opsins 

identified throughout arthropods (Figure 2.1). This analysis of SWS opsin 

transcripts and evidence of its retinal location of expression strongly suggests 

that the opsin identified here is responsible for short-wavelength sensitivity in the 

retina of Procambarus clarkii.  

In addition to identification of SWS opsin expression in the retina, we explored 

the presence of opsins throughout the central nervous system of P. clarkii to 

determine if caudal or other peripheral photoreception is based on opsins. 

Studies of the caudal photoreceptor in the crayfish ventral nerve cord have 

encouraged many hypotheses for the functional and behavioral significance of 

CPRs. Caudal photoreceptors exist in a number of decapod crustaceans 

(Wilkens, 1988; Wilkens and Larimer, 1976), and illumination of the tail of a 

crayfish elicits backwards walking and may initiate an escape response such as 

a tail flip. Additionally, caudal photoreceptor axons in crayfish, shrimp, and other 

decapods show spiking activity when examined electrophysiologically (Wilkens 

and Larimer, 1976). Until now, the underlying molecular basis for light detection 

in this photoreceptor has remained a mystery.  

In our research, we found both LWS and SWS opsin transcripts expressed in 

each ganglion of the ventral nerve cord. These transcripts are identical to those 
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identified in the retina (Supplemental Figures 2.1 and 2.2), suggesting the 

presence of LWS and SWS photoreceptors in various components of the CNS. 

Surprisingly, opsin transcripts were not restricted to the sixth abdominal ganglion 

where the caudal photoreceptor exists, but occurred throughout the CNS. The 

evidence that opsin genes are expressed widely in the CNS encouraged us to 

search for their specific locations. 

Immunolabeling of LWS and SWS opsin proteins revealed an unexpected 

expression pattern. We anticipated finding opsins in the caudal photoreceptor in 

the sixth abdominal ganglion and probably in the segmental ganglia, as indicated 

by the presence of the corresponding transcripts. Instead, immunolabeling with 

LWS and SWS antibodies showed that both opsin proteins are present in many 

different regions of the nerve cord.  

Two clusters of cell bodies in the posterior-medial regions of the cerebral 

ganglion that label with LWS and SWS opsin antibodies (Figure 2.4A, upper 

right). These two clusters are likely to be the ventral paired posterior clusters in 

the deutorocerebrum, near the lateral antennal neuropils, antennal neuropils, and 

accessory lobes, described by Sandeman et al. (1992). Though the significance 

of LWS and SWS opsin labeling in these clusters is unclear, they appear to 

connect to four fibers that are labeled only by LWS antibody, two from each 

cluster of cell bodies, which extend into the ventral nerve cord (Figure 2.4A-B). 

Two LWS labeled fibers connect the cerebral ganglion to the oesophageal 

connectives (these are the fibers around which the first set of fibers is wrapped in 

the cerebral ganglion; Figure 2.4A). These fibers do not appear to extend the 
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length of the ventral nerve cord, but can be followed through the oesophageal 

connectives into the subesophageal ganglion. It is unclear if these fibers 

terminate in the subesophageal ganglion, but their presence suggests that they 

may be axons that connect the cerebral ganglion to photoreceptors in the 

subesophageal ganglion. The other two fibers can be followed from the cerebral 

ganglion through each ganglion in the ventral nerve cord and its associated 

connectives, into to the sixth abdominal ganglion, suggesting that these are the 

paired axons of the caudal photoreceptor (Wilkens and Larimer, 1972). These 

two fibers also coexpress SWS opsin protein in the third-to-fourth, fourth-to-fifth, 

and fifth-to-sixth abdominal ganglion connectives (Figure 2.4E-G). This suggests 

that the caudal photoreceptor and some of the putative ventral nerve cord 

photoreceptors may function using both opsins. Co-expression of these two 

opsins would shift CNS photosensitivity away from the peak spectral sensitivities 

of either photoreceptor in the retina (440 nm and 530 nm), and could account for 

the sensitivity reported by Larimer et al. (1966), who found maximum sensitivity 

at 500 nm.  

Taken as a whole, our findings indicate that both retinal opsins are involved in 

light detection throughout the nerve cord and brain of P. clarkii. It is, however, 

possible that a third, yet undiscovered opsin is responsible for caudal 

photoreception. This is consistent with the predictions of Larimer (1966), who 

noted that the spectrum obtained from caudal photoreceptors is indicative of an 

opsin-based photoreception system. Though more studies are necessary, we 

suspect that the retinal opsins we identified in the CNS underlie caudal 
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photoreception and that most of the central nervous system is photoreceptive to 

some degree.  

 

Conclusions  

This is the first description of the SWS opsin in the crayfish retina. It is expressed 

in R8 cells, distal to the main rhabdom. We also find LWS and SWS opsin 

transcripts and proteins expressed widely, suggesting the presence of functional 

photoreceptors throughout the CNS. Further electrophysiological, 

pharmacological, and behavioral studies are necessary to establish how these 

opsins contribute to photoreception in the caudal photoreceptor and possibly 

elsewhere in the CNS, in addition to their recognized visual function. 
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Figure 2.1. Phylogenetic relationships of arthropod opsins to Procambarus 

clarkii LWS and SWS opsins. Arthropod opsins form two clades, long-

wavelength sensitive (LWS) and short-wavelength sensitive (SWS). P. clarkii 

LWS opsin clades within the arthropod LWS opsins as a whole. SWS opsin 

clades within the arthropod SWS opsins. The tree is rooted by Doryteuthis pealeii 

rhodopsin. 
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Figure 2.2. Western blots using Procambarus clarkii retinal tissues. (A) 

LWS opsin antibody labels a protein at 47kDa. Bands labeled at ~100kDa, 

~150kDa, and ~200kDa are likely oligomers. (B) SWS opsin antibody labels a 

protein at ~49kDa. Bands labeled at ~100kDa, ~150kDa, ~200kDa, ~250kDa are 

likely oligomers.  
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Figure 2.3. Immunolabeling of Procambarus clarkii retinal tissues with 

long-wavelength sensitive (LWS) and short-wavelength sensitive (SWS) 

opsin antibodies. (A) Main rhabdoms label with LWS opsin antibody. (B) R8 

rhabdomeres, immediately distal to main rhabdoms, label with SWS opsin 

antibody. (C) Retinas double-labeled with LWS and SWS opsin antibodies show 

non-overlapping expression: LWS protein is restricted to main rhabdoms and 

SWS protein is restricted to R8 cells. Scale bars, 25µm. 
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Figure 2.4. Immunolabeling of Procambarus clarkii ventral nerve cord with 

long-wavelength sensitive (LWS) and short-wavelength sensitive (SWS) 

opsin antibodies. (A) Cell body clusters in the cerebral ganglion label with SWS 

and LWS opsin antibodies. Two nerve fibers label with LWS opsin antibody. 

These initiate in the cluster of cell bodies and wrap around one another, before 

diverging into two fibers that travel down the oesophageal connective. Two fibers 

labeled with LWS opsin antibody travel the length of the oesophageal 

connectives (B) and into the subesophageal ganglion (SEG) (C). At least one 

fiber in each connective labels with LWS opsin antibody and can be traced from 

the brain through the oesophageal connectives (B), SEG (C), thoracic ganglia (D), 

and abdominal ganglia (E-G). LWS and SWS label two fibers in the abdominal 

ganglia (E-G). Abdominal ganglia 4 (E), 5(F), and 6 (G) are representative 

examples of LWS/SWS double labeling. Scale bars, 25µm. 
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Supplemental Table 2.1. Gene specific primer sequences used to 

characterize opsin transcripts in the retina and nervous system of 

Procambarus clarkii. 

Gene Primer Name Sequence 5’->3’ 

PcV_F1 ATGGCACTGCTGGATGGACTTACACTGC 

PcV_Rend CTAAGCCTTTTCCGTTTCGCAAGTTGAT 

SWS opsin 

P.clarkiiVR805 CGTTCATCTTCTTCGCCTGCTC 

P.clarkiiGF1_22 ATGTCTTCCTGGAGCAACCAAC LWS opsin 

P.clarkiiGR1105end CTAAGCACTTTCTGCCTTTTCTTCCGC 
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Supplemental Figure 2.1. Predicted amino acid sequences of Procambarus 

clarkii transcripts from the retina and central nervous system. Full-length 

sequences of LWS opsin are identical in the retina, brain, thoracic ganglia 1-5, 

and abdominal ganglia 1-6. The black bar indicates the amino sequence against 

which the peptide used to generate the LWS antibody was designed. 
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Supplemental Figure 2.2. Predicted amino acid sequences of Procambarus 

clarkii transcripts from the retina and central nervous system. Full-length 

sequences of SWS opsin are identical in the retina, brain, thoracic ganglia 1-5, 

and abdominal ganglia 1-6. The black bar indicates the amino sequence against 

which the peptide used to generate the SWS antibody was designed. 
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Supplemental Figure 2.3. Secondary-only control Western blots using 

Procambarus clarkii retinal tissues. (A) Western blots using solubilized retinal 

protein labeled with anti-rabbit HRP show no labeling. (B) Western blots using 

solubilized retinal protein labeled with anti-chicken HRP show no labeling. 
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Supplemental Figure 2.4. Peptide absorption control Western blots using 

Procambarus clarkii retinal tissues. (A) Western blots using solubilized retinal 

protein labeled with LWS antibody absorbed with antigenic peptide show no 

labeling. (B) Western blots using solubilized retinal protein labeled with SWS 

antibody absorbed with antigenic peptide show no labeling. 
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Supplemental Figure 2.5. Secondary-only control immunolabeling in 

Procambarus clarkii retina. (A) Retinal tissues labeled with only anti-rabbit 488 

show little autofluorescence and no non-specific labeling. (B) Retinal tissues 

labeled with only anti-chicken 555 show no autofluorescence or non-specific 

labeling. 
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Supplemental Figure 2.6. Peptide absorption control immunolabeling in 

Procambarus clarkii retina. (A) Retinal tissues labeled with LWS antibody 

absorbed with antigenic peptide show little autofluorescence and no non-specific 

labeling. (B) Retinal tissues labeled with SWS antibody absorbed with antigenic 

peptide show no autofluorescence or non-specific labeling. 
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Supplemental Figure 2.7. Secondary-only control immunolabeling in 

Procambarus clarkii brain and abdominal ganglion 6. (A) Brain tissues 

labeled with anti-rabbit 488 and anti-chicken 555 show little autofluorescence and 

no non-specific labeling. (B) Abdominal ganglion 6 tissues labeled with anti-rabbit 

488 and anti-chicken 555 show little autofluorescence and no non-specific 

labeling. 
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Supplemental Figure 2.8. Peptide absorption control immunolabeling in 

Procambarus clarkii brain. (A) Brain tissues labeled with LWS antibody 

absorbed with antigenic peptide show little autofluorescence and no non-specific 

labeling. (B) Brain tissues labeled with SWS antibody absorbed with antigenic 

peptide show little autofluorescence and no non-specific labeling. 
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Abstract 

Cephalopod molluscs are renowned for their colorful and dynamic body patterns, 

produced by an assemblage of skin components that interact with light. These 

may include iridophores, leucophores, chromatophores, and (in some species) 

photophores. Here, we present molecular evidence suggesting that cephalopod 

chromatophores, small dermal pigmentary organs that reflect various colors of 

light, are photosensitive. RT-PCR revealed the presence of transcripts encoding 

rhodopsin and retinochrome within the retinas and skin of the squid Doryteuthis 

pealeii, and the cuttlefish Sepia officinalis and Sepia latimanus. In D. pealeii, Gqα 

and squid TRP channel transcripts were present in the retina and in all dermal 

samples. Rhodopsin, retinochrome, and Gqα transcripts were also found in RNA 

extracts from dissociated chromatophores isolated from D. pealeii dermal 

tissues. In D. pealeii, immunohistochemical staining labeled rhodopsin, 

retinochrome, and Gqα proteins in several chromatophore components, including 

pigment cell membranes, radial muscle fibers, and sheath cells. This is the first 

evidence that cephalopod dermal tissues, and specifically chromatophores, may 

possess the requisite combination of molecules required to respond to light.  
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Introduction 

Many animals have complex image-forming eyes. Photoreceptor cells within 

these eyes are organized into a retina, which is responsible for detecting light 

and initiating neuronal signals. While eyes and their retinal photoreceptors are 

the most familiar light detectors, extraocular photoreceptors (i.e. those located 

outside the eye) are common, and detect light for non-visual functions. 

Extraocular photoreceptors do not form images and have been identified in many 

species and various tissues, most commonly within the central nervous system 

(CNS). Many vertebrates, annelids, and arthropods have photoreceptors in the 

CNS that are involved in diverse physiological responses, including circadian 

timing, orientation, concealment, and photoperiodism (Foster and Soni, 1998, 

Bertolucci and Foà, 2004, Arendt et al., 2004, Shintani et al., 2009; Hanna et al., 

1988; Prosser, 1934; Welsh, 1934). However, extraocular photoreceptors are 

also frequently located outside of the CNS. For example, photoreceptors in light 

organs of bobtail squid are thought to function within a feedback system that 

controls the emittance of light from the bioluminescent organ (Tong et al., 2009). 

Opsin proteins, components of all visual pigments in animals, are used in almost 

all known extraocular photoreceptors, including bobtail squid light organs. 

When bound to a vitamin-A derived chromophore and stimulated by a photon of 

light, opsins activate a heterotrimeric G-protein that initiates a signal cascade 

resulting in the opening or closing of ion channels. While opsin proteins are 

obviously involved in phototransduction in eyes, a great diversity of opsins can 
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also be found in extraocular tissues (Porter et al., 2012). The term “non-visual 

opsins” refers to opsins involved in photoreception that does not lead to the 

perception of images (Peirson et al., 2009). They can exist in eyes (e.g. 

melanopsin in the vertebrate retina) or outside them, and are commonly 

associated with diverse types of photoreceptors. Many studies have focused on 

the locations and functions of non-visual opsins, such as melanopsin, 

parapinopsin, pinopsin, encephalopsin, peropsin, and neuropsin (Provencio et 

al., 1998; Kawano-Yamashita, et al., 2007; Okano et al., 1994; Blackshaw and 

Snyder, 1999; Eriksson et al., 2013; Tarttelin et al., 2003; for review see Terakita, 

2005). These particular examples typically couple to phototransductive pathways 

that are distinct from those used in visual phototransduction in the same animal. 

