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SUMMARY

The vertebrate retina is a uniquely complex and evolutionarily conserved structure, combining ciliary (rod and 
cone) and rhabdomeric (ganglion, amacrine and horizontal cells) photoreceptor lineages within a multilay-

ered circuit. This arrangement contrasts with the ancestral bilaterian cephalic pattern, where rhabdomeric 
photoreceptors dominate lateral eyes and ciliary photoreceptors are largely limited to unpigmented, non-vis-

ual median positions. Here, we make a case that the vertebrate retina evolved through the lateralization of a 
complex median photoreceptive organ already containing both photoreceptor types. This shift likely followed 
the loss of lateral rhabdomeric eyes in a burrowing, suspension-feeding deuterostome ancestor that retained 
a pool of median photoreceptors. In the early chordates leading to vertebrates, this structure diversified into 
the pineal/parapineal complex and lateral retinas. Central to this transformation was the emergence of a bi-

polar cellular identity, linking ciliary and rhabdomeric circuits — an unusual feature in animal nervous sys-

tems. We suggest that bipolar cells predate the retina and have dual evolutionary origins: Off bipolar cells 
deriving from a ciliary ‘effector’ lineage and rod-On bipolar cells deriving from a chimeric sensory cell. This 
model explains key similarities between the retina and the pineal gland and supports a scenario in which ver-

tebrate vision emerged by integrating and repurposing preexisting circuits. It reframes the retina not as a de 
novo innovation, but as a modified and lateralized solution to sensory challenges faced by early chordates.

Introduction

At the core of both visual and non-visual photoreception in an-

imals lie photoreceptor cells, broadly categorized as ciliary or 

rhabdomeric, a distinction historically based on their structural 

adaptations for housing visual pigments 1–3 . Even when their 

characteristic membrane specializations — cilia or rhabdomeric 

microvilli — are absent, photoreceptors can still be reliably 

identified by the opsins they express 4 . Both lineages are an-

cient and widespread across bilaterians 5,6 , with the origin of 

many of their components predating neural photoreception,

or even animals 7 .

In most protostomes, including arthropods, molluscs, and an-

nelids, lateral eyes or ocelli are composed exclusively of rhabdo-

meric photoreceptors, while ciliary photoreceptors are typically 

located in the brain and serve non-visual roles. Vertebrates stand 

in contrast: their image-forming eyes are built from ciliary photo-

receptors — rods and cones — which ultimately feed into neu-

rons with rhabdomeric characteristics — ganglion, amacrine 

and horizontal cells. Some of these even express rhabdomeric 

opsins, melanopsin 8–10 , forming part of a two-photoreceptor-

type circuit. The two systems are connected by bipolar cells 11 ,

which exhibit features characteristic of both ciliary and rhabdo-

meric neurons 3 . Vertebrate eyes are thus fundamentally different 

to the paired lateral eyes in the rest of the animal kingdom, sug-

gesting a unique evolutionary background.

The vertebrate retina’s layered complexity is exceptional — 

comprising over 100 neuronal types — and comparable to that 

of the cerebral cortex 12–15 . Yet, unlike the cortex, the retina is an-

cient and conserved across all vertebrates 3 , implying that its 

core architecture was already established in the last common 

vertebrate ancestor. This raises the question: how did the verte-

brate eye diverge so radically from those of other bilaterians? 

In this review, we survey the positions and potential roles of 

rhabdomeric and ciliary photoreceptors in the head of bilaterians 

and reconstruct a plausible set of evolutionary events and 

causes leading to the unique condition in vertebrates. We see 

a pattern of major photoreceptor repurposing, brought about 

by a series of life-style changes from early deuterostomes, 

through early chordates to vertebrates. From this evolutionary 

background, we unravel the origin of vertebrate retinal neurons 

and their circuits and explain the striking cell-type similarities be-

tween the retina and the pineal gland.

Reconstructing the bilaterian ancestral condition

To address the bilaterian ancestral condition, we survey the dis-

tribution of cephalic photoreceptors in bilaterians, focusing on 

adult forms to avoid ambiguities in larval morphology. Photore-

ceptors are identified by their expression of major opsin families: 

r-opsins (including melanopsin), c-opsins or xenopsins 16 . Based 

on this classification, we mapped their positions in the head
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region and their association with screening pigment (Figure 1), 

excluding non-cephalic and poorly characterized types.

