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Unconventional roles of opsins

Nicole Y. Leung and Craig Montell
Neuroscience Research Institute and Department of Molecular, Cellular and Developmental 
Biology, University of California Santa Barbara, Santa Barbara, CA, 93106, USA

Abstract

Rhodopsin is the classical light sensor. While rhodopsin is important for image formation in the 

eye, the requirements for opsins in non-image formation and in extra-ocular light sensation were 

revealed later. Most recent is the demonstration that an opsin in the fruit fly, Drosophila 
melanogaster, is expressed in pacemaker neurons in the brain and functions in circadian 

photoentrainment. After more than a century of analysis, the dogma has been that opsins are 

exclusive light sensors. Remarkably, through studies in Drosophila, light-independent roles for 

opsins in multiple senses are emerging. These include roles in temperature sensation and hearing. 

While these findings are uncovered in the fruit fly, there are hints that opsins have light-

independent roles in a wide array of animals, including mammals. Thus, despite the decades of 

focus on opsins as light detectors, they represent an important new class of polymodal sensory 

receptors.
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INTRODUCTION

Discovery of opsins and the dogma that they function exclusively as light sensors

Rhodopsin is the founding member of the opsin family, and no G protein-coupled receptor 

(GPCR) has undergone greater scrutiny. This classical light sensor was discovered by Franz 

Boll in 1877 (Boll 1877a, Boll 1877b). Soon thereafter, Walter Kühne described that light 

absorption by rhodopsin causes pigment instability (Kühne 1878). However, it was not until 

1936 when George Wald showed that rhodopsin is comprised of two components—a protein 

(opsin) and a light-responsive chromophore (retinal) (Wald 1936, Wald 1938, Wald 1968). 

47 years later, the primary amino acid sequence of bovine opsin was deciphered, thereby 

revealing the first sequence of a GPCR (Hargrave et al 1983, Nathans & Hogness 1983, 

Ovchinnikov Iu et al 1983). This work led to the model that opsins have seven membrane-

spanning α-helices (Figure 1), an idea later confirmed by structural studies (Baldwin et al 
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1997, Davies et al 1996, Herzyk & Hubbard 1998, Krebs et al 1998, Palczewski et al 2000, 

Schertler & Hargrave 1995, Shieh et al 1997, Unger et al 1997).

A seminal advance was the demonstration that light-activated rhodopsin initiates a signal 

transduction cascade through the engagement of a trimeric G protein (Fung & Stryer 1980, 

Godchaux & Zimmerman 1979). In mammalian rods and cones, following light-induced 

conversion of 11-cis retinal to all-trans retinal, the G protein (transducin) releases GDP, 

binds GTP, and stimulates cyclic GMP (cGMP) phosphodiesterase (PDE), which leads to the 

closing of cGMP-gated cation channels (Figure 2a) (Yau & Hardie 2009). However, in 

mammalian intrinsically photosensitive retinal ganglion cells (ipRGCs) and in photoreceptor 

cells of Drosophila compound eyes, the effector for the G protein is a phospholipase C-β 
(PLC), which in turn causes the opening of TRP channels (Figure 2b) (Bloomquist et al 

1988, Hardie & Minke 1992, Montell & Rubin 1989, Xue et al 2011).

The discoveries of these phototransduction cascades were major breakthroughs as they 

provided molecular explanations for two critical properties of photoreceptor cells. The first 

is signal amplification (Stryer 1986). This phenomenon permits light sensitivity that is so 

exquisite that animals can detect the smallest elemental particle of light—a photon. 

Absorption of a single photon by rhodopsin changes the activities of many cGMP-gated or 

TRP channels. Because rhodopsin in vertebrate rods or fly photoreceptor cells comprises 

65–90% of the membrane protein in these cells (Heitzmann 1972, Papermaster & Dreyer 

1974, Paulsen & Schwemer 1983), quantum efficiency is high. In response to dim light, 

roughly one out of every five photons is captured in rods (Alpern & Pugh 1974, Zwas & 

Alpern 1976), and nearly every photon is captured in flies (Song et al 2012). A second 

striking property of photoreceptor cells is adaptation to variations in light intensities over 

many orders of magnitude (Stryer 1986). This latter phenomenon is mediated largely by 

changes in Ca2+ levels as a consequence of light-dependent closing or opening of cGMP-

gated and TRP channels, respectively (Fain et al 2001, Gu et al 2005).

Based on many decades of intense scrutiny, the dogma was that rhodopsin and related opsins 

function exclusively in light detection. In mammals, the long-held view was that 

photoreception is limited to the eye since enucleation of laboratory animals eliminates light 

entrainment (Nelson & Zucker 1981). However, there is evidence that mammals can detect 

light in skin (Haltaufderhyde et al 2015, Kim et al 2013, Toh et al 2016, Tsutsumi et al 2009, 

Wicks et al 2011), the brain (Sun et al 2016, Wade et al 1988), and in blood vessels (Sikka et 

al 2014). Non-mammalian vertebrates, such as fish and birds, have extra-ocular light sensory 

cells in multiple tissues, including the pineal (Bailey & Cassone 2004, Chaurasia et al 2005, 

Okano et al 1994), the hypothalamus (Fischer et al 2013, Halford et al 2009), and in dermal 

melanophores (Provencio et al 1998b). These sites express opsins, suggesting that they 

function in detecting environmental light but not in image formation (Fernandes et al 2012, 

Peirson et al 2009, Surbhi 2015, van Veen et al 1976, von Frisch 1911).