However, extraocular photoreceptors can also express opsins identical to those 

in the retina and may potentially use visual phototransductive pathways. 

Examples of these include rhodopsin in the light organ and parolfactory vesicles 

of squids and cone opsins in the dermis of fish (Hara and Hara, 1980; Tong et 

al., 2009; Ban et al., 2005; Kasai and Oshima, 2006; Chen et al., 2013). Nile 

tilapia (Oreochromis niloticus) and neon tetra (Paracheirodon innesi) are 

particularly notable, because opsins identical to those in the retina play a role in 

initiating signals that result in expansion and contraction of pigment cells 

(chromatophores) or modulation of the color reflected from iridophores. Thus, 

while visual opsins are by definition involved in retinal image detection, they can 

also contribute to other kinds of photoreception. 
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Coleoid cephalopods generally have only a single photoreceptor class in the 

retina, which expresses a single type of rhodopsin (Bellingham et al., 1998). 

When illuminated, the visual pigment (which consists of a rhodopsin protein 

bound to a retinal chromophore) activates a heterotrimeric G-protein, thought to 

be of the Gq class (Davies et al., 1996). Dissociation of the heterotrimeric G-

protein signals a downstream cascade, which involves phospholipase C (PLC) 

and the second messengers inositol triphosphate (IP3) and diacylglycerol (DAG) 

(Arendt, 2003). This cascade ultimately leads to the opening of ion channels, 

thought to be a type of TRP channel called squid transient receptor potential 

channel (sTRP) (Monk et al., 1996), thereby initiating a cellular signal. The 

presence of these signaling molecules together with the retinal opsin indicates 

that a particular cell type may function in photoreception. 

In addition to retinal photoreceptors, there are a few well-studied extraocular 

photoreceptors known in cephalopods. The Japanese flying squid, Todarodes 

pacificus, has a photoreceptive system in the parolfactory vesicles (also called 

parolfactory bodies) located near the optic tract, which apparently involves a 

rhodopsin protein identical to that expressed in the retina ((Messenger, 1967; 

Hara and Hara, 1976; Hara and Hara, 1980). The parolfactory vesicles also 

express retinochrome, a retinal photoisomerase thought to regenerate the 

chromophore in inner segments of cephalopod retinal photoreceptors (Hara and 

Hara, 1980). Parolfactory vesicles have been implicated in long-term monitoring 

of ambient light and in diel vertical migration (Cobb and Williamson, 1998). More 

recently, the bioluminescent light organ of the Hawaiian bobtail squid, Euprymna 
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scolopes, has been found to possess photoreceptors expressing visual 

rhodopsin and the retinal phototransduction proteins arrestin and rhodopsin 

kinase (Tong et al., 2009). These photoreceptors detect light emitted from the 

bioluminescent light organ and potentially regulate the light output of the organ. 

Finally, opsin transcripts have been identified in skin from the fin and ventral 

mantle of the cuttlefish, Sepia officinalis (Mäthger et al., 2010), suggesting the 

presence of dermal photoreceptors. The presence of rhodopsin in the skin of 

cuttlefish and the involvement of cone opsins in the modulation of fish 

chromatophores provides some of the impetus for the current study. 

Here, we show that visual opsins and other components of visual 

phototransduction exist in the skin of three coleoid cephalopod species, and 

specifically in chromatophore organs, indicating the potential for dermal light 

sensing.  

 

Materials and Methods 

Tissue collection and fixation 

The retina, ventral mantle, dorsal mantle, fin, arms, and tentacles from each 

species were used for RT-PCR. Also included in the analyses of D. pealeii were 

fin muscle tissue, stellate ganglion, and fin nerve. Retina and dermal tissues from 

D. pealeii were also analyzed immunohistochemically. Adult Doryteuthis pealeii 

were collected in Vineyard Sound, by the Aquatic Resources Division at Marine 

Biological Laboratory (MBL) in Woods Hole, MA USA. Adult Sepia officinalis 
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were hatched from fertilized eggs obtained from England and reared to adulthood 

at MBL. A single adult Sepia latimanus was collected from at Lizard Island 

Research Station in Queensland, Australia. D. pealeii and S. officinalis were 

euthanized by decapitation immediately prior to use. S. latimanus was 

euthanized by anesthetic overdose in 5% ethanol in natural seawater.  

Dissected tissues were stored in RNALater (Qiagen, Valencia, CA, USA) or fixed 

immediately for immunohistochemistry in 4% paraformaldehyde in 0.1M 

phosphate buffered saline (PBS) for 4-8 hours at room temperature, followed by 

cryoprotection using a 10, 20, 30% sucrose gradient in PBS overnight at 4°C. 

 

RNA Isolation, PCR, Cloning, Sequencing 

Total RNA was isolated using TRIzol Reagent (Life Technologies, Carlsbad, CA, 

USA) following the manufacturer’s protocol. RNA was reverse-transcribed using 

Superscript III Reverse Transcriptase (Life Technologies, Carlsbad, CA, USA) 

and an Oligo(dT)50 primer (Life Technologies, Carlsbad, CA, USA). RT-PCR was 

performed using PrimeSTAR HS Premix (Takara, Otsu, Japan) and gene-specific 

primers for rhodopsin, retinochrome, Gqα, and sTRP (Supplemental Table 3.3). 

PCR products were sequenced using gene-specific primers, or TA-cloned using 

pGEM T-easy vector system (Promega, Madison, WI, USA) and sequenced 

using M13 vector primers. 
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Isolated dissociated chromatophores were obtained following a protocol from 

Lima et al. (2002).  RNA isolation, PCR, cloning and sequencing of dissociated 

chromatophore tissue followed the methods cited above. 

 

Antibodies 

Custom anti-rhodopsin antibody (Covance, Princeton, NJ, USA) was designed 

against the first fifteen amino acids of retinal opsin sequences from D. pealeii, S. 

officinalis, and S. latimanus (predicted amino acid sequence: 

MGRDIPDNETWWYNP). The predicted amino acid sequences were identical in 

this region, in all three species (Supplemental Figure 3.1; denoted by black bar). 

The fifteen amino acid peptide was conjugated to thyroglobulin via a cysteine 

residue added at the C-terminus to maximize immune response of the host. The 

host for this antibody was rabbit and upon completion of the standard rabbit 

protocol (Covance, Princeton, NJ, USA), the antibody was affinity purified from 

25mL serum. Custom anti-retinochrome antibody (Covance, Princeton, NJ, USA) 

was designed against the terminal eleven amino acids of retinochrome 

sequences from D. pealeii, S. officinalis, and S. latimanus (predicted amino acid 

sequence: RTIPKSDTKKP), whose predicted amino acid sequences in this 

region were identical (Supplemental Figure 3.2). The eleven amino acid peptide 

was conjugated to bovine serum albumin (BSA) via a cysteine residue added to 

the N-terminus to maximize immune response of the host. The antibody was 

produced in chicken to avoid potential cross-reactivity when double labeled with 
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anti-rhodopsin antibody, and affinity purified from egg yolks upon completion of 

the standard chicken protocol (Covance, Princeton, NJ, USA). Commercial anti-

Gq/11α antibody (Millipore, Billerica, MA, USA, produced in rabbit) targets the 

terminal region of mouse and human Gq/11α (sequence: QLNLKEYNLV) that is 

also identical to the terminal ten amino acids of D. pealeii Gq/11α (Supplemental 

Figure 3.3; denoted by black bar). Secondary antibodies used included Alexa 

Fluor 488 Goat Anti-Rabbit IgG (H+L), Alexa Fluor 555 Goat Anti-Chicken IgY 

(H+L), and Alexa Fluor 633 Goat Anti-Chicken IgY (H+L) (retina only) (Life 

Technologies, Carlsbad, CA, USA).   

 

Western Blot 

Western blots were used to ensure that the custom and commercial antibodies 

were specific to proteins of the predicted molecular weights of target proteins for 

immunohistochemistry: rhodopsin, retinochrome and Gqα. Proteins were 

solubilized using protein extraction buffer containing 2mM phenylmethylsulfonyl 

fluoride (PMSF; Sigma-Aldrich, St. Louis, MO, USA) and 2mM dithiothreitol (DTT; 

Sigma-Aldrich, St. Louis, MO, USA) plus tissue protein extraction reagent (T-

PER; Life Technologies, Carlsbad, CA, USA). Whole eyes lacking lenses from D. 

pealeii were homogenized in protein extraction buffer by vigorous shaking at 4°C 

for three hours. Supernatant containing solubilized protein was added to an equal 

volume of Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) plus 5% beta-

mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), and vigorously shaken at 
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4°C for thirty minutes. Protein mixtures were loaded on a 4-15% Mini-Protean 

TGX precast gel (Bio-Rad, Hercules, CA, USA) and run at 100V for two hours. 

Spectra Multicolor Broad Range Protein Ladder (Life Technologies, Carlsbad, 

CA, USA) was run in gels and used to estimate molecular weight of proteins. 

Proteins were transferred from gel to PVDF membrane at 100V for one hour. 

Membranes were blocked overnight at 4°C in Membrane Blocking Solution (Life 

Technologies, Carlsbad, CA, USA). Membranes were incubated in primary 

antibody for one hour at room temperature, washed three times, incubated in 

secondary antibody for one hour at room temperature, and washed three times. 

Anti-rhodopsin was used at 1:5000, anti-retinochrome was used at 1:2000, and 

anti-Gqα was used at 1:5000.  

Secondary-only control blots were incubated with blocking solution for one hour 

at room temperature, washed three times, incubated in secondary antibody for 

one hour at room temperature, and washed three times (Supplemental Figure 

3.5).  

Absorption controls were performed on retinal protein extracts, to ensure that 

affinity purified antibodies were specific to only the proteins against which they 

were designed. Primary antibody was incubated with the peptide used to make 

the antibody, overnight at 4°C. Primary antibody/peptide mixture was used as 

primary antibody, and the same protocol was used for antibody incubations and 

washes as when using primary antibodies. Primary antibody dilutions for 

absorption controls were the same used when probing for retinal proteins 

(Supplemental Figure 3.6). 
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All membranes were visualized by incubating blots in HyGLO Chemiluminscent 

HRP Antibody Detection Reagent (Denville Scientific, Metuchen, NJ, USA) for 

one minute, then placing HyBLOT Autoradiography Film (Denville Scientific, 

Metuchen, NJ, USA) on blots and developing. Secondary antibodies were 

conjugated to horseradish peroxidase and included anti-chicken IgY, HRP 

Conjugate (Promega, Madison, WI, USA) used at 1:1000 and anti-rabbit IgG, 

HRP Conjugate (Thermo Scientific, Rockford, IL, USA) used at 1:5000. 

 

Immunolabeling 

Following fixation and cryoprotection, tissues were cryosectioned at 12µm, 

mounted on SuperfrostPlus slides (Fisher Scientific, Pittsburgh, PA, USA), and 

stored at -20°C until used. Sections were rehydrated at room temperature in 

three changes of PBS + 0.3%Triton X-100 (PBS-TX) and blocked in PBS-

TX+10% normal goat serum (NGS; Vector Laboratories, Burlingame, CA, USA) 

for one hour at room temperature. Primary antibodies were diluted at a 

concentration of 1:100 in 300µl PBS-TX+10% NGS and applied to sections. 

Slides were covered with parafilm and stored horizontally at 4°C for one to four 

days. Subsequently, slides were washed three times in 0.1M PBS at room 

temperature. Secondary antibodies were diluted at a concentration of 1:400 in 

300µl PBS-TX+10% NGS and applied to sections. Slides were covered with 

parafilm and stored horizontally at 4°C overnight. Slides were then washed in 

PBS three times for thirty minutes at room temperature, in the dark. Slides were 
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mounted using Dapi-FluormountG (Southern Biotech, Birmingham, AL, USA), 

sealed with clear nail polish, and imaged using a Leica SP5 scanning confocal 

microscope. In all immunohistochemical images in this paper, blue represents 

DAPI (4’,6-diamidino-2-phenylindole) labeling of nuclei, green represents 

rhodopsin antibody labeling, red represents retinochrome antibody labeling, and 

cyan represents Gqα antibody labeling. Overlap of rhodopsin and retinochrome 

labeling appears yellow, and overlap of Gqα and retinochrome labeling appears 

pink. For best visualization of tissues, retinal and dermal tissues were sectioned 

in orthogonal orientation or in cross-section (Figure 3.3). Orthogonal sections 

revealed a single dermal layer with entire chromatophores. In these “en face” 

images, chromatophores are viewed from “above” where the chromatophores 

appear round, radial muscle fibers project circumferentially, and sheath cells are 

present in between these muscles (e.g. Figure 3.3A). In cross-section, all dermal 

layers are present from the surface epithelial layer to the underlying basal muscle 

tissue. Chromatophores are seen from the side with few or no radial muscle 

fibers or sheath cells apparent (e.g. Figure 3.3B). More oblique sections allowed 

chromatophores to be viewed in an ovoid form.  

Secondary-only tissue controls lacking primary antibodies were performed using 

the same protocol and conditions as tissues labeled with primary antibodies. 

Retina, ventral mantle, dorsal mantle, fin, tentacle, and arm 1 tissue sections 

were labeled with anti-rabbit 488 and anti-chicken 555 to show lack of non-

specific secondary antibody binding and minimal fluorescence due to secondary 

antibodies (Supplemental Figure 3.7 and 3.8). 
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Retina and mantle tissues were used for absorption controls to show that primary 

antibodies can be blocked with the antigenic peptides used to develop the 

antibody (Supplemental Figure 3.9 and 3.10). Absorption controls were 

performed by incubating rhodopsin or retinochrome antibody with the respective 

antigenic peptide at 4°C overnight. The mixture was then diluted to the working 

concentration of antibody used in primary antibody labeling experiments (1:100) 

and applied to tissue following the protocol used previously.  