Two main locations for cephalic photoreceptors emerged: 

paired lateral and median. Lateral photoreceptors range from 

simple bilateral sensors to complex image-forming eyes and 

are consistently associated with screening pigment. They pro-

vide directionality and suggest a primary role in guiding locomo-

tion via phototaxis or vision. Median photoreceptors, by con-

trast, appear as clusters either unpaired or bilaterally paired 

near or in the brain. Many of these are unpigmented and

presumed to function in circadian entrainment or light-based 

physiological regulation. Some, however, are pigmented and

likely serve directional functions, such as posture control17.

In protostomes, lateral photoreceptors are exclusively rhab-

domeric, while median photoreceptors include both ciliary and 

rhabdomeric types. Ciliary median photoreceptors typically 

lack screening pigment and express c-opsin — except in Spira-

lia, where xenopsin is a common alternative 18 . Phylogenetic 

analysis suggests xenopsin was present in the last bilaterian an-

cestor but lost in deuterostomes and arthropods16. Whether
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Figure 1. Position and type of photoreceptor cells in the head of bilaterians.

Schematic dorsal view of the head of selected bilaterians. A complete survey, including all bilaterian phyla and subgroups will be published elsewhere — here we 
only show representative animal groups needed to reconstruct ancestral forms of protostomes, deuterostomes and bilateria (based on the papers cited as 
references 1,7,16,18,30,40,126,161–179). We indicate the position for photoreceptors in imaging eyes (large circles), simple directional ocelli (small circles) or non-di-

rectional clusters (diffuse ellipses). The important distinction is between photoreceptors in paired lateral organs (irrespective if they point sideways or forwards) 
and median clusters in the brain or close to it. Colours indicate rhabdomeric versus ciliary photoreceptors with their specific opsins and transduction pathways. 
Reconstruction of ancestral protostome and bilaterian conditions suggest ciliary photoreceptors exclusively as unpigmented (non-directional) median clusters in 
the brain and rhabdomeric photoreceptors in paired lateral eyes or ocelli, as well as in pigmented median ocelli. Vertebrates stand out as exceptions, with lateral 
eyes as well as a median pineal/parapineal containing ciliary photoreceptors, pre-synaptically connected to neurons of rhabdomeric origin. Because deuter-

ostomes lack paired lateral eyes/ocelli with primary rhabdomeric photoreceptors, we suggest these were lost in a deuterostome ancestor adopting a burrowing

filter-feeding lifestyle 19,20 with reduced need for locomotory steering. Vertebrate eyes are then derived from remaining median photoreceptors, explaining their

unorthodox components and circuits. The lower right panel suggests typical functional roles for paired lateral versus median photoreceptors. (Silhouettes from 
PhyloPic.org.)
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xenopsin and c-opsin were ancestrally co-expressed or ex-

pressed in separate cells remains unresolved.

A reconstruction of a fundamental ancestral bilaterian cephalic 

photoreceptive system would therefore feature: ciliary photore-

ceptors, unpigmented, median, and expressing c-opsin/xeno-

psin; and rhabdomeric photoreceptors, pigmented and located 

both laterally and medially as well as unpigmented medially. 

This typical pattern contrasts with vertebrates, where the lateral 

eyes combine ciliary photoreceptors and rhabdomeric neurons. 

Cephalochordates and urochordates, which lack lateral eyes en-

tirely, retain various, but unwired, combinations of ciliary and 

rhabdomeric photoreceptors in median positions. This suggests 

a loss of ancestral lateral rhabdomeric eyes in early deuteros-

tomes, with new lateral eyes evolving later from median compo-

nents in early chordates or vertebrates.

This scenario aligns with the hypothesis that ancestral deuter-

ostomes adopted a burrowing, suspension-feeding lifestyle 19,20, 

reducing the need for optical guidance of locomotion (Figure 2).

Hemichordates, cephalochordates, and larval lampreys still 

show traits of this sessile mode of life. Based on similarities be-

tween the retina and the pineal gland, a median origin of the ver-

tebrate retina was also suggested previously 3,21 . Our findings 

support this idea and suggest the reasons for this unique ar-

rangement.

A second major difference between vertebrates and all other 

bilaterians is the molecular identity of their ciliary phototransduc-

tion machinery: vertebrates uniquely use ‘modern’ c-opsins such 

as rhodopsin, coupled to a newly invented ‘fast’ G-protein (G t / 

transducin). By contrast, non-vertebrate ciliary photoreceptors 

tend to use more ancient c-opsin variants that work through an-

cient G-proteins such as G s , G i and, importantly, G o . As elabo-

rated below, the molecular fingerprints of these distinct photo-

transduction elements are critical in reconstructing the 

evolutionary history of the vertebrate eye.