A major surprise is the discovery that opsins have sensory roles that are light independent. 

These insights, which emerged from studies in the fruit fly, Drosophila melanogaster, reveal 

roles for opsins in thermosensation (Shen et al 2011, Sokabe et al 2016) and hearing 

(Senthilan et al 2012) (Table 1). There are hints that vertebrate opsins also have light-
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independent roles. However, such roles for mammalian opsins are largely unexplored. In 

fact, when a mammalian opsin is detected in a cell type that is not associated with light 

sensation, the cell is assumed to be a photosensor. An important concept of this review is 

that opsins have multiple light-independent roles and are evolutionarily conserved 

polymodal sensors. While light-independent roles have been discovered in Drosophila, we 

hope this review will motivate similar studies in vertebrates, including mammals.

An overview of opsin classification

The original classification of opsins is based on the photoreceptor cell type that houses the 

photopigment: ciliary or rhabdomeric (c-opsins and r-opsins) (Eakin 1965, Yau & Hardie 

2009). Ciliary photoreceptors, which include human rods and cones, have stacked and 

flattened membranous discs. Rods are specialized for low light conditions and express 

rhodopsin, whereas human cones express three color pigments: OPN1-SW, OPN1-MW, and 

OPN1-LW. Rhabdomeric photoreceptors have densely packed membranous microvilli 

projections, which are present in the compound eye of flies and many other invertebrates. 

These visual photoreceptor cells express r-opsins that are distantly related to c-opsins. The c-

opsins and r-opsins couple to distinct signaling cascades that result in hyperpolarization and 

depolarization of photoreceptor cells, respectively (Figure 2a and b). Another important 

difference is that following light-activation of c-opsins in rods and cones, the chromophore 

dissociates, whereupon the all-trans retinal is regenerated to 11-cis retinal in the neighboring 

retinal pigment epithelium (RPE) (Travis et al 2007, Wright et al 2015). However, the all-

trans retinal does not typically dissociate from r-opsins, such as those in the fly eye (Montell 

2012). Rather, it is converted back to 11-cis retinal by absorption of a second photon of 

light.

The early notion was that c-opsins were restricted to vertebrates, while r-opsins were 

exclusive to invertebrates. However, this is an oversimplification. For example, mammalian 

melanopsin (Opn4) is highly related to r-opsins, such as those in the fly eye (Provencio et al 

1998b), and two opsins in the mosquito, Anopheles gambiae, are c-opsin-like (Arendt et al 

2004). The marine ragworm, Platynereis dumerilii, expresses an r-opsin in its eyes and a c-

opsin in the brain (Arendt et al 2004). In addition, other opsins classified as c-opsins based 

on sequence relationships initiate signaling cascades distinct from the phototransduction 

cascade observed in rods and cones (green opsin in tilapia, encephalopsin, parapinopsin, 

VA-opsin, parietopsin, neuropsin, pteropsin) (Figure 2c and d, Tables 2–3).

There is a third class of opsins distinct from c-opsins and r-opsins. This group called 

RGR/Go-opsins (also referred to as Group 4 opsins) includes retinal G protein-coupled 

receptor opsins (RGR), peropsin, and neuropsin (Opn5) (Figure 3, Tables 2–4). These opsins 

function as photoisomerases or couple to different signaling cascades (Figure 2c, Tables 2–

3). For simplicity, we use three opsin groups in this review. However, analyses that include 

opsins from cnidarians, ctenophores, placozoans, and a large diversity of bilateria assign 

opsins to a greater number of groups (Feuda et al 2012, Feuda et al 2014, Porter et al 2012, 

Ramirez et al 2016) (Table 4).
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NON-IMAGING FORMING FUNCTIONS OF OPSINS IN THE MAMMALIAN 

EYE

In the mammalian eye, light detection occurs in three types of neurons: rods, cones, and a 

small subset of retinal ganglion cells, which are intrinsically photosensitive (ipRGCs) 

(Berson et al 2002). While rods and cones facilitate image formation, direct light sensation 

by ipRGCs primarily drives non-image forming functions, although, it also promotes a 

rudimentary form of image formation (Ecker et al 2010, Hughes et al 2016, Schmidt et al 

2011). The discovery of non-image forming functions in the eye traces back to observations 

that blind mice can shift their circadian rhythms according to an external light-dark cycle 

(Foster et al 1991, Freedman et al 1999, Provencio et al 1994). A few years later, ipRGCs 

were found to be photosensitive and mediate circadian photoentrainment (Berson et al 

2002). In addition to these three classes of photoreceptor cells, at least two types of neuronal 

cells in the mammalian eye are also intrinsically photosensitive. These include sphincter 

muscle cells in the iris, which control pupillary constriction (Xue et al 2011), and RPE cells 

(Radu et al 2008).