 

Results 

RT-PCR 

Rhodopsin 

A single full-length rhodopsin transcript was identified in the retina and 

throughout all skin regions tested in D. pealeii (Supplemental Table 3.1). Full-

length rhodopsin gene transcripts were identified in the retinas of Sepia officinalis 

and S. latimanus. Partial rhodopsin gene transcripts (>200 amino acids in the 

transmembrane region) were identified throughout all skin regions tested in the 

cuttlefishes, Sepia officinalis and S. latimanus. The predicted amino acid 

sequence for each respective species is the same for all sequences amplified 

from that species, regardless of tissue region (Supplemental Figure 3.1). Thus, 

only a single opsin mRNA sequence was found throughout all tissues in each 

species. Rhodopsin sequences from D. pealeii and S. officinalis were identical to 

previously published sequences in these species (Go and Mitchell, 2003; 
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Accession: AY450853; Bellingham et al., 1998; Accession: L47533), while that of 

S. latimanus rhodopsin was previously unreported (accession numbers provided 

upon acceptance). Rhodopsin transcripts were not located in RNA extracts from 

the fin nerve or stellate ganglion in D. pealeii, which served as negative controls.   

 

Retinochrome 

A single full-length retinochrome transcript was identified in the retina and 

throughout the skin of D. pealeii. Full-length retinochrome gene transcripts were 

identified in the retinas of S. officinalis and S. latimanus. Partial transcripts (>170 

amino acids in the transmembrane region) were identified throughout the skin of 

S. officinalis and S. latimanus (Supplemental Table 3.1). Retinochrome 

transcripts were identified by comparison to the published retinochrome transcript 

from Todarodes pacificus (Hara et al., 1990; Accession: X57143). A single 

transcript was found in each species investigated. The predicted amino acid 

sequences for retinochrome were the same for all recovered sequences in each 

respective species and identical to retinal retinochrome (Supplemental Figure 

3.2). Retinochrome sequences from D. pealeii, S. officinalis, and S. latimanus 

were previously unknown (accession numbers provided upon acceptance). As 

with rhodopsin, retinochrome transcripts were not found in RNA extracts from the 

fin nerve or stellate ganglion in D. pealeii. 

 

Gqα 



	   84	  

A full-length Gq α-subunit transcript was identified in the retina of D. pealeii 

(Supplemental Table 3.1) and was identical to the Gqα transcript from D. pealeii 

was previously reported by Go and Mitchell (2003; Accession: AF521583). A 

second full-length Gqα transcript was also found in all dermal tissue regions of 

this species. However, the dermal sequence differed in amino acid composition 

from the retinal sequence by sixteen amino acids near the C-terminus 

(Supplemental Figure 3.3). The presence of a Gqα transcript was not 

investigated in the fin nerve or stellate ganglion of D. pealeii. 

 

sTRP 

A partial squid transient receptor potential (sTRP) channel transcript was 

identified in the retina and skin of D. pealeii (Supplemental Table 3.1). sTRP 

channel transcripts located in skin RNA extracts had a predicted amino acid 

sequence identical to that of transcripts from retinal tissue (Supplemental Figure 

3.4). sTRP from D. pealeii had not been sequenced prior to this search 

(accession number provided upon acceptance). Primers used to identify sTRP in 

D. pealeii were designed using the sequence from Loligo forbesi (Monk et al., 

1996). The partial sTRP sequence (216 amino acids) identified in D. pealeii 

differs by one amino acid from the sequence identified in L. forbesi (Monk et al., 

1996). While sTRP is thought to function as the ion channel involved in retinal 

phototransduction in cephalopods, this has not been empirically confirmed (Monk 
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et al., 1996). The presence of a sTRP transcript was not examined in the fin 

nerve or stellate ganglion of D. pealeii. 

 

Dissociated chromatophores 

Full-length rhodopsin, retinochrome, and Gqα mRNA transcripts were identified 

in chromatophores dissociated from the ventral mantle, dorsal mantle, lateral 

mantle, and fin of D. pealeii (Supplemental Table 3.2). The predicted amino acid 

sequence for each transcript was the same as the corresponding amino acid 

sequence from the retina, except for Gqα (Supplemental Figure 3.1, 3.2, 3.3), 

which differed by sixteen amino acids near the C-terminus and was identical to 

the sequence from skin samples reported earlier. The presence of an sTRP 

transcript was not examined in dissociated chromatophore RNA. 

 

Antibody Studies 

Western Blot 

Anti-rhodopsin labeled a retinal protein approximately 47kDa in molecular weight 

in D. pealeii (Figure 3.1A). This finding agrees with molecular weights reported 

for several squid rhodopsins identified through amino acid analysis and SDS-

polyacrylamide gel electrophoresis using anti-rhodopsin antibodies (Nashima et 

al., 1979). The secondary-only control for anti-rabbit HRP conjugate shows no 

labeling (Supplemental Figure 3.5A). Similarly, absorption controls using 
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rhodopsin antibody and peptide show no labeling (Supplemental Figure 3.5B). 

Anti-retinochrome labeled a retinal protein of approximately 24kDa in molecular 

weight in D. pealeii (Figure 3.1B). This finding also agrees with previous reports 

of antibody labeling against T. pacificus retinochrome (Hara and Hara, 1984). 

The secondary-only control for anti-chicken HRP conjugate shows no labeling 

(Supplemental Figure 3.6A). Similarly, absorption controls using retinochrome 

antibody and peptide show no labeling (Supplemental Figure 3.6B). Anti-Gq/11α 

labeled a retinal protein with a molecular weight of approximately 48kDa in D. 

pealeii (Figure 3.1C). This protein is similar in size to a protein identified in the 

retina of the firefly squid, Watasenia scintillans (Narita et al., 1999), where it is 

thought to be the alpha subunit of the Gq protein.   

 

Immunolabeling of rhodopsin and retinochrome 

Rhodopsin and retinochrome were simultaneously immunolabeled in some 

preparations. Rhodopsin antibody labels the outer segments of the retina, where 

opsin protein is known to be present (Figure 3.2A). Retinochrome antibody labels 

the inner segments of retinal photoreceptors, where retinochrome is thought to 

function as a photoisomerase to regenerate cis-retinal for use by the visual 

pigment, rhodopsin (Figure 3.2A; Hara and Hara, 1972). DAPI, included in the 

mountant, labels a large band of nuclei in the inner segments, belonging to the 

photoreceptor cells. A single layer of supporting cell nuclei in the inner segments 

distal to the photoreceptor nuclei is also labeled (Figure 3.2A). Immunolabeling in 
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the retina is used as a positive control, since protein expression in this tissue is 

known (Hara and Hara, 1972). Negative controls containing only secondary 

antibodies in the retina show no non-specific binding or cross-reactivity of 

secondary antibodies (Supplemental Figure 3.7). 

Rhodopsin and retinochrome antibody labeling is localized to components of 

many dermal tissues (Figure 3.4), including ventral mantle, dorsal mantle, fin, 

each of the four arm pairs (only arm 1 shown), and tentacle. Specifically, both 

labels are consistently seen in pigment cell membranes of chromatophores, as 

well as in radial muscle fibers and sheath cells (see Cloney and Florey, 1968 for 

chromatophore ultrastructure). Rhodopsin and retinochrome immunolabeling is 

apparent in these organs in cross-sections of the ventral mantle and tentacle, 

and in orthogonal sections of the dorsal mantle, fin, and arm 1 (see Figure 3.3 

and Materials and Methods: Immunolabeling for orientation descriptions). Due to 

the angle of sectioning, there are sections where the outer membrane of the 

pigment sac is labeled (Figure 3.4C). This is the case when the outer pigment 

membrane is present in the section, and other sections where outer pigment 

membrane is not present do not show this staining (Figure 3.4D, E). Negative 

controls containing only secondary antibodies or antibodies absorbed by 

antigenic peptide show no non-specific binding or cross-reactivity of secondary 

antibodies in dermal tissues (Supplemental Figure 3.7, 3.8, 3.9, and 3.10). 
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Immunolabeling of Gqα and Retinochrome 

Gqα and retinochrome were also colabeled in some preparations. Gqα antibody 

binds to the inner and outer segments of the retina, where Gqα is thought to 

function in phototransduction (Figure 3.2B; Narita et al., 1999). Gqα and 

retinochrome labeling overlap, and appear pink in the inner segments of 

photoreceptor cells (Figure 3.2B). Secondary-only controls, lacking primary 

antibody, show no non-specific binding or cross-reactivity in retinal sections using 

the same secondary antibodies used to label Gqα and retinochrome 

(Supplemental Figure 3.8). 

Gqα antibody colocalizes with retinochrome antibody in chromatophore 

membranes, radial muscle fibers, and sheath cells in mantle and fin tissues 

(Figure 3.5). Gqα antibody also labels many regions of mantle and fin tissue that 

are not labeled by retinochrome antibody. Ventral mantle tissue was examined in 

an oblique orientation, showing labeling of retinochrome and Gqα in the pigment 

cell membrane and of a single radial muscle fiber pulling the pigment cell away 

from a sheath cell (Figure 3.5A). Dorsal mantle tissue was visualized in an 

orthogonal orientation showing two chromatophores with retinochrome and Gqα 

labeling of the pigment cell membrane and sheath cells surrounding each 

pigment cell (Figure 3.5B). Fin tissue was visualized in cross-section, showing 

the presence of a chromatophore with labeling of retinochrome and Gqα of the 

pigment cell membrane, a single radial muscle fiber, and a labeled sheath cell 

(Figure 3.5C). Gqα antibody also labels connective tissue (Figure 3.5A, B), the 

iridophore layer, and muscle tissue underlying the chromatophore layer (Figure 
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3.5C; for review of dermal composition, see Cloney and Florey, 1968). Similar to 

the staining seen for rhodopsin and retinochrome double labels, there are 

sections where the outer membrane of the pigment sac is labeled with 

retinochrome (Figure 3.5A, C). This is the case when the outer pigment 

membrane is present in the section, and other sections where outer pigment 

membrane is not present do not show this staining (Figure 3.5B). 

 

Discussion 

Cephalopods have extraocular photoreceptors in their light organs and 

parolfactory vesicles (Hara and Hara, 1980; Tong et al., 2009); both types of 

photoreceptors express rhodopsin protein, and the parolfactory vesicles of the 

oceanic squid T. pacificus express retinochrome protein (expression of 

retinochrome protein in light organs was not reported). Ours is the first study to 

identify and localize several phototransduction components in cephalopod skin, 

where they may serve a distributed light sensing system. 

Cephalopod skin is unique because it produces the dramatic color and pattern 

changes by modulating a number of specialized structures within the dermis 

(Hanlon, 2007). One set of these is the dermal chromatophore organs, which are 

complex structures composed of a pigment sac surrounded by the highly 

reticulated membrane of its pigment cell (Cloney and Flory, 1968) to which 

radially arranged muscle fibers are directly attached. Contraction of radial muscle 

fibers expands the pigment cell, while their relaxation allows the pigment cell to 
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contract. Surrounding the membrane of the pigment cell are sheath cells whose 

function is unidentified; they are hypothesized to support the chromatophore 

organ throughout the dynamic movements that occur when the pigment sac is 

rapidly expanded, contracted, or maintained in a partially expanded state (Cloney 

and Florey, 1968). Cephalopods have particularly complicated dermal 

architecture that, while often studied, is still poorly understood. 

Rhodopsin, retinochrome, Gqα, and sTRP transcripts were found in the retina 

and throughout dermal tissues. With the exception of Gqα, dermal transcripts 

match the retinal transcript identified in each respective species, with no 

additional rhodopsin transcripts identified in any species. Variations in the Gqα 

transcripts reflect the presence of more than one Gqα class in cephalopods. 

Despite these small differences in Gqα transcripts, Gq proteins are known to 

target the PLC pathway. Whether these changes result in changes to the 

signaling cascade is unknown. The stellate ganglion and fin nerve of D. pealeii 

serve, in a sense, as negative controls since neither rhodopsin nor retinochrome 

transcripts were detected within these tissues. While Mäthger et al. (2010) 

reported finding two distinct rhodopsin transcripts in ventral mantle skin of S. 

officinalis that differ by one predicted amino acid change from the retinal 

sequence, it is likely that DNA polymerase or sequencing errors produced such 

differences.  

The presence of rhodopsin, Gqα, and sTRP channels in cephalopod skin is 

particularly significant because all are components that could serve extraocular 

photoreception, duplicating their function in retinal photoreceptors. Retinochrome 
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in cephalopods is also thought to be necessary in retinal photoreceptor function, 

even though its role is not well understood. Most significantly, antibody labeling 

of rhodopsin, retinochrome, and Gqα in the highly folded membranes, radial 

muscle fibers, and sheath cells of chromatophore organs suggests a 

photoreceptive function. Phototransduction in the retina is thought to rely on 

these same components, though the precise sequence of events is not 

thoroughly worked out. Nevertheless, our finding of identical or very similar 

molecular components in chromatophores strongly suggests that they function in 

phototransduction.  

While physiological and behavioral assays are necessary to determine if, how, 

and why these putative photoreceptors function, we propose three hypotheses 

based upon our current understanding of this system. Such chromatophore 

photoreceptors might act as a local system affecting individual cells, within a 

broader system of cells immediately adjacent to the photoreceptive cell, or in 

coordination with the central nervous system. Thus one hypothesis posits that 

sensing by chromatophores could alter a single chromatophore component 

(pigment cell membrane, radial muscles, sheath cell), or the entire organ, so as 

to make it more or less likely to change its state of expansion or retraction. In this 

case, individual chromatophore organs would respond to light locally. 

