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The two fundamental lineages of photoreceptor cells, 
microvillar and ciliary, were long thought to be a prerogative 
of invertebrate and vertebrate organisms, respectively. However 
evidence of their ancient origin, preceding the divergence of these 
two branches of metazoa, suggests instead that they should be 
ubiquitously distributed. Melanopsin-expressing ‘circadian’ light 
receptors may represent the remnants of the microvillar photo-
receptors amongst vertebrates, but they lack the characteristic 
architecture of this lineage, and much remains to be clarified 
about their signaling mechanisms. Hesse and Joseph cells of 
the neuronal tube of amphioxus (Branchiostoma fl.)—the most 
basal chordate extant—turn out to be depolarizing primary 
microvillar photoreceptors, that generate a melanopsin-initiated, 
PLC-dependent response to light, mobilizing internal Ca and 
increasing a membrane conductance selective to Na and Ca ions. 
As such, they represent a canonical instance of invertebrate-like 
visual cells in the chordate phylum.

The structural diversity of visual organs in animals is stag-
gering, but at the level of photoreceptor cells things become 
simpler, and one encounters just a two-way partition defined by 
the structure of the light-sensing organelle: this is either comprised 
of microvilli, short infoldings of the apical membrane packed with 
actin filaments, or else it arises from a modified cilium, with its 
characteristic radial arrangement of microtubules.1 These two 
cell types also differ radically in the biochemical scheme they 
have developed to couple photon absorption to the changes in 
ionic conductances that convert it into an electrical signal: invari-
ably, microvillar receptors utilize phospholipase C (PLC) and 

 phosophoinositide-based lipid signaling,2 whereas ciliary receptors 
mobilize cyclic nucleotides.3,4

Traditionally, it was thought that this distinction was tightly 
associated with taxonomy—vertebrate retinas being comprised 
of ciliary receptors, and microvillar photoreceptors being strictly 
segregated to the eyes of invertebrates.1 This vertebrate-inverte-
brate dichotomy is a puzzle in the light of the discovery, among 
others, of putative photoreceptors of the microvillar type in 
plathyelminthes5 and both ciliary and microvillar in cnidaria6 

(see Fig. 1). The presence of both classes of visual cells even in 
pre-bilateria implies that their origin must date back to a time 
preceding the separation of protostomia and deuterostomia. 
Therefore, descendants of both lineages of visual cells ought to 
be represented across the two branches. Indeed, bona fide ciliary 
photoreceptors have been studied in a few marine mollusks7,8 and 
likely candidates have been described in a growing number of other 
invertebrates,9,10 although their alleged light sensitivity is yet to 
be corroborated physiologically. By contrast, their counterparts, 
microvillar receptors, were never found in vertebrates.

The situation changed with the discovery that the retina of 
mammals contains previously unsuspected light-sensitive cells,11 
other than the familiar rods and cones. These comprise a small sub-
class of retinal ganglion cells (RGCs), the last relay station in the eye 
that sends information to the brain, and were dubbed intrinsically 
photosensitive retinal ganglion cells (ipRGCs); ipRGCs mediate a host 
of non-visual light-dependent functions, such as photo-entraining 
circadian rhythms12 and controlling the pupillary reflex.13 The 
light-absorbing molecule that mediates the photoresponse of 
ipRGCs, melanopsin, turned out to be significantly more similar to 
the photopigments of invertebrate microvillar photoreceptors than 
those of vertebrates.14 Other molecular and developmental markers, 
such as expression of transcription factors BarH and Brn3, also 
suggest a kinship between ipRGCs and their invertebrate cousins.15 
The detailed chemical cascade that couples light stimulation to 
the electrical response proved difficult to investigate in native cells, 
owing to their extreme scarcity, although clues are emerging that 
PLC is implicated.16,17 However, the characteristic microvillar 
morphology is conspicuously absent in ipRGCs, leaving consider-
able uncertainty about the presence and evolutionary history of 
microvillar receptors within the vertebrate phylum.
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One possible strategy to search for the missing descendants 
of microvillar photoreceptors amongst deuterostomia is to focus 
on some early chordate, in which characteristic traits of the 
light-sensor may have been unambiguously retained. Amphioxus  
(Fig. 2A) is a primitive marine organism of great importance in 
evolutionary studies. Its genome has been recently sequenced18 
and molecular phylogeny has established that it is the most basal of 
all living chordates;19 most important, it seemingly remains close 
to its ancestral condition, having changed little in the last half a 
million years. As such, it provides an unusually favorable window 
to examine biological mechanisms that may have been present in 
the ancestors of vertebrates. However, no functional study had 
been conducted on this species. Melanopsin was recently detected 
in the neural tube of amphioxus,20 its expression pattern coin-
ciding with two previously described clusters of microvilli-bearing 
cells: Joseph cells and organs of Hesse.21-23 This observation set the 
stage for a recent study of single-cell physiology.24 Morphologically 
intact cells of both types were isolated (Fig. 2B and C), and electro-
physiological recording was used to determine that they respond to 
light in the absence of all synaptic input (Fig. 3), thus establishing 
that they are indeed primary photoreceptors. The action spectrum 
matches that of melanopsin, peaking in the vicinity of 470 nm. 
Light mobilizes calcium from intracellular stores, as revealed by 
digital fluorescence imaging, and increases the permeability of the 
membrane to sodium and calcium ions, just like in microvillar 
receptors of insects and mollusks.25