The light responsiveness of ipRGCs and iris sphincter muscles are dependent on the 

photopigment melanopsin (Berson et al 2002, Hattar et al 2002, Lucas et al 2003, Xue et al 

2011). This opsin, which was first described in Xenopus laevis dermal melanophores 

(Provencio et al 1998b), shares greater biophysical properties and amino acid homology to 

Drosophila rhodopsins (Provencio et al 1998a), and couples to a Gq-PLC-TRP signaling 

pathway highly reminiscent of fly phototransduction (Díaz et al 2016, Montell 2012, Xue et 

al 2011) (Figure 2b).

Melanopsin serves as the photopigment for an impressive range of non-image forming light 

responses. These include photoentrainment of circadian rhythms (Freedman et al 1999, 

Panda et al 2002), light-induced pupillary constriction (Lucas et al 2003, Xue et al 2011), 

suppression of pineal melatonin (Lucas et al 1999), light aversion (Johnson et al 2010, Semo 

et al 2010), control of sleep states (Altimus et al 2008, Hubbard et al 2013, Lupi et al 2008, 

Milosavljevic et al 2016, Pilorz et al 2016, Tsai et al 2009), and other functions (Atkinson et 

al 2013, Esquiva et al 2016, Rao et al 2013, Reifler et al 2015, Zhang et al 2008). The 

discoveries of melanopsin and its myriad of non-image and rudimentary image forming 

functions in the eye are covered in detail in other reviews (Do & Yau 2010, Hankins et al 

2008, Hughes et al 2016, Lucas 2013, Matynia 2013, Schmidt et al 2011).

Mammalian retinal G protein-coupled receptor opsin (RGR) is another opsin with non-

classical functions in the eye. It is expressed in the RPE and Müller glial cells, but has 

slightly greater sequence homology to an opsin in squid (retinochrome), which has 

photoisomerase activity, than to mammalian rhodopsin (Jiang et al 1993, Radu et al 2008). 

In RPE maintained in the dark, RGR is a negative regulator of two enzymes that catalyze 

reactions that contribute to the visual cycle (Radu et al 2008). The enzyme activities are 

restored in light, indicating that RGR is an important regulator of the visual cycle (Radu et al 

2008).
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EXTRA-OCULAR LIGHT-DEPENDENT FUNCTIONS OF OPSINS

Mouse Opn4 functions in the photorelaxation of blood vessels

Light sensation is not limited to the eye. A long-known phenomenon is the photorelaxation 

of blood vessels (Furchgott et al 1955), but the receptor mediating this response has been 

enigmatic. Melanopsin mRNAs are expressed in blood vessels of mice and light-induced 

vasorelaxation is essentially eliminated in Opn4 null mutants, indicating that melanopsin 

functions in extra-ocular light detection (Sikka et al 2014). Given that vascular function is 

under circadian control (Paschos & FitzGerald 2010), melanopsin in blood vessels may 

serve as the vascular sensor that drives the circadian control of blood flow and pressure in 

mammals (Sikka et al 2014).

Melanopsin in ipRGCs couples to a PLC-dependent pathway that resembles the 

phototransduction cascade in fly photoreceptors (Figure 2b). However, light-induced 

vasorelaxation is dependent on cGMP, PDE6, guanylyl cyclase (GC), and K+ channels 

(Sikka et al 2014). Moreover, membrane potentials of vascular smooth muscle cells 

hyperpolarize rather than depolarize in response to light (Sikka et al 2014). If melanopsin 

uses cGMP-dependent signaling in blood vessels, then melanopsin has the remarkable 

ability to couple two types of G protein signaling pathways to drive different physiological 

responses.

Interestingly, the photorelaxation signaling pathway resembles the phototransduction 

cascade observed in invertebrates, such as scallop (SCOP2) and sea slugs (Ip-1, Ip-2), which 

involves a Go-type G protein coupled to GC and the opening of K+ channels leading to 

hyperpolarization (Gotow & Nishi 2007, Kojima et al 1997) (Figure 2c). However, the G 

protein responsible for photorelaxation has not been identified and further biochemical 

studies are needed to establish whether or not melanopsin can initiate a Go signaling 

cascade. Moreover, it remains possible that other non-image forming opsins, including Opn3 

and Opn5, may be involved in vascular responses.

Potential roles for opsins in skin

The earliest evidence of an opsin in skin is the discovery of melanopsin in Xenopus dermal 

melanophores (Provencio et al 1998b). Since then, almost all human opsins have been 

documented in skin (Haltaufderhyde et al 2015, Kojima et al 2011, Tsutsumi et al 2009). 

RNAi knockdown of rhodopsin in primary human epidermal melanocytes reduces Ca2+ 

increases in response to ultraviolet A (UVA) illumination (Wicks et al 2011). However, the 

spectral sensitivity of rhodopsin does not extend into the UVA range, raising the possibility 

that rhodopsin might heterodimerize with another light receptor to achieve this sensitivity 

(Wicks et al 2011). Unexpectedly, the UVA response might occur via a Gq-PLC signaling 

pathway (Bellono et al 2014, Wicks et al 2011). In keratinocytes, violet light downregulates 

expression of differentiation markers, and this effect is blunted upon siRNA-mediated 

suppression of rhodopsin (Kim et al 2013). An inhibitor of Gi signaling prevents the light-

induced downregulation of differentiation markers (Kim et al 2013), raising the possibility 

that rhodopsin couples to Gt, Gq, and Gi cascades in rods, melanocytes, and keratinocytes, 

respectively. However, the link between rhodopsin and Gq/Gi signaling remains speculative.
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Fish have specialized dermal light receptors for adjusting pigmentation. In tilapia 

erythrophores (red pigment cells), pigment migration depends on the wavelength of light. 