Alternatively, local receptors could communicate with one another among the 

chromatophores via the gap junctions that exist between adjacent muscle cells 

and allow electrical interactions (Cloney and Florey, 1968), so that small regional 

areas of chromatophores would response to light stimuli as a unit. Finally, 
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phototransduction-induced signals produced by chromatophores may travel by 

afferent nerve fibers to the central nervous system to provide additional 

information about the environment in which the animal exists. This information 

itself could serve ultimately to affect chromatophore behavior. While future 

research will clarify their function, the molecular evidence presented here 

suggests that cephalopod chromatophores contain the basic components 

required for a system of distributed light detectors. 
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List of Symbols and Abbreviations 

PBS – 0.1M phosphate buffered saline 

DAPI - 4’,6-diamidino-2-phenylindole 

Gqα – G-protein alpha-q 

NGS – normal goat serum 

PBS – 0.1M phosphate buffered saline 

PBS-TX – 0.1M phosphate buffered saline + 0.3% Triton X-100 

RT-PCR – reverse transcriptase polymerase chain reaction 

sTRP – squid transient receptor potential channel 
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Figure 3.1. Western blots for (A) rhodopsin (47kDa), (B) retinochrome 

(24kDa), and (C) Gqα (48kDa) from D. pealeii retinal protein tissue 

extractions. Boxes indicate expected molecular weights of bands representing 

each protein. The band at 100kDa on the rhodopsin blot is rhodopsin dimer. 
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Figure 3.2. Immunohistochemical labeling of the retina of D. pealeii: (A) 

rhodopsin (green) and retinochrome (red); and (B) Gqα (cyan) and 

retinochrome (red). Labeled rhodopsin is present in outer segments. 

Retinochrome is present in inner segments. Retinochrome label appears pink in 

the inner segments when colabeled with Gqα, suggesting that these two proteins 

are coexpressed in the same cells of the inner segments. Gqα label is also 

present in inner and outer segments. The location of the outer segments is 

represented by the vertical solid black line; that occupied by inner segments is 

represented by the vertical dotted lines. Blue represents DAPI labeling of nuclei 

in the photoreceptor cells (pcn) and in supporting cells (scn) where the inner and 

outer segments meet. Scale bar = 25µm. 

 

 

 



	   102	  

 

Figure 3.3. Schematic representation of chromatophore structure en face 

(A) and cross-section (B). Orientations illustrate section orientation of 

immunohistochemically stained samples. Small stippled dots represent pigment 

granules within the pigment sac. Letter labels: m, outer membrane of pigment 

cell; r, radial muscle fiber; sc, sheath cell; n, nucleus.  
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Figure 3.4. Immunohistochemical labeling of rhodopsin (green) and 

retinochrome (red) in (A) ventral mantle, (B) dorsal mantle, (C) fin, (D) arm 

1, (E) tentacle of D. pealeii. Rhodopsin and retinochrome are present in 

chromatophore (pigment cell) membranes, radial muscle fibers, and sheath cells. 

Yellow indicates overlap of rhodopsin and retinochrome label, suggesting that 

some of these cells express both proteins. Blue represents DAPI labeling of 

nuclei. Letter labels: m, pigment cell membrane; r, radial muscle fiber; sc, sheath 

cell. Scale bar = 25µm. 
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Figure 3.5. Immunohistochemical labeling of Gqα (cyan) and retinochrome 

(red) in D. pealeii (A) ventral mantle, (B) dorsal mantle, and (C) fin. Gqα and 

retinochrome labels are seen in pigment cell membranes, radial muscle fibers, 

and sheath cells. Pink color apparent in some areas is due to overlap of Gqα and 

retinochrome labels. Blue represents DAPI labeling of nuclei. Letter labels: m, 

pigment cell membrane; r, radial muscle fiber; sc, sheath cell; ct, connective 

tissue; i; iridophore layer; musc; muscle tissue underlying the iridophore layer. 

Scale bar = 25µm. 
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Supplemental Table 3.1. Presence of phototransduction 
component transcripts in dermal tissues from D. pealeii 
(black), S. officinalis (red), and S. latimanus (blue). + 
indicates transcript found; X indicates transcript not found.  

 Rhodopsin Retinochrome Gqα sTRP 
Retina +++ +++ + + 
Ventral mantle +++ +++ + + 
Dorsal mantle +++ +++ + + 
Fin +++ +++ + + 
Arm 1 +++ +++ + + 
Arm 2 +++ +++ + + 
Arm 3 +++ +++ + + 
Arm 4 +++ +++ + + 
Tentacle +++ +++ + + 
Muscle +++ +++ + + 
Fin nerve         X            X   
Stellate 
ganglion 

        X            X   
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Supplemental Table 3.2. Presence of phototransduction 
transcripts in chromatophores dissociated from D. pealeii 
dermal tissue. 

 Rhodopsin Retinochrome Gqα 
Ventral mantle + + + 
Dorsal mantle + + + 
Lateral mantle + + + 
Fin + + + 
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Supplemental Table 3.3. Gene specific primer sequences used to 
characterize cephalopod phototransduction transcripts. 

Gene Primer Sequence 5’>3’ 
Rhodopsin L.pealeiiRhoF1 

L.pealeiiRhoR1325 
SepiaRhoF1 
SepiaRhoR1395end 
S.latimanusF91 
S.latimanusF189 
L.pealeiiR860 

ATGGGTCGCGATATCCCAGACAATG 
TTAGGCCTGGTTGTCAACCCCCTGAG 
ATGGGTAGAGACATCCCAGATA 
TCAAGCCTGGTAGGCCTGGTTGTCAA 
GACGCTGTTTACTACTCCCTCGGTAT 
TCCCTCCAGACTCCAGCCAACATG 
CATAAGGTGTTACCCATTCGAGTGGACC 

Retinochrome CephRetF1 
CephRetR906 
S.latimanusRetR196 
L.pealeiiRetR775 

ATGTTCGGAAATCCAGCAATGACTGG 
TTAGGGCTTCTTGGTGTCACTTTTGG 
GGGTCAATGGAGGAGTTGCTGCTC 
GTGACCTCCCAAGTGAGTAAGGCTGGC 

Gqα LpGq_F1short 
LpGq_Rend 

ATGGCGTGCTGCCTCAGCG 
TCAGACCAAGTTATACTCCTTCAAGTTAAG 

sTRP L.pealeiiTRP F1852 
L.pealeiiTRP R2365 

CAACTTGCTTATCGCTATGATGAGC 
CCATAAGTGTTTCGGTCTGGCCC 
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Supplemental Figure 3.1. Predicted amino acid alignment of rhodopsin 

identified by RT-PCR in Doryteuthis pealeii, Sepia officinalis, and Sepia 

latimanus. The black bar represents the region against which anti-

rhodopsin antibody was designed. 
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Supplemental Figure 3.2. Predicted amino acid alignment of retinochrome 

identified by RT-PCR in Doryteuthis pealeii, Sepia officinalis, and Sepia 

latimanus. The black bar represents the region against which anti-

retinochrome antibody was designed. 
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Supplemental Figure 3.3. Predicted amino acid alignment of full length Gqɑ 

identified by RT-PCR in Doryteuthis pealeii. The black bar represents the 

region of the protein against which anti-Gqα targets. The gray bar represents the 

region of the Gqα transcript identified in the retina that is different from the Gqα 

transcripts identified in dermal tissues. 
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Supplemental Figure 3.4. Predicted amino acid alignment of partial 

transient receptor potential channel (TRP) identified by RT-PCR in 

Doryteuthis pealeii. 
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Supplemental Figure 3.5. Secondary only control for anti-rabbit 

horseradish peroxidase-conjugate (A) and anti-chicken horseradish 

peroxidase-conjugate (B) Western blots. Secondary-only controls lack primary 

antibody and show no labeling. Bands at the top of each blot represent excess 

protein. 
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Supplemental Figure 3.6. Absorption controls for anti-rhodopsin (A) and 

anti-retinochrome (B) Western blots. Rhodopsin absorption control is labeled 

with rhodopsin primary antibody incubated with antigenic peptide to inhibit 

functionality of primary antibody (A). Retinochrome absorption control is labeled 

with retinochrome primary antibody incubated with peptide to inhibit functionality 

of primary antibody (B). Bands at the top of each blot represent excess protein. 
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Supplemental Figure 3.7. Immunohistochemical secondary antibody-only 

control lacks primary antibody. Doryteuthis pealeii retina is labeled with (A) 

anti-rabbit 488 and anti-chicken 633 and (B) anti-rabbit 488 and anti-chicken 555 

to ensure no nonspecific labeling of secondary antibodies. 
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Supplemental Figure 3.8. Immunohistochemical secondary antibody-only 

control lacks primary antibody. Doryteuthis pealeii (A) ventral mantle, (B) 

dorsal mantle, (C) fin, (D) arm 1, and (E) tentacle labeled with anti-rabbit 488 and 

anti-chicken 555 to ensure no non-specific labeling of secondary antibodies. 

 

 

 

 

 



	   116	  

 

Supplemental Figure 3.9. Absorption control immunolabeling of rhodopsin 

protein. Rhodopsin protein is expressed in retina outer segments (A) and 

chromatophores (C). When antibody is absorbed with antigenic peptide, protein 

labeling is blocked in retinal sections (B) and mantle sections (D). Transmitted 

light images are included to show tissue structure (Aʹ′, Bʹ′, Cʹ′, Dʹ′). Blue 

represents DAPI labeling of nuclei. The location of the outer segments is 

represented by the vertical solid black line; that occupied by the inner segments 

is represented by the vertical dotted lines. Letter labels: supporting cell nuclei; 

pcn, photoreceptor cell nuclei; m, membrane; ps, pigment sac. Scale bar, 25µm. 
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Supplemental Figure 3.10. Absorption control immunolabeling of 

retinochrome protein. Retinochrome protein is expressed in retina inner 

segments (A) and chromatophores (C). When antibody is absorbed with 

antigenic peptide, protein labeling is blocked in retinal sections (B) and mantle 

sections (D). Transmitted light images are included to show tissue structure (Aʹ′, 

Bʹ′, Cʹ′, Dʹ′). Blue represents DAPI labeling of nuclei. The location of the outer 

segments is represented by the vertical solid black line; that occupied by the 

inner segments is represented by the vertical dotted lines. Letter labels: 

supporting cell nuclei; pcn, photoreceptor cell nuclei; m, membrane; ps, pigment 

sac. Scale bar, 25µm. 
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Abstract 

Cephalopods are famous for their ability to change color and pattern rapidly for 

signaling and camouflage. They have keen eyes and remarkable vision, made 

possible by photoreceptors in their retinas. External to the eyes, photoreceptors 

also exist in parolfactory vesicles and some light organs, where they function 

using a rhodopsin protein that is identical to that expressed in the retina. 

Furthermore, dermal chromatophore organs contain rhodopsin and other 

components of phototransduction (including retinochrome, a photoisomerase first 

found in the retina), suggesting that they are photoreceptive. In this study, we 

used a modified whole-mount immunohistochemical technique to explore 

rhodopsin and retinochrome expression in a number of tissues and organs in the 

longfin squid, Doryteuthis pealeii. We found that fin central muscles, hair cells 

(epithelial primary sensory neurons), arm axial ganglia, and sucker peduncle 

nerves all express rhodopsin and retinochrome proteins. Our findings indicate 

that these animals possess an unexpected diversity of extraocular 

photoreceptors and suggest that extraocular photoreception using visual opsins 

and visual phototransduction machinery is far more widespread throughout 

cephalopod tissues than previously recognized.  
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Introduction 

Cephalopods are well known for their remarkable ability to transform their 

appearance by altering their dermal coloration, patterning, and shape. They are 

thought to achieve this by detecting visual scenes using their eyes and 

controlling their dynamic patterning in a top-down manner. In this model, eyes 

detect scenes and the brain initiates signals that result in dermal color and/or 

shape change (Chiao et al., 2010; Hanlon and Messenger, 1988) using 

chromatophores, iridophores, leucophores, and papillae (Allen et al., 2009; 

Cloney and Brocco, 1983). It has also been shown that several cephalopod 

species have extraocular photoreceptors in parolfactory vesicles and epistellar 

bodies, both in the central nervous system(Young, 1973). These are functional 

partly because of the translucent skin of cephalopods. Some cephalopods also 

have photoreceptors outside the CNS (Tong et al., 2009). For example, squid 

and cuttlefish have visual opsins in their skin that are thought to contribute to light 

detection and possibly to dermal patterning (Kingston et al., 2015). 

Extraocular, or non-visual, photoreceptors are light detectors that exist outside of 

eyes and do not contribute to image analysis. In cephalopods, all extraocular 

photoreceptors that have been described are thought to detect light using 

rhodopsin, identical to the form expressed in the eye. Some are also known to 

use other visual phototransduction components, including retinochrome, Gqα, 

visual arrestin, and rhodopsin kinase (Gartner, 2000; Tong et al., 2009). The 

photopigments rhodopsin and retinochrome are of special interest. Rhodopsin is 

formed when an opsin protein is covalently bound to a vitamin-A derived 
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chromophore. When the chromophore accepts a photon, a signaling cascade is 

initiated that results in the opening or closing of ion channels, and ultimately, a 

neural signal (reviewed in (Sperling and Hubbard, 1975)). Retinochrome, a 

photoisomerase expressed in cephalopod retinas, is thought to convert the all-

trans chromophore to the 11-cis configuration to regenerate active rhodopsin 

(Chiao et al., 2010; Hanlon and Messenger, 1988; Sperling and Hubbard, 1975).  