Additionally, key signaling molecules of the biochemical cascade 
that operates in invertebrate photoreceptors have been detected by 
western blot analysis, and the light response was shown to be 
susceptible to pharmacological agents that antagonize the PLC 
signaling pathway.26 The results firmly establish the presence of 
bona fide microvillar receptors among chordates, and confirm that 
melanopsin utilizes the same biochemical signaling mechanisms 
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Figure 1. Simplified phylogenetic tree. Ciliary photoreceptors are typical 
of vertebrata (in the chordata phylum), whereas microvillar photoreceptors 
have been extensively characterized both morphologically and physiologi-
cally in arthropoda and mollusca. However, putative photoreceptors of 
both types have subsequently been identified also in pre-bilateria, such as 
box jellyfish (cnidaria).

Figure 2. The amphioxus (Branchiostoma floridae). (A) Intact specimen. 
Calibration bar: 5 mm (B) Joseph cell enzymatically dissociated from the 
neural tube (the shadow is a recording patch microelectrode). (C) Isolated 
organ of Hesse, comprised of a pigmented cell and a separate, microvilli-
bearing translucent cell. Calibration bars in (B and C): 10 μm.

found in invertebrates; as such, amphioxus Hesse and Joseph 
cells can be viewed as bridging the gap between the melanopsin-
expressing circadian receptors of mammals and their microvillar 
cousins in invertebrate eyes.

The scenario may be ripe to re-visit some basic questions 
related to the evolutionary origin of photoreceptors cells. Vision 
had previously been thought to have arisen independently several 
dozen times throughout animal evolution27—a reasonable propo-
sition in view of the strong evolutionary pressure and the 
undeniable competitive advantage conferred by the ability to 
exploit the abundantly available electromagnetic radiation for 
information-gathering purposes. However, this conjecture became 
difficult to sustain with the realization that the early signaling 
elements of the light-transduction cascade in distant species are 
orthologous,15 even across the microvillar-ciliary boundary; this 
applies to the photopigment, the G-protein, and arrestin. In fact, 
examination of the transduction mechanisms in photoreceptors of 
bivalve marine mollusks28 and jellyfish29 indicates that the variety 
of light-signaling schemes amongst animals is actually richer than 
previously suspected, and yet in all cases a similar general blueprint 
is followed. The alternative, at the opposite end of the spectrum, 
is therefore a monophyletic origin, which naturally raises the 
 question of which cell type may have been the ‘original’ photore-
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ceptor. Spatial vision necessarily calls for directional sensitivity, and 
in its most primitive form it would entail a light sensor shielded 
on one side by a screen, as first envisioned by Darwin.30 Because 
in all known primordial pigmented ocelli microvillar photorecep-
tors are implicated, it has been argued that the ancestral proto-eye 
may have consisted of a single microvillar photoreceptor associated 
with a pigmented cell,31,32 i.e., exactly like the organ of Hesse of 
present-day amphioxus.
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Figure 3. Light responses in isolated organ of Hesse. (A) Superimposed 
traces of membrane voltage recording, showing depolarization elicited by 
brief flashes of light. (B) Light-activated inward currents measured under 
voltage clamp by the whole-cell patch recording technique. In both cases 
stimuli were delivered every minute, and the intensity of the light was 
increased at 0.6 log increments. Similar responses were also obtained 
from Joseph cells.