Green light results in pigment dispersion and red light induces pigment aggregation (Ban et 

al 2005). In erythrophores, a green opsin and a red opsin appear to be co-expressed, and they 

might couple to Gs and Gi proteins, respectively, to activate or inhibit adenylyl cyclase and 

regulate the opposing effects of pigment dispersion and aggregation (Figure 2d) (Ban et al 

2005).

In cephalopod molluscs, such as squid, cuttlefish, and octopus, chromatophores mediate 

dynamic changes in skin color (Kingston et al 2015, Mäthger et al 2010, Ramirez & Oakley 

2015). In octopus, the skins cells express an r-opsin and retinochrome (Ramirez & Oakley 

2015). The r-opsin may also function in mechanosensation, raising the provocative 

suggestion that it serves dual functions in mechanoreception and light reception (Ramirez & 

Oakley 2015). Evidence that an opsin is required for mechanosensation is discussed later in 

this review.

Drosophila Rh7 functions in circadian pacemaker neurons in the central brain

In addition to the six Drosophila rhodopsins that are expressed in the compound and simple 

eyes (ocelli), flies encode a seventh opsin (Rh7). Unexpectedly, this opsin is expressed in the 

central brain in a subset of circadian pacemaker neurons (Figure 4a) (Ni et al 2017). Despite 

this unusual cellular localization, Rh7 is a light sensor as it can substitute for Rh1 in the eyes 

and confers light sensitivity to tissue culture cells in the purple range. Of significance, loss 

of Rh7 greatly diminishes the sensitivity of pacemaker neurons to purple light. Thus, Rh7 

functions as a light detector in the central brain (Ni et al 2017).

The observation that Rh7 is a photopigment in pacemaker neurons raises the possibility that 

it could function in circadian photoentrainment. Circadian rhythms are set most robustly by 

light/dark cycles and control an array of behaviors including sleep, movement, feeding, and 

mating (Allada & Chung 2010, Mohawk et al 2012, Peschel & Helfrich-Förster 2011). 

Opsins in the Drosophila compound eye, ocelli, and an eyelet between the retina and optic 

lobes contribute to photoentrainment (Helfrich-Förster et al 2001, Klarsfeld et al 2004, 

Mealey-Ferrara et al 2003, Rieger et al 2003, Saint-Charles et al 2016, Szular et al 2012). 

Notably, light sensation by the ~150 pacemaker neurons are of particular importance in 

setting circadian rhythms (Nitabach & Taghert 2008). These central brain neurons express 

another type of photoreceptor—a flavoprotein called cryptochrome (Cry), which helps 

establish circadian rhythms in response to light (Emery et al 2000b, Stanewsky et al 1998). 

The circadian clock can be entrained by dim light. However, Cry is not very light sensitive 

when expressed in vitro (Ozturk et al 2011) and in the absence of Cry, flies still 

photoentrain, indicating that there is another light detector in pacemaker neurons that 

contributes to setting circadian rhythms.

Rh7 is co-expressed in central pacemaker neurons with Cry, and with Pigment Dispersing 

Factor (PDF) (Ni et al 2017), which appears to be the primary neuropeptide controlling 

circadian behavior (Renn et al 1999). While loss of Rh7 or Cry alone results in relatively 

subtle impairments in photoentrainment, mutations eliminating both Rh7 and Cry cause a 

profound deficit. Nevertheless, loss of just Rh7 has strong effects under some conditions. In 
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contrast to wild-type flies, which become arrhythmic upon exposure to constant light 

(Emery et al 2000a), rh7 mutant animals can retain rhythmicity, and this phenotype was 

particularly pronounced under dim light (Ni et al 2017).

The dual system for responding to light in circadian pacemaker neurons through Cry and 

Rh7 might provide independent mechanisms for setting circadian photoentrainment through 

bright and dim light, respectively. A rhodopsin-dependent mechanism could promote signal 

amplification, similar to a key feature of phototransduction in ocular photoreceptor cells. 

However, unlike the rhodopsins in the compound eye, which couple to PLC encoded by the 

norpA locus, Rh7 appears to engage the other Drosophila PLC-β (PLC21C). Because the 

phototransduction cascade in the Drosophila visual system culminates with opening of TRP 

channels (Hardie & Minke 1992, Montell & Rubin 1989), it is likely that one or more of the 

13 fly TRP channels is activated downstream of Rh7. However, the TRP channels remain to 

be identified.

It is intriguing to speculate that Rh7 is the Drosophila functional equivalent of melanopsin. 

Both Rh7 and melanopsin couple to PLC-dependent signaling cascades, and are light 

receptors with important roles in circadian photoentrainment rather than in classic image 

formation. Given that extra-ocular opsins are also expressed in the mammalian brain 

(Blackshaw & Snyder 1999, Nissilä et al 2012), the question arises as to whether these 

opsins are sensors that detect red-shifted light penetrating the mammalian skull, or whether 

they have light-independent roles.