The deep sea squid, Todarodes pacificus, has photoreceptors located in small 

parolfactory vesicles along the optic tract (Allen et al., 2009; Cloney and Brocco, 

1983; Hara and Hara, 1980). While the physiological function of these 

photoreceptive cells is not well understood, they are known to respond 

electrically to light and to express rhodopsin and retinochrome, two proteins 

essential to vision in the retina (Cobb and Williamson, 1998; Hara and Hara, 

1980; Young, 1973). The bobtail squid, Euprymna scolopes, has extraocular 

photoreceptors located in its light organ, thought to be involved in a feedback 

mechanism to regulate the luminance levels emitted from the organ (Jones and 

Nishiguchi, 2004). These light organ photoreceptors express rhodopsin, arrestin, 

and rhodopsin kinase proteins and respond electrically to light stimuli (Tong et al., 

2009). The epistellar body of the curled octopus, Eledone cirrhosa, has 

photoreceptor cells that respond to light electrophysiologically with a spectral 

sensitivity similar to that of rhodopsin (Cobb and Williamson, 1998; Kingston et 

al., 2015). Additionally, molecular studies of putative distributed photoreceptors in 

the skin of Sepia officinalis, Sepia latimanus, and Doryteuthis pealeii have shown 

that transcripts of several phototransduction machinery genes, including 
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rhodopsin, retinochrome, Gqα, and squid TRP channel, are expressed 

throughout dermal tissues. Significantly, rhodopsin, retinochrome, and Gqα 

proteins are all expressed in chromatophore membranes, radial muscle fibers, 

and sheath cells, all of which are components of chromatophore organs that are 

used in signaling and camouflage (Hara and Hara, 1980; Kingston et al., 2015; 

Tong et al., 2009). Wherever they have been characterized in extraocular 

photoreceptors of cephalopods, rhodopsin transcripts are identical to those 

located in retinas of the same species.  

In this study, we investigated rhodopsin and retinochrome antibody labeling 

throughout the body of adult and hatchling longfin squid, Doryteuthis pealeii, 

using a modified whole-mount immunohistochemical technique and confocal 

imaging. We confirm that these antibodies correctly label the retina, dermal 

chromatophores, and paralarval parolfactory vesicles and identify four new tissue 

regions where rhodopsin and retinochrome antibodies label. We suggest that 

these regions contain novel, previously undescribed photoreceptors that operate 

using rhodopsin and retinochrome proteins. While the functionality of these four 

classes of putative photoreceptors is currently unknown, we will discuss 

hypotheses and propose possible functions. 
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Materials and Methods 

Tissue collection and fixation 

Doryteuthis pealeii adults were collected by brief slow trawling runs in Vineyard 

Sound (41°N 26’ 30”N, 070° 46’ 28”W) by the Aquatic Resources Division at 

Marine Biological Laboratory (MBL) in Woods Hole, MA USA. Fertilized egg 

masses were collected from squid holding tank populations and isolated in mesh 

bottom enclosures that were floating in running sea water tanks. Two to four days 

post-hatching, hatchlings were collected. Hatchlings, also noted in the literature 

as paralarvae, are young developing cephalopods that have recently hatched 

from their egg casings (Mackie, 2008). From large holding tank populations, 

individuals that showed no evidence of skin damage in at least one fin were 

transferred to separate holding tanks for males and females, respectively. Each 

squid was fed daily with small live fish (Fundulus spp.), and animals were kept for 

up to two weeks before being used for experiments. 

Prior to fixation, adult D. pealeii were anaesthetized by immersion in seawater 

containing a sublethal concentration of ethanol (3%), and then killed by 

decapitation and decerebration (following institutional guidelines). Live hatchlings 

in seawater were isolated into a falcon tube and fixative added directly. All 

tissues were prepared for immunohistochemistry by fixation in 4% 

paraformaldehyde in PBS (0.1 M phosphate buffered saline, pH 8). Following 

dissection, adult tissue was fixed for four hours at room temperature. Hatchlings 
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were fixed whole for one hour at room temperature. After fixation, tissues were 

stored in PBS at 4°C until use. 

Adult tissues used for whole-mount immunohistochemistry include retina, dorsal 

mantle, and fin.  After fixation, adult retinas were vibratome sectioned at 

approximately 150 µm. Adult dorsal mantle sections were cut with a straightedge 

razor blade into approximately 5 mm2 pieces, and all layers of dermal tissue were 

separated from underlying mantle muscle tissue after fixation. Intact adult fin 

tissue was cut with a vibratome at approximately 600 µm from a whole fin to 

expose all layers from ventral to dorsal epidermis. Hatchlings were labeled and 

imaged intact. 

 

Antibodies 

Antibodies used in this study included custom-made anti-cephalopod rhodopsin 

and anti-cephalopod retinochrome, and commercially available anti-acetylated 

alpha-tubulin (Sigma). Western blots and previous immunohistochemical labeling 

in thin sections, including extensive controls, show that these antibodies label the 

proteins against which they were designed (Kingston et al., 2015). The antibody 

directed against the first fifteen predicted amino acids of rhodopsin transcripts 

from S. officinalis, S. latimanus, and D. pealeii will hereafter be referred to as 

“rhodopsin antibody”. The antibody directed against the predicted terminal eleven 

amino acids of retinochrome transcripts from S. officinalis, S. latimanus, and D. 

pealeii will hereafter be referred to as “retinochrome antibody”. Anti-acetylated 
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alpha tubulin specifically labels nerves in cephalopods (Shigeno and Yamamoto, 

2002). 

Secondary antibodies included AlexaFluor 555 goat anti-chicken, AlexaFluor 594 

goat anti-mouse, and AlexaFluor 633 goat anti-rabbit (LifeTechnologies). These 

secondary antibodies were chosen because short-wavelength autofluorescence 

is commonly observed when imaging thick sections of cephalopod tissue, and 

these secondary antibody excitation and emission wavelengths avoid this 

phenomenon (Gonzalez-Bellido and Wardill, 2012).  

 

Immunolabeling 

Immunolabeling was performed by modifying a whole-mount immunolabeling 

protocol from Gonzalez-Bellido and Wardill (Gonzalez-Bellido and Wardill, 2012). 

All tissues were dehydrated in an ethanol series (ethanol in PBS) of 30, 50, 70, 

90, and 100% for twenty minutes each, at room temperature, to remove lipids. 

Tissues were rehydrated in 90, 70, 50, and 30% ethanol series for twenty 

minutes each, at room temperature. Tissues were washed in PBS three times for 

ten minutes at room temperature, and blocked in PBS-TX (0.1M PBS+0.3% 

Triton-100; Sigma) plus 10% normal goat serum (NGS; Vector Labs) for two 

hours at room temperature. Primary antibodies were diluted at a concentration of 

1:100 in 1ml PBS-TX+10% NGS and added to tissues contained in a 24-well 

plate. Primary antibody incubations lasted four days at 4°C. Tissues were 

washed in PBS-TX+10% NGS for one hour, three times, at room temperature. 
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Secondary antibodies were diluted at a concentration of 1:50 in 1ml PBS-

TX+10% NGS and applied to tissues. Secondary antibody incubations lasted 

three days at 4°C. Tissues were washed in PBS three times for thirty minutes at 

room temperature in the dark. Tissues were cleared in a thiodiethanol (TDE; 2’2’-

thiodiethanol in PBS; Sigma) series of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 

97% for one hour each, at room temperature, in the dark, and mounted in 97% 

TDE on 600µm-thick stainless steel slides with a cover slip on each side of a 

circular punch through the middle of the slide. Cover slips were sealed to the 

slide with nail polish. 

 

Confocal microscopy, tissue visualization, and image processing 

A Zeiss LSM 780 was used to image tissues. Images were taken using a 25x 

long-working-distance multi-immersion objective, set to “oil”. Retinal tissue was 

visualized in longitudinal section to expose the length of the photoreceptor cells 

and to visualize the inner and outer segments of photoreceptors of the retina, as 

well as the nervous tissue at the back of the eye. Dorsal mantle tissue was 

visualized from the epidermal layer through the chromatophore and iridophore 

layers, to underlying muscle tissue, i.e. en face. Fin tissue was visualized in 

cross-section, where the fin was cut from ventral to dorsal surfaces to include the 

ventral and dorsal dermal tissues and the muscle tissue that connects the dermal 

tissues. Hatchlings were imaged from the ventral surface inward. 
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In our images, rhodopsin immunolabeling appears green, retinochrome labeling 

appears red, and areas where both antibodies colabel the same tissue appear 

yellow. Anti-acetylated α-tubulin antibody appears white. In all images, 

autofluorescence of the tissue was imaged using a 405 nm laser and appears 

blue. Visualization of autofluorescence allows imaging of structural components 

of cephalopod tissue (Gonzalez-Bellido and Wardill, 2012). All secondary-only 

control images are shown in Supporting Data. 

Images were processed using Fiji (Image J). Maximum-intensity images were 

created from z-stacks (Z-projection). This material consists of images and data 

that support each of figures in this paper and the supplement. 

 

Ethics Statement 

In the USA, squids are not covered under IACUC guidelines however we 

continue to match international ethical guidelines in the treatment and handling of 

all animals used within this study. Squids were collected by trawling by the 

Aquatic Resources Division at Marine Biological Laboratory in Woods Hole, MA. 

The authors were not directly involved in collection of adult squids. Adults were 

housed in running sea water tanks until use, and were sacrificed by decapitation 

and decerebration immediately upon collection from tanks. The authors collected 

paralarvae from running sea water tanks in which they hatched, and they were 

immediately fixed alive. Traditional anesthetization of cephalopods using ethanol 

was not appropriate for paralarvae, as immersion in ethanol causes juveniles to 
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be disoriented and swim into the walls of their container, damaging dermal 

tissues and sensory hair epithelia. The MBL has a collection permit for 

Doryteuthis pealeii from the Massachusetts Division of Marine Fisheries, which is 

renewed annually. This species is not endangered in MA and is still collected 

commercially. 

 

Results 

Retina 

Rhodopsin antibody labeled outer segments of the photoreceptor cells in the 

retina of adult D. pealeii (Figure 4.1). Retinochrome antibody labeled the inner 

segments of photoreceptor cells. Acetylated α-tubulin antibody labeled the 

proximal portion of the retina, where axons leave photoreceptor cells. Blue 

labeling seen in the outer segments represents autofluorescence of that tissue. 

Areas where rhodopsin labeling in the outer segments appears blue-green are 

the result of rhodopsin labeling and autofluorescence in the same region of outer 

segments. These results serve as a positive control for the protocol and provide 

confirmation that antibodies label the proteins of interest, as expression of 

rhodopsin and retinochrome in cephalopod retinas are well known (Hara and 

Hara, 1976; Kingston et al., 2015), and that these antibodies label with the same 

pattern as thinly cryo-sectioned D. pealeii retinas (Gartner, 2000; Kingston et al., 

2015). α-tubulin labeling of axons at the proximal portion of the retina also serves 

as a positive control, confirming that the antibody labels nerves. Secondary-only 
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control shows a lack of non-specific labeling in the retina (Supplemental Figure 

4.1). 

 

Dorsal mantle 

Adult D. pealeii dorsal mantle tissue showed labeling with antibodies directed 

against rhodopsin and retinochrome in several distinct components of the 

chromatophore organs (Figure 4.2). These components included the pigment cell 

membrane that surrounds the pigment sac, the radial muscle fibers that attach 

directly to this sac, and the sheath cells that surround the radial muscles and sac. 

These results complement and are consistent with our earlier studies of dorsal 

mantle tissue in thin cryosection, where rhodopsin and retinochrome antibodies 

also labeled chromatophore pigment sacs, radial muscle fibers, and sheath cells 

(Kingston et al., 2015). Secondary-only control shows a lack of non-specific 

labeling in mantle tissue (Supplemental Figure 4.2). 

 

Fin 

Adult fin tissue showed colabeling of rhodopsin and retinochrome in one set of 

central muscle bundles (Figure 4.3). The central muscle bundles are formed from 

large muscle bundles that span the entire width of the fin and are separated at 

the midline (Kier, 1989). Muscle bundles run both parallel and perpendicular to 

the dermal surfaces of the fin (as seen in Figure 4.3), but only bundles running 
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parallel to the dermal surface showed colabeling. In contrast, vertical muscles, 

perpendicular to the dermal surface of the fin, remained free of either label. The 

secondary-only control shows a lack of non-specific labeling in fin muscle 

(Supplemental Figure 4.3). 

 

Hatchling parolfactory vesicles 

In D. pealeii hatchlings, portions of the parolfactory vesicles (structures lying 

ventrally to the optic tracts) labeled with rhodopsin, retinochrome, and acetylated 

α-tubulin antibodies (Figure 4.4). The entire parolfactory vesicle labeled positively 

for rhodopsin, while retinochrome and acetylated α-tubulin labeled cell bodies 

within the structure. The secondary-only control shows a lack of non-specific 

labeling in a hatchling parolfactory vesicle (Supplemental Figure 4.4). 

 

Hatchling arm ganglia and suckers 

Two types of structures in each arm of D. pealeii colabeled with rhodopsin and 

retinochrome-specific antibodies (Figure 4.5). First, a single large ganglion near 

the base of each arm colabeled. In addition, numerous suckers join to the main 

structure of each arm by a ring of muscular tissue called the peduncle. Within 

each of the peduncles, both antibodies labeled two parallel thread-like structures, 

thought to be the peduncle nerves that extend from each sucker to nerves in the 
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arm (Santi and Graziadei, 1975). The secondary-only control shows a lack of 

non-specific labeling in hatchling arms and suckers (Supplemental Figure 4.5). 

 

Hair cells 

In hatchlings of D. pealeii, the entire dermal surface is covered with small hair 

cells. These hair cells possess cilia that project outward from the cell body 

(Budelmann and Bleckmann, 1988). The cells are thought to be 

mechanosensory; in fact, Mackie (Mackie, 2008) called them “epidermal primary 

sensory neurons”. Hair cells of D. pealeii hatchlings contain several notable 

structures that appear to be photosensory. The cell bodies, which are spherical in 

shape, colabeled with antibodies directed against rhodopsin, retinochrome, and 

acetylated α-tubulin (Figure 4.6). In contrast, the ciliary tufts only labeled with 

acetylated α-tubulin antibody. The secondary-only control shows a lack of non-

specific labeling in hatchling hair cells (Supplemental Figure 4.6). 