Opsins in photosensation in the vertebrate brain and central nervous system

Lampreys and teleosts, such as zebrafish, are endowed with extra-ocular light sensitivity in 

the pineal, and some fish also have photoreceptor cells within the deep brain, such as the 

hypothalamus (von Frisch 1911). These tissues express multiple opsins, suggesting that they 

function in photoreception in the brain (Davies et al 2015, Fischer et al 2013, Hang et al 

2016a, Kingston & Cronin 2016, Kojima et al 2008, Koyanagi et al 2004).

At least two light-dependent behaviors are under control of opsins during zebrafish 

development. During embryogenesis, coiling behavior is promoted by spontaneous activity 

of the spinal central pattern generator (Friedmann et al 2015). Surprisingly, this behavior is 

suppressed by light, which inhibits the central pattern generator, and the key receptor is the 

opsin, VALopA (Friedmann et al 2015). At a later developmental stage, larvae sense light 

through deep brain photoreceptors in the preoptic area, which contributes to a light seeking 

behavior that is triggered by loss of illumination (Fernandes et al 2012). Based on its spatial 

distribution and overexpression studies, Opn4 might be the receptor underlying the “dark 

photokinesis.”

In birds, extra-ocular light sensation influences seasonal reproductive behavior and occurs 

through several brain regions, including the pineal gland, septal regions of the telencephalon, 

and the medio-basal hypothalamus (García-Fernández et al 2015, Surbhi 2015). The medio-

basal hypothalamus is the essential brain region that regulates seasonal behavior (Benoit 

1935a, Benoit 1935b, García-Fernández et al 2015, Oliver et al 1977, Yokoyama et al 1978). 
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The hypothalamus expresses a VA opsin, which is the proposed light receptor (García-

Fernández et al 2015).

Multiple opsins are expressed in the mammalian brain (Opn3, Opn4, and Opn5) (Blackshaw 

& Snyder 1999, Nissilä et al 2012) and spinal cord (Opn5) (Tarttelin et al 2003). The brains 

of some neonatal mammals may sense light (Johnson et al 2010, Routtenberg et al 1978, 

Viggiani et al 1970). However, it is unclear whether the adult mammalian brain is capable of 

detecting illumination. While there is evidence in favor of light modulation of cells deep in 

the brains of adult mammals, including humans (Flyktman et al 2015, Sun et al 2016, 

Vandewalle et al 2009, Wade et al 1988), this could be an indirect effect of light stimulation 

of cells outside the brain. Thus, it is intriguing to speculate that opsins in the mammalian 

brain have light-independent roles that remain to be revealed. In support of this provocative 

idea, light-independent roles for opsins have been discovered in Drosophila, and are 

described below.

LIGHT-INDEPENDENT ROLES FOR OPSINS

Drosophila opsins and temperature discrimination in the comfortable range

Animals have a strong preference to seek out their ideal temperature within the thermal 

landscape. This behavior is particularly notable in poikilothermic organisms such as fruit 

flies, in which their body temperatures equilibrate with the environment. Drosophila larvae 

are capable of distinguishing temperature differences within a fraction of a degree (Klein et 

al 2015). The comfortable range for 3rd instar larvae is 18–24°C, although mid- and late-3rd 

instar larvae prefer 18°C over higher temperatures, such as 19–24°C (Kwon et al 2008, Shen 

et al 2011, Sokabe et al 2016).

Multiple TRP channels in vertebrates and invertebrates are direct thermosensors (Fowler & 

Montell 2013, Julius 2013), and thermotaxis of Drosophila larvae towards 18°C is dependent 

on TRPA1 (Kwon et al 2008). However, the dependence on this channel is indirect since 

none of the TRPA1 isoforms are directed activated until the temperatures exceed 27°C 

(Kang et al 2012, Luo et al 2016, Viswanath et al 2003, Zhong et al 2012). Rather, the gating 

of TRPA1 in mid-3rd instar larvae depends on a signaling cascade that includes Gq and PLC 

(NORPA) (Kwon et al 2008). Remarkably, the cascade is initiated by an opsin (Rh1) (Shen 

et al 2011). The requirement for Rh1 is light independent, since thermotaxis assays are 

performed in the dark and light does not interfere with this behavior (Shen et al 2011).

How is it possible that illumination does not disrupt the thermotaxis behavior, since 

rhodopsin is a photosensor? Because the chromophore is the light-sensitive subunit of 

rhodopsin, a potential solution to this question is that the opsin alone, and not the 

chromophore, is required for thermosensation. However, the chromophore is essential for 

thermotaxis (Shen et al 2011). This most likely reflects a requirement for the chromophore 

for trafficking, since it has dual roles as a light sensor and as a molecular chaperone in 

photoreceptor cells in the compound eye (Ozaki et al 1993). In the absence of the 

chromophore, the opsins do not exit the endoplasmic reticulum.
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The low expression level of Rh1 in thermosensory neurons is the most plausible explanation 

for the lack of interference of light on Rh1-dependent thermotaxis. In classical photoreceptor 

cells in the visual system, rhodopsins are expressed at high levels for efficient photon 

capture. However, Rh1 is expressed at extremely low levels in the thermosensory neurons in 

the larval peripheral nervous system (Shen et al 2011) (Figure 4b). As a consequence, 

photon capture in these cells is very inefficient.

Another surprising finding is that there is a switch in requirements for opsins in late-3rd 

instar larvae, when the preference for 18°C becomes even more pronounced (Sokabe et al 

2016). At this stage, Rh1 is no longer required. Rather, two other opsins, Rh5 and Rh6, are 

essential in trpA1-expressing neurons in the brain and in the peripheral nervous system 

(Figure 4b) for selecting 18°C over slightly higher temperatures in the comfortable range. As 

with Rh1, the requirements for Rh5 and Rh6 are light-independent, and depend on a 

signaling cascade that includes Gq, PLC (NORPA), and TRPA1 (Sokabe et al 2016).

Two notable features of phototransduction cascades are signal amplification and adaptation 

(Stryer 1986). Opsin-dependent signaling cascades may be employed in allowing larvae to 

choose their preferred temperature (18°C) over slightly higher temperatures for the same two 

reasons. Amplification may allow the larvae to detect very small differences in a shallow 

gradient. If the animals cannot find 18°C in their environment, they can adapt to slightly 

higher temperatures, which are still positive for growth and survival.

Multiple questions remain. It is not clear why there is a switch from dependence on Rh1 to 

Rh5/Rh6 between the mid- and late-3rd instar larval periods. Whether adult flies use opsins 

to sense small temperature differences in the comfortable range is not known. A crucial 

question discussed later in this review is whether mammals use opsins to detect small 

deviations in innocuous temperatures over shallow gradients.

The major unresolved question concerns the mechanism through which opsins serve as 

temperature sensors. Rhodopsin and color visual pigments in classical photoreceptor cells 

have high thermal stability (Barlow 1988). This is important to limit noise in photoreceptor 

cells, which would otherwise reduce sensitivity to dim light (Barlow 1988). Nevertheless, 

there is a very low level of electrical activity in the dark that results from thermal activity of 

rhodopsin (Hardie et al 2002, Yau et al 1979).

Dark noise is a two-step process. The first step is the deprotonation of the 11-cis Schiff-base 

linkage and the second step involves the thermally-induced isomerization of 11-cis to all-

trans retinal (Barlow et al 1993). The deprotonation decreases the energy barrier required for 

the cis to trans isomerization from ~45 to 27–30 kcal/mol (Barlow et al 1993). This latter 

number is in line with the activation energy for thermal noise. Thus, thermal activation (dark 

noise) may not occur on random rhodopsins, but on those molecules that are deprotonated. If 

the pH in the vicinity of rhodopsin is increased slightly, then deprotonation of rhodopsin 

occurs. Thus, we propose that in neurons that function in thermosensation, the local pH near 

the rhodopsins is elevated, which results in the deprotonation of rhodopsin, thereby greatly 

decreasing the energy barrier for thermal activation.
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Auditory role for Drosophila opsins

Another surprise is that opsins are expressed and function in the Drosophila auditory system 

(Senthilan et al 2012). The fly ear is located in the antenna where sound is received by 

vibrations of arista—a feathery organ extending out from the 3rd antennal segment (Figure 

4a). The movement of the arista and the associated 3rd antennal segment then causes 

activation of two or three stretch-activated chordotonal neurons housed in dozens of separate 

sensory units (scolopidia) in the Johnston’s organ on the 2nd antennal segment (Ishikawa & 

Kamikouchi 2016). In flies, hearing is important for courtship. Males produce a courtship 

song by vibrating their wings in a particular pattern that is attractive to females of the same 

species (Albert & Göpfert 2015, Ishikawa & Kamikouchi 2016).

The identification of opsins as receptors important in Drosophila hearing was not expected. 

Rather, this insight emerged from an unbiased screen for genes expressed in the Johnston’s 

organ (Senthilan et al 2012). The approach took advantage of a mutation in atonal, which 

eliminates the Johnston’s organ. Therefore, genes expressed in wild-type but not atonal 
mutant 2nd antennal segments were likely to be enriched in the Johnston’s organ. Among the 

274 genes that surfaced in this screen, many function in phototransduction in the compound 

eye. These include Arrestin2, G-protein subunits, PLC (NORPA), TRP, TRPL, and others. 

Amazingly, four out of the seven opsins showed up as well: Rh3, Rh4, Rh5 and Rh6.

Mutation of either rh5 or rh6 cause pronounced deficits in sound-evoked electrical responses 

of the Johnston’s organ and greatly decrease mechanical amplification. Flies there are 

doubly mutant for rh5 and rh6 display similarly severe deficits in mechanical amplification 

as by the single mutants. However, louder sounds were required to evoke compound action 

potentials from the antennal nerve of the double mutant versus the single mutants, indicating 

that the two opsins have some non-redundant roles. These roles are light-independent. 

However, reminiscent of thermosensation, the chromophore is required for the auditory 

response, presumably to facilitate trafficking of opsins out of the endoplasmic reticulum.

The key question is whether Rh5 and Rh6 function in mechanotransduction. Consistent with 

this possibility, both opsins are expressed in Johnston’s organ neurons (Senthilan et al 2012). 