 

Discussion 

We identified four types of putative photoreceptors in tissues that were not 

previously thought to have light-sensing abilities. In the retina, rhodopsin labeling 

is visualized at the tips and base of the outer segments, but little labeling is seen 

in the middle of the outer segments. This is due to dense packing of visual 

pigments and screening pigments, which prevents binding of antibodies (Saibil 
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and Hewat, 1987). Several components of chromatophore organs (e.g. pigment 

cell membranes, radial muscle fibers, and sheath cells) also labeled with 

antibodies against rhodopsin and retinochrome, a result that supports our earlier 

evidence for dermal photoreception in several cephalopod species (Kingston et 

al., 2015). Interestingly, the iridophores, which are neurally controlled structural 

reflectors (Mathger et al., 2007; Wardill et al., 2012) that lie subadjacent to the 

chromatophore layer (Cloney and Brocco, 1983; Mathger et al., 2009), do not 

bind any of the antibodies we used. Iridophores, like chromatophores, contribute 

to dermal patterning in cephalopods (Mathger et al., 2009; Messenger, 1974). It 

is therefore surprising that, in contrast to the chromatophores, iridophores are 

apparently devoid of light-detecting molecules. This apparent lack of 

photoreceptive molecules obviates their potential sensitivity to ambient light. 

Kingston et al. (Kingston et al., 2015) identified transcripts for several genes that 

are components of the phototransduction machinery in fin muscle tissue. We now 

find that only longitudinally arranged central muscle bundles of the fin label with 

rhodopsin and retinochrome-specific antibodies. It is not obvious why muscle 

tissue would be light sensitive. However, squid skin can become highly 

translucent with the contraction of chromatophores and a reduction in the 

reflectivity of iridophores (Mathger et al., 2009; Zylinski and Johnsen, 2011). At 

such times, light can penetrate into deeper structures, allowing photoreceptors in 

underlying tissues to be stimulated. The phototransduction machinery present in 

fin muscle is likely also to be expressed in mantle, arm, and head muscles. If so, 

muscle - or other - photoreceptors throughout the body may at times be active. 
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In the squid Todarodes pacificus, the parolfactory vesicles are small structures 

that lie behind the eye, near the optic tract, which express rhodopsin and 

retinochrome proteins simultaneously (Hara and Hara, 1980). Similarly, 

parolfactory vesicles of D. pealeii hatchlings label for rhodopsin and 

retinochrome, as well as α-tubulin. While it has long been known that D. pealeii 

has light-sensitive parolfactory vesicles (Sperling et al., 1973), this is the first 

published evidence that they contain rhodopsin and retinochrome. Oddly, we did 

not see labeling of rhabdomere-like structures within this tissue, as reported in T. 

pacificus (Hara and Hara, 1980). Instead, cell bodies within the vesicles labeled 

with our antibodies. Hara and Hara (Hara and Hara, 1980) used electron 

microscopy to reveal finer structure in T. pacificus parolfactory vesicles than we 

see in D. pealeii. Also, D. pealeii parolfactory vesicles are smaller and less 

developed than those of T. pacificus, at least in hatchlings, which perhaps 

explains the labeling pattern we found. 

We also identified a number of putative photoreceptors within the arms of D. 

pealeii hatchlings. Single ganglia near the base of each arm coexpress rhodopsin 

and retinochrome. Octopus have a single ganglion, called an axial ganglion, at a 

similar location in each arm that confers tactile information (Rowell, 1966; 

Sumbre, 2001). While axial ganglia have not been identified in adult squid, these 

paralarval structures could be similar to octopus axial ganglia. Each sucker 

peduncle has two thread-like structures that express rhodopsin and 

retinochrome, which appear to be the peduncle nerves that innervate sucker 

mechanoreceptors (Santi and Graziadei, 1975). Our results suggest that these 
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structures are also light sensitive. Perhaps these peduncle nerves are 

multimodal, fulfilling the dual roles of ambient light detection and relaying tactile 

information from suckers to the central nervous system.  If so, the basal ganglia 

handle both light sensing and mechanosensory modalities. 

Perhaps the most fascinating finding of this study is the discovery that a 

distributed array of interconnected hair cells in the outer epidermis is apparently 

photoreceptive, as the cell bodies of these primary sensory neurons (Mackie, 

2008) label with rhodopsin- and retinochrome-specific antibodies. Their axons 

form a nerve net in the dermis, with some axons extending to the stellate ganglia 

(Mackie, 2008). Interestingly, we see no evidence of rhodopsin or retinochrome 

labeling in these axons, in the stellate ganglia themselves, or in nerves extending 

to or from them. This leads us to suggest that epidermal primary sensory 

neurons are multimodal cells, with both photoreceptive and mechanoreceptive 

properties (Mackie, 2008). Multimodal sensory cells with the ability to detect 

pressure and irradiance, such as these, may be particularly useful when 

manipulating objects or concealing by means of camouflage. 

 

Conclusions 

In summary, we have identified several novel types of what appear to be 

photoreceptors in numerous tissues of the longfin squid, Doryteuthis pealeii. The 

longitudinal bundles of central fin muscle, arm ganglia, sucker peduncle nerves, 

and epidermal hair cells all labeled with antibodies directed against rhodopsin 
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and retinochrome. We also demonstrated that rhodopsin and retinochrome are 

present in D. pealeii parolfactory vesicles. These must be added to the 

chromatophore organs, which we recently showed to express components of 

phototransduction [7]. More research is necessary to show if, how, and why the 

abundant diversity of putative photoreceptors identified throughout the body of D. 

pealeii actually sense light.  
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Figure 4.1. Immunolabeling of rhodopsin, retinochrome, and acetylated α-

tubulin in a whole mount of D. pealeii retina. (A) Rhodopsin (green) is present 

only in outer segments, represented by regions parallel to the solid line. 

Rhodopsin is seen predominantly on the tips and base of outer segments due to 

dense packing of visual and screening pigments, which prevent binding in parts 

of the outer segments. (B) Retinochrome (red) is present only in the inner 

segments, indicated by the dashed line. (C) Acetylated α-tubulin (white) is 

present in the inner segments. Blue shows autofluorescence of the tissue. Scale 

bar, 25µm. 
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Figure 4.2. D. pealeii dorsal mantle tissue immunolabeled with anti-

rhodopsin and anti-retinochrome, and imaged in the chromatophore layer. 

(A) Rhodopsin (green) labeling only; (B) retinochrome (red) labeling only. (C) 

Overlap of rhodopsin and retinochrome labeling in the chromatophore membrane 

(m), radial muscle fibers (r), and sheath cells (sc) appears yellow. Blue shows 

autofluorescence of the tissue. Scale bar, 25µm. 
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Figure 4.3. Immunolabeling of rhodopsin and retinochrome in a D. pealeii 

central fin muscle cross-section. (A) Rhodopsin (green) labeling only; (B) 

retinochrome (red) labeling only. (C) Overlap of rhodopsin and retinochrome 

labeling in large muscle bundles (mb) parallel to dermal tissue is appears yellow. 

Blue shows autofluorescence of the tissue. Scale bar, 25µm. 
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Figure 4.4. D. pealeii paralarval parolfactory vesicle immunolabeled with 

anti-rhodopsin, anti-retinochrome, and anti-acetylated α-tubulin antibodies. 

(A) Rhodopsin (green) is present throughout the parolfactory vesicles while (B) 

retinochrome (red) and α-tubulin are present in discrete cell bodies. (C) Overlap 

of rhodopsin, retinochrome, and α-tubulin labeling appears white. Blue shows 

autofluorescence of the tissue. Scale bar, 25µm. 
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Figure 4.5. Immunolabeling in D. pealeii paralarval arms shows presence of 

rhodopsin and retinochrome in each arm ganglion. (A) Rhodopsin (green) 

labeling only; (B) retinochrome (red) labeling only. (C) Overlap of rhodopsin and 

retinochrome labeling occurs at the junction between arm and each sucker (s), 

and appears yellow. Small cell bodies also labeled with rhodopsin and 

retinochrome are hair cells (see Figure 4.6). Blue shows autofluorescence of the 

tissue. Scale bar, 25µm. 
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Figure 4.6. Hair cells in D. pealeii hatchlings immunolabeled with rhodopsin 

and retinochrome-specific antibodies. (A) Rhodopsin (green) labeling only; (B) 

retinochrome (red) labeling only. (C) Overlap of rhodopsin and retinochrome 

labeling in hair cell cell bodies appears yellow. Acetylated α-tubulin antibody 

(white) labels the cell body and cilia bundle protruding from the cell body (inset). 

Blue shows autofluorescence of the tissue. Scale bar, 25µm. 
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Supplemental Figure 4.1. Secondary-only control immunolabeling in a 

whole mount D. pealeii retina, labeled with anti-rabbit 488 and anti-chicken 

633 to ensure no non-specific labeling of secondary antibodies. Blue 

represents autofluorescence excited by a 405nm laser. Scale bar, 25µm. 
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Supplemental Figure 4.2. Secondary-only control immunolabeling of D. 

pealeii dorsal mantle tissue, labeled with anti-rabbit 488 and anti-chicken 

555 to ensure no non-specific labeling of secondary antibodies. Blue 

represents autofluorescence excited by a 405nm laser. Scale bar, 25µm. 
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Supplemental Figure 4.3. Secondary-only control immunolabeling of D. 

pealeii central fin muscle cross-section, labeled with anti-rabbit 488 and 

anti-chicken 555 to ensure no non-specific labeling of secondary 

antibodies. Blue represents autofluorescence excited by a 405nm laser. Scale 

bar, 25µm. 
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Supplemental Figure 4.4. Secondary-only control immunolabeling in a D. 

pealeii hatchling parolfactory vesicle, labeled with anti-rabbit 488 and anti-

chicken 555 to ensure no non-specific labeling of secondary antibodies. 

Blue represents autofluorescence excited by a 405nm laser. Scale bar, 25µm. 
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Supplemental Figure 4.5. Secondary-only control immunolabeling in D. 

pealeii hatchling arms, labeled with anti-rabbit 488 and anti-chicken 555 to 

ensure no non-specific labeling of secondary antibodies. Blue represents 

autofluorescence excited by a 405nm laser. Scale bar, 25µm. 
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Supplemental Figure 4.6. Secondary-only control immunolabeling of 

hatchling hair cells in D. pealeii, labeled with anti-rabbit 488 and anti-

chicken 555 to ensure no non-specific labeling of secondary antibodies. 

Blue represents autofluorescence excited by a 405nm laser. Scale bar, 25µm. 
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Abstract 

Fish have an extensive diversity of both retinal and extraocular photoreceptors. 

In the retina, visual photoreceptors are dedicated to image formation and motion 

detection, while non-visual photoreceptors contribute to light detection for 

circadian cycling among other non-visual tasks. Some fish, such as neon tetra 

and tilapia, have dermal photoreceptors that are thought to affect the coloration 

of the skin and utilize the same opsins that are involved in visual 

phototransduction in the retina. Here, we studied a fish that uses dermal 

pigmentation for dynamic patterning that results in camouflage. Adult summer 

flounder, Paralichthys dentatus, are flat fish whose upper lateral (dorsal) surface 

is pigmented by chromatophore cells while their lower lateral (ventral) surface is 

devoid of chromatophores. We identified eight opsin transcripts in the retina, all 

of which were previously undescribed. These consisted of five full-length visual 

opsin transcripts (the rod opsin: RH1; and four cone opsins: RH2, SWS1, SWS2, 

LWS) and three melanopsin transcripts (PdOpn4-1, PdOpn4-2, PdOpn4-3). We 

then searched for these opsins in eight dermal tissue regions and muscle tissues 

of P. dentatus. Transcripts of each of the visual opsins were identified in all tissue 

regions, and were identical to the corresponding transcript identified in the retina. 

One melanopsin transcript (PdOpn4-1) was identified in ventral skin, dorsal fin, 

and dorsal pectoral fin. These results suggest that flounders have dermal 

photoreceptors, and that they possibly have chromatophores that can directly 

respond to light. 
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Introduction 

Fish have a diverse variety of non-visual photoreceptors. Some of these 

photoreceptors exist in the retina, but many are extraocular. Non-visual 

photoreceptors are those that detect light for functions other than image 

formation and/or motion detection. Extraocular photoreceptors are those non-

visual photoreceptors that exist outside of eyes. 

 

In zebrafish, intrinsically photosensitive retinal ganglion cells (ipRGCs) are well-

studied non-visual photoreceptors that express melanopsin and are involved in 

circadian cycling (Davies et al., 2011). Five different melanopsin genes are 

expressed in zebrafish retinas, each in a different retinal cell type (Matos-Cruz et 

al., 2011). Fish also have a number of other non-visual photoreceptors in the 

deep brain, pineal gland, parapineal gland, spinal cord, cardiac muscle, and skin 

(Foster and Hankins, 2002; Foster and Soni, 1998; Friedmann et al., 2015; 

Peirson et al., 2009; Sikka et al., 2014). 

 

Dermal photoreceptors, described in several fish species, respond directly to light. 

Light detection in dermal photoreceptors is thought to regulate coloration in the 

skin by modulating the expansion and retraction of pigment cells called 

chromatophores. Fish chromatophores contain pigment granules that give the 

cell its color, similar to cephalopod and amphibian chromatophores. However, 

fish and amphibian chromatophores are not homologous to cephalopod 

chromatophores (Cloney and Florey, 1968; Kingston et al., 2015). Unlike 
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cephalopod chromatophores, which are composed of many cell types, fish 

chromatophores are single cells that contain microtubules whose tracks are 

predefined, upon which pigment granules are distributed (Figure 5.1) (Fujii, 2000). 

While dermal photoreceptors may have a role in detecting light for regulation of 

the circadian clock or other non-visual tasks, many researchers hypothesize that 

dermal photoreceptors are used locally to signal the presence of light to control 

expansion or contraction of the pigmented chromatophore (Ban et al., 2005; 

Kasai and Oshima, 2006; Oshima, 2001). Furthermore, it is hypothesized that 

dermal chromatophores in fish use visual pigments based on opsin proteins to 

detect light. 

 

Neon tetra, Paracheirodon innesi, express a photopigment in iridophores that are 

responsible for color change along the lateral stripes (Lythgoe et al., 1984). 

Opsins are thought to be involved in the response of the iridophores, as 

molecular analysis reveals the presence of rhodopsin and two cone opsins in the 

skin of P. innesi. One or both of these opsins is thought to be involved in the light 

response elicited when the lateral stripe is illuminated. When illuminated with 500 

nm light, the lateral stripe shows a change in the light reflected from the stripe 

from violet to blue. Conversely, illumination with 400 nm and 600 nm light does 

not cause changes in iridophore color (Kasai and Oshima, 2006). 