Moreover, they are required for gating mechanotransduction channels, which include 

multiple TRP channels. An open question is whether Rh5 and Rh6 are themselves 

mechanically gated. Do the opsins in the Johnston’s organ neurons engage a Gq/PLC 

signaling cascade? Stimulation of PIP2 generates DAG, IP, and H+. Because DAG is smaller 

than PIP2, this could cause a conformation change in the plasma membrane, and contribute 

to mechanical gating of the TRP channels, similar to the proposed mechanism for 

mechanical gating of TRP and TRPL in photoreceptor cells (Hardie & Franze 2012). 

However, a caveat is that mutation of the norpA PLC, which is essential for 

phototransduction in the eye, does not appear to function in the auditory response (Senthilan 

et al 2012). It is possible that Rh5 and Rh6 couple to PLC21C in Johnston’s organ neurons, 

reminiscent of the engagement of Rh7 with PLC21C in pacemaker neurons (Ni et al 2017). 

Because Rh3 and Rh4 are also expressed in the Johnston’s organ, an additional question is 

whether these opsins also play roles in the auditory response.
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Potential light-independent roles for opsins in vertebrates

Several mammalian opsins are expressed in the brain (Opn3, Opn4, and Opn5) (Blackshaw 

& Snyder 1999, Nissilä et al 2012) and spinal cord (Opn5) (Tarttelin et al 2003) (Table 2). 

While there is evidence in favor of light modulation of cells deep in the brains of mammals, 

including humans (Flyktman et al 2015, Sun et al 2016, Vandewalle et al 2009, Wade et al 

1988), it is not known whether light is sensed directly by the mammalian brain. Moreover, it 

is unclear whether the opsins in the mammalian brain are expressed at sufficiently high 

levels for effective photon capture. Thus, opsins in the mammalian brain are candidates for 

having light-independent roles.

One recent study reported a knockout of the first “deep brain” opsin (valop or val opsin) in a 

non-mammalian vertebrate (Hang et al 2016b). The only phenotypes apparent in the mutant 

zebrafish are impairments in chorion formation and hatching of embryos. This raises the 

intriguing possibility that VAL opsin may have a light-independent role in reproduction.

There is potential that an opsin might function in the immune system. OPN3 is implicated as 

an asthma susceptibility gene, and OPN3 mRNA is detected in T-cells, B-cells, and 

bronchiolar epithelial cells (White et al 2008). RNAi-mediated knockdown of OPN3 in a T-

cell line, Jurkat cells, inhibited secretion of interleukin-2 (IL-2) following activation by the 

T-cell receptor (CD3/CD28). If OPN3 indeed functions in promoting IL-2 secretion, a key 

unresolved question is whether the opsin is activated by light, a chemical agonist, or 

mechanical force.

An exciting possibility is that mammalian opsins might function in sperm thermotaxis, 

reminiscent of the function of opsins in larval thermotaxis. After reaching the storage site 

near the beginning of the Fallopian tube, sperm must traverse several centimeters to reach 

the egg. One long-range cue is rheotaxis—the ability to move in response to fluid flow (Miki 

& Clapham 2013). Chemotaxis is unlikely to be a long-range cue since peristaltic 

movements within the oviduct would disrupt chemical gradients. As the sperm approaches 

the egg, chemotaxis come into play (Eisenbach & Giojalas 2006), and this may be mediated 

by odorant receptors in sperm (Fukuda et al 2004, Spehr et al 2003).

Thermotaxis is also a potential navigation mechanism since in mammals, such as pigs and 

rabbits, there is a 1° to 2°C temperature difference between the sites of sperm storage and 

fertilization (David et al 1972). Both rabbit and human sperm are capable of thermotaxis in 
vitro (Bahat et al 2003). However, only about 7–17% and 3–5% exhibit thermotaxis, 

respectively (Bahat et al 2003). This low percentage may reflect a requirement for 

capacitation for thermotaxis, since the fraction of capacitated sperm in the preparations is 

low.

Human sperm may be extremely temperature sensitive as they are proposed to respond to an 

extraordinarily small difference (<0.0006°C) between the front and back of the cell (Bahat et 

al 2012). Such sensitivity would be comparable to the slime mold, Dictyostelium 
discoideum, which senses and responds to a gradient as shallow as 0.04°C/cm, which 

equates to 0.0004°C along the length of one amoeba (Poff & Skokut 1977).
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Notably, mammalian sperm thermotaxis has been attributed to an opsin-dependent signaling 

cascade (Pérez-Cerezales et al 2015). Six opsins mRNAs are expressed in human sperm, 

with OPN3 and OPN5 at the highest levels, while rhodopsin, OPN1-SW, OPN1-MW, and 

OPN4 are detected at lower levels. The same six opsin mRNAs are expressed in mouse 

testis, although rhodopsin is the most abundant (Pérez-Cerezales et al 2015).

Genetic experiments using knockout mice suggest that rhodopsin contributes to thermotaxis. 

Wild-type sperm (1–8%) accumulate in the warmer zone of a gradient, and the overall 

fraction of rhodopsin mutant sperm that undergo thermotaxis declines ~70% (Pérez-

Cerezales et al 2015). This reduction does not appear to be due to effects of the rhodopsin 
mutation or an impairment in capacitation. The residual thermotaxis exhibited by the mutant 

sperm could be due to the function of other opsins.