 

Dermal photoreceptors in cichlids are also well characterized. Red pigment cells 

called erythrophores in Nile tilapia, Oreochromis niloticus, respond directly to 
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light by aggregating or dispersing pigments depending on the wavelength of 

illumination. Two cone opsins were originally identified that were thought to be 

responsible for their light sensitivity (Ban et al., 2005). More recently, each cone 

opsin expressed in the retina (SWS1, SWS2a, SWS2b, RH2aα, RH2aβ, RH2b, 

and LWS) has been found in erythrophores and melanophores in the tail of O. 

niloticus (Chen et al., 2013). When illuminated, pigments in melanophores 

disperse irrespective of wavelength. Conversely, erythrophores display 

wavelength-dependent dispersion and aggregation of pigments. Short-

wavelength light induces aggregation of pigments in erythrophores while long-

wavelength light induces dispersion (Chen et al., 2013).  

 

Unlike zebrafish, tetra, and tilapia, flounders use chromatophores for dynamic 

patterning both to produce dermal signals and to camouflage themselves on 

substrates. Adult flounders are pigmented only on the upper modified lateral 

surface that will be referred to as the “dorsal surface” and are devoid of pigment 

on the lower modified lateral surface that will be referred to as the “ventral 

surface”. Flounders provide an interesting opportunity to study dermal opsins in 

fish whose chromatophores rapidly change their state of expansion, functioning 

on the order of seconds rather than minutes as in other fish. In this study, we 

located and characterized five visual opsins expressed both in the retina and in 

the skin of the summer flounder, Paralichthys dentatus, showing that flat fish 

have dermal opsins, similar to those of other fish and of cephalopods. 

Additionally, we identified three melanopsin transcripts expressed in the retina, at 
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least one of which is located in several dermal regions. The presence of visual 

opsins and melanopsins suggests that chromatophores could serve as dermal 

photoreceptors of flounders, and that activation by light may elicit expansion 

and/or retraction. 

 

Materials and Methods 

Tissue collection and fixation 

Paralichthys dentatus samples were collected and prepared at the Marine 

Biological Laboratory in Woods Hole, MA. Animals were collected and sacrificed 

by the Aquatic Resources Division per IUCAC standards, and immediately 

processed for RNA extraction. Tissue from the retina, dorsal surface (upper 

modified lateral surface that originates from the left side), ventral surface (lower 

modified lateral surface that originates from the right side), dorsal fin, caudal fin, 

anal fin, dorsal pectoral fin, ventral pectoral fin, pelvic fin, and muscle were either 

stored in RNALater (Qiagen, Valencia, CA, USA) at -20°C for later use or in 

TRIzol RNA Isolation Reagent (Life Technologies, Grand Island, NY, USA) at 

4°C for 24 hours before total RNA extractions. 

 

Total RNA was extracted from tissues using TRIzol, following the manufacturer’s 

protocol. In some cases, tissues were stored in TRIzol for 24 hours at 4°C before 

RNA extractions which allowed tissue to become soft when it is normally rigid 

and/or rubbery. This produced more efficient homogenization of tissues and 

higher, better quality RNA yields. 
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RNA-Seq and Data Analysis 

For transcript expression analysis, total RNA was isolated from P. dentatus 

retinas, and a retinal transcriptome was generated by Genewiz 

(www.Genewiz.com; South Plainfield, NJ, USA). Genewiz isolated total RNA to 

create an RNA library that was sequenced on an Illumina HiSeq2500 High 

Output mode platform in a 2x100bp paired-end configuration. The sequencing 

produced over 180 million reads. Data quality was checked using FastQC. Reads 

were trimmed using Trimmomatic, where approximately 72% of reads were 

retained. Data was assembled by Dr. Karen Carleton using Trinity version 

r20140717 on the supercomputer Deep Thought 2 at University of Maryland. The 

assembled data was then blasted using BLAST+ to search for visual opsins, 

melanopsin, and vertebrate-ancient opsins. 

 

RT-PCR, cloning, and sequencing 

Total RNA extracted for RT-PCR was used to make cDNA. Superscript III 

Reverse Transcriptase (Life Technologies, Grand Island, NY, USA) and an 

oligodt(50) primer were used to generate cDNA corresponding to the RNA 

extracted. RT-PCR was performed using PrimeSTAR HS Premix (Takara, Otsu, 

Japan) and gene-specific primers for five visual opsins: rhodopsin (RH1), short-

wavelength sensitive opsin 1 (SWS1), short-wavelength sensitive opsin 2 

(SWS2), middle-wavelength sensitive opsin (RH2), and long-wavelength 

sensitive opsin (LWS). Gene-specific primers were designed from previously 

identified fish opsin sequences, as well as putative opsin sequences identified in 
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the transcriptome (see RNA-Seq and Data Analysis for transcriptome 

description). Non-visual opsins also primed for were P. dentatus melanopsin 1 

(PdOpn4-1; corresponds to Hippoglossus hippoglossus Opn4 3), P. dentatus 

melanopsin 2 (PdOpn4-2; corresponds to Hippoglossus hippoglossus Opn4 1 

and Danio rerio Opn4 M1), and P. dentatus melanopsin 3 (PdOpn4-3; 

corresponds to Hippoglossus hippoglossus Opn4 2 and Danio rerio Opn4 X1) 

(Figure 5.2). Gene specific primers were used to prime for partial opsin 

transcripts in skin and muscle tissues. PCR products were sequenced using 

gene-specific primers, or TA-cloned using pGEM T-easy vector system 

(Promega, Madison, WI, USA) and sequenced using M13 vector primers. 

 

Results  

Transcriptome analysis 

Five full-length visual opsin transcripts were identified in the retinal transcriptome. 

These included the rod opsin, rhodopsin (RH1), and four cone opsins, short-

wavelength sensitive opsin 1 (SWS1), short-wavelength sensitive opsin 2 

(SWS2), middle-wavelength sensitive opsin (RH2), and long wavelength 

sensitive opsin (LWS).  

 

Three melanopsin transcripts were also identified in the retinal transcriptome, two 

of which were full-length sequences. These melanopsins were numbered during 

transcriptome analysis as melanopsin 1 (PdOpn4-1), 2 (PdOpn4-2), and 3 

(PdOpn4-3). According to a maximum-likelihood phylogenetic analysis using 
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Danio rerio, Salmo salar, and Ictalurus punctatus melanopsin sequences, 

PdOpn4-1 and PdOpn4-2 appear to be m-type (mammalian) melanopsins, and 

PdOpn4-3 appears to be x-type (Xenopus) melanopsin (Figure 5.2). Additionally, 

a vertebrate ancient-long opsin (VA-L) was identified in the transcriptome, but 

sequence confirmation using RT-PCR for this opsin was not pursued due to time 

constraints. 

 

Based on the maximum-likelihood phylogenetic analysis of the eight opsins 

included in this study, each opsin matches the respective group in which it has 

been classified when compared to other fish opsins (Figure 5.2). RSEM output 

data, which provides transcript quantification to estimate gene expression using 

the assembled transcriptome data, shows that rhodopsin (RH1) transcripts are 

most abundant, followed by RH2 (Table 5.1). The RSEM output for cone opsins 

follows the expected expression patterns for cone opsins based on the retinal 

mosaic and spectral absorbances of other flounder cone photoreceptors (Evans 

et al., 1993; Hoke et al., 2006).  

 

RT-PCR in the retina  

Four visual opsins were first identified by RT-PCR and then confirmed by 

transcriptome analysis. RH1, RH2, SWS2, and LWS were identified by RT-PCR. 

SWS1 was identified by transcriptome analysis and verified by RT-PCR. 

Additionally, the sequences for three melanopsin transcripts were identified by 
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transcriptome analysis and confirmed via RT-PCR. This is the first identification 

of opsin transcripts from the retina of Paralichthys dentatus. 

 

RT-PCR in the skin 

Transcripts for each visual opsin identified in the retina were also identified in all 

skin tissues. RH1 (Figure 5.3), RH2 (Figure 5.4), SWS1 (Figure 5.5) SWS2 

(Figure 5.6), and LWS (Figure 5.7) transcripts were located in the dorsal skin, 

ventral skin, dorsal fin, dorsal pectoral fin, ventral pectoral fin, pelvic fin, caudal 

fin, anal fin, and muscle tissues. Each opsin transcript identified in non-retinal 

tissue regions is identical in predicted amino acid sequence to the respective 

sequence in the corresponding section of the retinal opsin transcript.  

 

PdOpn4-1 transcripts were identified in the ventral skin, caudal fin, and dorsal 

pectoral fin (Figure 5.8). The amino acid sequences in these transcripts identified 

in these dermal regions are identical to the corresponding section of the 

predicted amino acid sequence based on the transcript identified in the retina by 

RT-PCR and in the transcriptome. Due to time constraints, RT-PCR to search for 

PdOpn4-2 and PdOpn4-3 was not completed. 

 

Discussion 

Flounders have a unique body plan, and as adults, they are pigmented only on 

their dorsal surface. The ventral surface and ventral pectoral fin are devoid of 

pigment. Flounders benefit from on their distinctive pigmentation characteristics 
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and their unique body morphology, and use dorsal pigmentation for camouflage 

via dynamic patterning. Dynamic patterning in fish results from the ability to 

rapidly change the expansion and retraction of a field of chromatophore cells. 

This results in a rapid change in color and/or pattern. 

 

Here, we studied the summer flounder, Paralichthys dentatus, to determine if a 

fish that is capable of dynamic patterning and adaptive camouflage 

(Ramachandran et al., 1996) has extraocular opsins that may be involved in 

dermal photoreception.  

 

We used retinal transcriptome analysis and RT-PCR to determine that P. 

dentatus expresses at least eight opsins in the retina. Five of these opsins are 

considered visual opsins, known in other animals to contribute to light detection 

for image formation and motion detection. These include the rod opsin, RH1, and 

four cone opsins SWS1, SWS2, RH2, and LWS. Partial transcripts for each of 

these opsins were searched for and located in various skin regions (Figures 5.3-

5.7). The presence of opsin transcripts in skin suggests that flounders indeed 

have dermal photoreceptors.  

 

In addition to identifying putative dermal photoreceptors that utilize typical visual 

opsins, we also searched for melanopsins. We used transcriptome analysis to 

identify three melanopsin transcripts in the retina. We then searched for and 

located a partial transcript matching melanopsin 1 (PdOpn4-1) in the ventral skin, 
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caudal fin, and dorsal pectoral fin. The presence of both visual and non-visual 

opsins in the skin of P. dentatus is an interesting discovery. In the retina, these 

opsins function using phototransduction pathways that result in opposing cellular 

signals.  

 

Typical visual opsins in vertebrate retinas function using a phototransduction 

pathway that involves the G-protein transducin (Gt) and results in a 

hyperpolarization of the photoreceptor cell. Conversely, retinal melanopsins are 

thought to function using a phototransduction pathway that involves a Gq G-

protein and results in a depolarization of the cells that contain them. If these 

same phototransduction pathways are utilized in dermal tissues, it is possible 

that photoreceptor molecules in chromatophores could contribute to expansion or 

contraction of a single chromatophore cell in a wavelength-dependent manner. 

Alternatively, a different G-protein, such as Gi/o or Gs may be utilized with visual 

opsins as is suggested by functional studies of dermal photoreceptors in the 

erythrophores of Oreochromis niloticus (Ban et al., 2005). 

 

Several other fish are known to have dermal photoreceptor molecules that are 

thought to be involved in chromatophore control (expansion and retraction). Neon 

tetra and Nile tilapia have dermal photoreceptors that affect the state of either 

iridophores (reflective cells) or chromatophores (pigment cells), respectively. Nile 

tilapia erythrophores retract when illuminated with short-wavelength light (380nm 

and 420nm) and expand when illuminated with longer-wavelength light (460nm, 
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500nm, 520nm, 560nm) (Chen et al., 2013). We hypothesize that fish dermal 

chromatophores have light-responsive systems that generate opposing cellular 

signals in response to illumination that result in expansion or retraction of 

chromatophores. The presence of opsins that function using different 

phototransduction pathways that result in opposite cellular signals could provide 

the basis for a push-pull mechanism where activation of one pathway results in 

pigment granule movement in one direction while activation of a second pathway 

results in pigment granule movement in the opposite direction. This push-pull 

mechanism would affect local chromatophore control, if visual opsins and no-

visual opsins are expressed within the same chromatophore cell and utilize 

different phototransduction pathways. We hypothesize that this is the case with 

the presence of visual opsins (RH1, RH2, SWS1, SWS2, LWS), and the non-

visual opsin melanopsin 1 (PdOpn4-1) in the skin of Paralichthys dentatus. 

However, the possibility exists that P. dentatus chromatophores can either fail to  

respond to light at all or respond to light in a wavelength-dependent manner 

using a system other than that described here. 

 

We hypothesize that active camouflage in flounders is partially regulated by 

dermal photoreceptors. It is well established that summer flounder exhibit rapid 

adaptive camouflage using the pigmentation on their dorsal surface 

(Ramachandran et al., 1996). This characteristic allows flounders to rapidly 

change the pigmentation over all dermal surfaces that have chromatophores. 

This system is similar to cephalopod camouflage systems in that cephalopods 
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can actively and rapidly change the color of their skin in a matter of milliseconds. 

Flat fish, particularly flounders, are known to exhibit similar active pigmentation 

changes, on the order of seconds (Hanlon, 2007; Ramachandran et al., 1996). It 

is also known that fish chromatophores can respond directly to light stimulation 

(Ban et al., 2005; Chen et al., 2013; Kasai and Oshima, 2006). It is possible that 

photoreceptive molecules in P. dentatus chromatophores can locally detect 

ambient light levels, and that the associated cell can then expand or retract in 

order to effectively camouflage upon a substrate.  

 

In the future, it would be of great interest to study the presence of opsin proteins 

expressed throughout the skin of flounders, and address the functionality of this 

putative dermal photoreception system. A pharmacological approach could be 

used to determine if the light response of chromatophore expansion or retraction 

can be extinguished by blocking certain molecules in the phototransduction 

pathways thought to be at work in this system. Studying the presence and 

relative expression of G-proteins in the skin of P. dentatus would also contribute 

to understanding this system better, with particular regard to the addressing the 

phototransduction pathways used in this system. Additionally, behavioral studies 

exposing P. dentatus skin to different wavelengths of light would test our 

hypothesis that chromatophores can directly detect and respond to light. 
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Table 5.1. Relative expression levels of Paralichthys dentatus opsin 

transcripts measured by fragments per kilobase of transcript per million 

mapped reads (FPKM). 

Opsin Relative Expression Level (FPKM) 

RH1 2194.46 

RH2 316.30 

SWS1 0.92 

SWS2 168.52 

LWS 8.81 

Opn4-1 1.71 

Opn4-2 2.99 

Opn4-3 5.97 
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Figure 5.1. Diagram of fish chromatophore cells. Chromatophores are 

comprised of pigment granules (black spots) that are trafficked on microtubules 

(black lines) in a single cell. Blue denotes the nucleus. Chromatophores can be 

retracted (left), partially expanded (middle), or fully expanded (right). 
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Figure 5.2. Maximum-likelihood tree showing relationships of Paralichthys 

dentatus opsins to other known fish opsins. RH1, RH2, SWS1, SWS2, LWS, 

PdOpn4-1, PdOpn4-2, PdOpn4-3 identified in P. dentatus using RT-PCR and 

RNA-Seq clade with other fish opsin in the groups in which they are classified. 

Gray boxes indicate Paralichthys dentatus sequences. Vertical lines indicate 

clades. 
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Figure 5.3. Predicted amino acid sequence alignment of rhodopsin (RH1) 

sequences identified from various tissues in Paralichthys dentatus. Full-

length RH1 was found in the retina, while partial sequences were found in dorsal 

tissue, ventral tissue, dorsal fin, dorsal pectoral fin, ventral pectoral fin, pelvic fin, 

caudal fin, anal fin, and muscle tissue. 
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Figure 5.4. Predicted amino acid sequence alignment of middle-wavelength 

sensitive opsin (RH2) sequences identified from various tissues in 

Paralichthys dentatus. Full-length RH1 was found in the retina, while partial 

sequences were found in dorsal tissue, ventral tissue, dorsal fin, dorsal pectoral 

fin, ventral pectoral fin, pelvic fin, caudal fin, anal fin, and muscle tissue. 
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Figure 5.5. Predicted amino acid sequence alignment of short-wavelength 

sensitive opsin 1 (SWS1) sequences identified from various tissues in 

Paralichthys dentatus. Full-length RH1 was found in the retina, while partial 

sequences were found in dorsal tissue, ventral tissue, dorsal fin, dorsal pectoral 

fin, ventral pectoral fin, pelvic fin, caudal fin, anal fin, and muscle tissue. 
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Figure 5.6. Predicted amino acid sequence alignment of short-wavelength 

sensitive opsin 2 (SWS2) sequences identified from various tissues in 

Paralichthys dentatus. Full-length RH1 was found in the retina, while partial 

sequences were found in dorsal tissue, ventral tissue, dorsal fin, dorsal pectoral 

fin, ventral pectoral fin, pelvic fin, caudal fin, anal fin, and muscle tissue.  
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Figure 5.7. Predicted amino acid sequence alignment of long-wavelength 

sensitive opsin (LWS) sequences identified from various tissues in 

Paralichthys dentatus. Full-length RH1 was found in the retina, while partial 

sequences were found in dorsal tissue, ventral tissue, dorsal fin, dorsal pectoral 

fin, ventral pectoral fin, pelvic fin, caudal fin, anal fin, and muscle tissue. 
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Figure 5.8. Predicted amino acid sequence alignment of three melanopsin 

(PdOpn4-1, PdOpn4-2, PdOpn4-3) sequences identified from various 

tissues in Paralichthys dentatus. Partial PdOpn4-1 transcript was identified by 

RNA-Seq, and confirmed in the retina using RT-PCR. Full-length PdOpn4-2 and 

PdOpn4-3 transcripts were identified by RNA-Seq, and confirmed in the retina 

using RT-PCR. Partial PdOpn4-1 transcripts were located in ventral tissue, 

dorsal pectoral fin tissue, and caudal fin tissue using RT-PCR. Each PdOpn4-1 

sequence was identical to that found using RNA-Seq. 
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CHAPTER 6: Summary, Conclusions, and Future Directions 

 

Crustacean Extraocular Photoreceptors 

Many studies have addressed the physiology and behaviors associated with the 

caudal photoreceptor in the ventral nerve cord of crayfish and other decapod 

crustaceans. It is well established that caudal photoreceptors exist in the sixth 

abdominal ganglion (Edwards, 1984; Prosser, 1934; Simon and Edwards, 1990; 

Welsh, 1934; Wilkens and Larimer, 1972). Illumination of this photoreceptor 

results in backwards walking, leg movements, and/or tail flicking behaviors 

(Edwards, 1984; Welsh, 1934). Electrophysiological recordings directly from 

caudal photoreceptor axons of the red swamp crayfish, Procambarus clarkii, 

show rhythmic spiking when caudal photoreceptors are illuminated (Wilkens and 

Larimer, 1972). Caudal photoreceptors in crayfish are known to be maximally 

sensitive to light near 500 nm (Larimer et al., 1966). Even troglodytic crayfish that 

have evolved a loss or severe reduction of eyes have functional caudal 

photoreceptors (Larimer, 1966). Despite the extensive studies of such an 

interesting and seemingly universal system across most decapod crustaceans, 

no published studies offer insight into the molecular components of these 

photoreceptors. 

 

In the course of my research on crayfish caudal photoreceptors, I have identified 

possible photoreception molecules, which this photoreceptor may utilize (Chapter 

2; Kingston and Cronin, submitted). I found that Procambarus clarkii nerve cords 
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express two different opsin transcripts and proteins. The well-studied long-

wavelength sensitive (LWS) opsin protein is expressed in rhabdomeres that form 

the main rhabdoms of the retina, as well as in the cerebral ganglion (brain), 

subesophageal ganglion, each of five thoracic ganglia, and all abdominal ganglia. 

The newly described short-wavelength sensitive (SWS) opsin protein is 

expressed in rhabdomeres of R8 cells in the retina, as well as in the cerebral 

ganglion. SWS transcripts are located in every ganglion of the ventral nerve cord. 

LWS and SWS opsin proteins are also expressed throughout the central nervous 

system, in quite perplexing patterns. 

 

The expression of SWS and LWS opsin proteins in cell body clusters of the 

posterior-lateral region of the cerebral ganglion and abdominal ganglia, and the 

expression of LWS opsin protein in a number of nerve fibers throughout the 

central nervous system, suggest that the caudal photoreceptor may not be the 

only functional photoreceptor in the ventral nerve cord. Indeed, the presence of 

opsin proteins in the cerebral ganglion and throughout the rest of the nerve cord 

suggests that the entire ventral nerve cord is light sensitive. 

 

My research conducted on crayfish leads to many new questions. The presence 

of two opsins throughout the nerve cord offers the tantalizing possibility that 

crayfish nerve cords are light sensitive. Electrophysiological and behavioral 

assays can be used to determine if this is true. This system also lends itself to 

the use of pharmacological drugs to inhibit different molecules in the arthropod 
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phototransduction pathway. This approach would be useful in determining if 

putative CNS photoreceptors are utilizing a typical rhabdomeric opsin-based 

phototransduction pathway functioning using a Gq G-protein and TRP channel, 

and inhibiting one or more of those molecules in the eyes, CNS, or both the eyes 

and nervous system. Additionally, transcriptomics would be a useful approach to 

determining if additional opsins are expressed in the retina or central nervous 

system, as Larimer et al. (1966) suggests. Finally, with the advancement of tools 

to knock out or knock down genes, this would be an ideal system in which to 

develop a method of inhibiting the expression of opsins (and other 

phototransduction genes) to determine if knocking out LWS and/or SWS opsins 

can abolish light detection. I hope to spearhead this research in the future. 

 

Cephalopod Extraocular Photoreceptors 

Cephalopod extraocular photoreceptors have been studied for quite some time. 

Despite studies on parolfactory vesicles (Cobb and Williamson, 1998; Hara and 

Hara, 1980) and epistellar bodies (Cobb and Williamson, 1999), and a long line 

of work surrounding the unmatched ability of cephalopods to camouflage (Hanlon, 

2007), no study has directly addressed questions about dermal photoreceptors 

and their putative molecular machinery in cephalopods. 

 

In my studies of cephalopods, I discovered the expression of several 

phototransduction genes in the skin of squids and cuttlefishes, and I performed 

an in-depth analysis of the expression patterns of the corresponding 
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phototransduction proteins in the chromatophore organs of Doryteuthis pealeii 

(Kingston et al., 2015) (Chapter 3). Rhodopsin, retinochrome, and Gq proteins 

are expressed in chromatophore pigment sacs, radial muscle fibers, and sheath 

cells. This is the first evidence that chromatophore organs may be photoreceptive. 

Additionally, D. pealeii parolfactory vesicles, muscles, arm ganglia, sucker 

peduncles, and sensory epithelial cells express rhodopsin and retinochrome 

proteins, suggesting that they are also light sensitive (Chapter 4; Kingston et al., 

in press). These studies suggest that extraocular photoreceptors are common 

and well dispersed throughout the cephalopod body. Also, though their eyes 

contain highly efficient photoreceptors that are thought to be responsible for 

detecting the scenes that cephalopods ultimately use to camouflage, the 

research presented here suggests that cephalopod chromatophores themselves 

may be light sensitive.  

 

Though currently lacking empirical data, I hypothesize that this light detection is 

useful for local chromatophore activity, and that chromatophore light detection is 

involved in maintaining a single chromatophore in an expanded, contracted, or 

partially expanded state. This would depend both on signals coming from the 

CNS and generated locally by components of that single chromatophore. 

Investigation into this hypothesis and questions surrounding the ability of 

cephalopods to camouflage and possible involvement of dermal photoreceptors 

is a viable path of future study. Extensive intracellular electrophysiological 

recordings will aid in addressing the functionality of cephalopod chromatophore 
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photoreceptors and other putative photoreceptive structures. Additionally, 

behavioral assays testing the function of dermal photoreceptors in whole animals 

would be useful for determining the significance for such a system. 

 

Fish Extraocular Photoreceptors 

Fish have, perhaps, the most diverse collection of non-visual photoreceptors 

known. These photoreceptors can exist in the retina, deep brain, pineal gland, 

parapineal gland, skin, spinal cord, and cardiac muscle (Ban et al., 2005; Chen et 

al., 2013; Eilertsen et al., 2014; Friedmann et al., 2015; Kasai and Oshima, 2006; 

Kawano-Yamashita et al., 2007; Matos-Cruz et al., 2011; Sikka et al., 2014). 

These diverse photoreceptors function differently from each other, mostly 

through phototransduction pathways that differ from those used in rods and 

cones. However, a number of photoreceptors are hypothesized to use typical 

visual opsins and possibly visual phototransduction pathways, including those in 

the skin.  

 

My research on summer flounder, Paralichthys dentatus, suggests that 

chromatophores can serve as dermal photoreceptors, as is thought to be true of 

other fish (Ban et al., 2006, Kasai and Oshima, 2005, Chen et al., 2013) (Chapter 

5). Unlike previous studies that only investigated the presence of visual opsins, I 

found that P. dentatus skin contains both visual and non-visual opsin transcripts, 

including rhodopsin (RH1), four cone opsins (SWS1, SWS2, RH2, LWS), and at 

least one melanopsin (Opn4-1). This finding indirectly supports my hypothesis 
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that dermal chromatophores of P. dentatus (and likely other flounders) are light 

sensitive. These putative photoreceptors could function using a push-pull 

photoreceptive system where activation of one phototransduction pathway 

(through visual opsins) results in expansion, while the activation of a different 

pathway (through melanopsins) results in retraction, within an individual 

chromatophore cell. Further studies are necessary to demonstrate which 

phototransduction pathways, if any, are functional in the skin of P. dentatus.  

 

As a result of my research on flounder, there are several lines of research that 

should be pursued in the future. Studies on fish chromatophores have shown that 

they respond directly to light. Flounder and other flat fish have the ability to 

rapidly change their patterning, which is useful for signaling and camouflage. It is 

possible that the ability of chromatophores to directly respond to light has an 

effect on the animals’ ability to effectively camouflage. It would be interesting to 

investigate whether disabling dermal photoreceptors has an effect on the ability 

of an animal to mimic a natural or artificial substrate. Additionally, it would be 

fascinating to learn if opposing cellular signals from different phototransduction 

pathways are involved in the functionality of dermal photoreceptors in fish. In 

flounders, these questions can be targeted pharmacologically and/or by 

developing a knockout or knockdown system. Flounder develop from fertilized 

egg to newly metamorphosed juvenile in about four months. The development 

time for flounders such as P. dentatus is short enough that a knock out assay 

could be developed to systematically inhibit the expression visual and non-visual 
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opsins, separately. This type of study may start to answer questions regarding 

the functional significance of dermal photoreception in flat fish that display 

dynamic patterning. 

 

Conclusions   

My foray into studying extraocular photoreceptors took me on paths I never 

imagined. I found that a surprising collection of animals express extraocular 

opsins, most of which are hypothesized to be the result of pleitropies and may 

have completely redundant molecular physiology when compared to those also 

expressed in retinas. In the future, physiological and behavioral experiments on 

the very animals upon which my dissertation has focused will continue to 

elucidate the answers to many questions regarding the functionality and uses of 

extraocular photoreceptors that continue to be elusive. Still, this dissertation has 

contributed to understanding the presence and location of opsin and 

phototransduction component expression outside of eyes in a diverse 

assemblage of animals. My work therefore furthers our knowledge of animal 

photoreception. 
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