A question is whether the opsin(s) that may contribute to sperm thermotaxis engage the 

same signaling cascades that is employed in photoreceptor cells (Figure 2a). Transducin (Gt) 

is expressed in mouse and human sperm, and PDE inhibitors reduce thermotaxis (Pérez-

Cerezales et al 2015). However, in a separate study by the same group, an inhibitor of PLC 

(U73122) reduces thermotaxis of human sperm (Bahat & Eisenbach 2010), an observation 

which is consistent with the idea that a Gq-coupled opsin (OPN4) might also promote 

thermotaxis. The findings on sperm thermotaxis (Pérez-Cerezales et al 2015), in 

combination with work on rheotaxis (Miki & Clapham 2013), suggest that two mechanisms 

(thermotaxis and rheotaxis) facilitate long-range navigation in the female genital tract. 

However, because temperature affects fluid flow, it is important to exclude that this force 

impacts on the observed thermotaxis of sperm.

CONCLUDING REMARKS

Archetypal role for opsins

The observations that opsins are not just photodetectors, but have light-independent roles in 

thermosensation and hearing raise the question of their primordial function. We posit it was 

not phototransduction. Both temperature sensation and touch are primitive senses that most 

likely pre-date light sensation, and in principle, they only require one component—the 

opsin. However, the opsins that function in fly thermosensation and audition require the 

chromophore, which was likely co-opted to serve as a molecular chaperone. Thus, the light-

independent roles for opsins may have arisen prior to light sensation.

Unifying roles for opsins and future perspective

Two central functions of rhodopsin-dependent signaling are signal amplification and 

adaptation (Stryer 1986). These two key roles may also be employed in other sensory 

contexts. An amplification cascade would allow low levels of a stimulus to be detected. 

However, if the stimulus cannot be avoided but is present at low concentrations that are not 

dangerous, then the animal adapts.

The repertoire of senses that depend on opsins is likely to be greater than currently 

recognized. Do opsins have roles in chemosensation, including taste and smell? Are there 

additional mechanosensory roles for opsins, such as light touch, fine coordination 
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(proprioception), or food texture sensation? Nevertheless, what it is already clear is that 

opsins are not just for light sensation. They represent a broad class of polymodal sensory 

receptor, which until recently has eluded discovery despite many decades of intense scrutiny. 

We hope this review will motivate studies to unravel the light-independent sensory roles for 

opsins in a wide variety of animals, including mammals.
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Figure 1. Cartoon of rhodopsin
Rhodopsin is comprised of an opsin protein made up of seven transmembrane α-helices and 

a light-sensitive retinal chromophore. The chromophore in mammalian rods and cones is 11-

cis-retinal and in Drosophila photoreceptor cells it is 3-hydroxy 11-cis-retinal.
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Figure 2. Multiple opsin-driven G protein-coupled signaling cascades
(A) Gt-mediated transduction (e.g. mammalian rods and cones) couples an activated opsin to 

a G protein called transducin (Gt). Gt stimulates a phosphodiesterase (PDE), which causes a 

decline in cyclic GMP (cGMP) levels and subsequent closure of the cyclic nucleotide-gated 

(CNG) cation channels resulting in hyperpolarization.

(B) Gq-mediated transduction (e.g. Drosophila photoreceptor cells) couples an activated 

opsin to Gq, which stimulates phospholipase C (PLC), resulting in hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2). The subsequent openings of TRP channels 

result in depolarization. IP3, inositol triphosphate; DAG, diacylglycerol.

(C) Go-mediated transduction (e.g. scallop visual cells) links an activated opsin to Go, which 

activates guanylyl cyclase (GC). This leads to opening of CNG K+ channels and 

hyperpolarization. Go-mediated signaling cascades have also been observed in sea slug 

simple photoreceptors and in the lizard parietal eye. Several encephalopsins (pufferfish TMT 

and mosquito Opn3) are suggested to couple to Go and Gi, but the downstream components 

are less clear. Moreover, vertebrate neuropsins (Opn5) couple to Gi and likely inhibits 

adenylyl cyclase activity.
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(D) Gs-mediated transduction (e.g. tilapia erythrophores and box jellyfish visual cells) links 

an activated opsin to Gs, which activates adenylyl cyclase (AC). The consequent increase in 

cAMP opens CNG cation channels resulting in depolarization.
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Figure 3. Phylogenetic tree of selected opsin family members
There are four main groups: c-opsin (red), r-opsin (green), RGR/Go-opsin (blue), and 

cnidops (yellow). The relationships shown are based on Ramirez et al. (2016), Hering & 

Mayer (2014), and Feuda et al (2012, 2014).
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Figure 4. Opsins function in a diversity tissues in Drosophila
(A) Tissues in the adult fly head requiring opsins.

(B) Larval tissues requiring opsins.
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Table 1
Non-classical functions of Drosophila opsins

A list of fly opsins and their expression in classical photoreceptors in the adult compound eyes and ocelli, 

along with their non-classical functions outside of the eye.

Flyopsin Classical photoreceptors Non-classical function

Rh1 R1-R6 (outer) thermosensation

Rh2 ocelli -

Rh3 R7 (inner) -

Rh4 R7 (inner)

Rh5 R8 (inner) thermosensation, hearing

Rh6 R8 (inner) thermosensation, hearing

Rh7 - circadian photoentrainment in central pacemaker neurons
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