Functional roles of lateral versus median 

photoreceptors

Photoreceptor placement reflects functional demands (Figure 1, 

bottom right). Lateral photoreceptors, associated with screening 

pigment, are suited for phototaxis or vision. Paired directional 

photoreceptors support simple steering (yaw control) while the 

evolution of imaging vision adds detection of optic flow, enabling 

both yaw and translational motion control to improve locomotory 

guidance. Fast, synaptically connected photoreceptors are 

needed for this role, typically fulfilled by rhabdomeric cells in pro-

tostomes, which appears to be the ancestral bilaterian con-

dition 6. 

Unpigmented median photoreceptors in the brain are slower, 

sometimes paracrine-signalling ciliary cells. These typically sup-

port physiological regulation, such as circadian entrainment 6,17 .

Some median photoreceptors, particularly rhabdomeric types

shielded by pigment, serve directional functions like body pos-

ture control. In insects, for example, the dorsal ocelli measure 

pitch and roll using low-resolution inputs from overhead light 

fields 22–24 . This task is distinct from yaw or translational control, 

which is handled by lateral photoreceptors monitoring move-

ment along the ground plane 25 . Pitch and roll can also be de-

tected by optic flow in imaging lateral eyes, but in free water a 

median eye monitoring the dorsal light field can provide more re-

liable information with fewer neural computations.

This functional dichotomy explains why cephalic photorecep-

tors in bilaterians are placed laterally for steering and movement, 

and medially for time tracking and posture control. It also sheds 

light on why early deuterostomes — adopting a largely sessile 

lifestyle 19,20 — could afford to lose lateral eyes. Cephalochor-

dates likely adapted the median eye for semi-mobile filter feed-

ing, while urochordates retained only rudimentary photorecep-

tive structures, in line with their sessile lifestyle and extreme

morphological modification 26,27 .
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Figure 2. Repeated lifestyle changes drove the unique evolution of vertebrate eyes.

Cross-section diagrams of likely photoreceptor (PRC) and eye structures in the heads of ancestral bilaterians (top), with presumed ancient lifestyles (bottom). Colour

and graphical representations of photoreceptors refer to Figure 1. Approximate times in million years before present are indicated for key evolutionary stages 54 .
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Median and lateral photoreceptor systems are evolutionarily 

flexible in protostomes too. Jumping spider primary eyes de-

rive from median ocelli that have assumed lateral visual 

roles 28 . In copepod crustaceans, lateral eyes are lost, and in 

some cases, such as Copilia, the nauplius eye has been repur-

posed to support imaging vision 29 . In tube-dwelling fan 

worms, lateral eyes have become rudimentary while new pho-

toreceptors evolved on the tentacles using a c-opsin previ-

ously only found in the brain of polychaetes 30 . Scallop eyes, 

which contain both ciliary and rhabdomeric retinas, are less in-

formative because they are extracephalic structures that ex-

press photoreceptor genes in a novel location (the mantle

edge, not the head) 31 .

And yet, the vertebrate retina may represent the most extreme 

transformation: a complex lateral visual organ evolved from a 

median photoreceptive system, ultimately supporting high-reso-

lution vision and image processing. This shift involved not only 

changes in position but also a fundamental rewiring of ancestral 

photoreceptor cell types and circuits.

This major sensory transformation may have been triggered by 

the first whole genome duplication that set vertebrates apart 

from other chordates 32 . Despite the very different evolutionary 

history of protostome and vertebrate lateral eyes, in both cases, 

the output to the brain has rhabdomeric origin — a link that may 

explain the apparently ubiquitous association between eye de-

velopment and the homeobox gene Pax6 6 .

Bleaching opsins and the emergence of pigment 

epithelium

Rhabdomeric opsins are invariably bistable, meaning that the 

chromophore (retinal) is constitutively bound to the opsin and 

can be re-isomerised by light. By contrast, many ciliary opsins, 

including all variants used in vertebrate rods and cones, are 

mono-stable, and lose the chromophore after it has been 

photo-isomerised to all-trans configuration 33 . This transition 

was linked to the displacement of the counterion 34 from position 

181 (typical of rhabdomeric, bistable opsins) to 113 (in ciliary, 

bleaching opsins), which also endowed ciliary photoreceptors 

with higher G protein activation, likely at the expense of pigment 

photo-reversibility 33 . The resultant bleaching opsins need to be 

recycled, a task likely initially accomplished in a different subcel-

lular compartment of the photoreceptor 35 . However, presumably 

relatively soon after, acquisition of the interphotoreceptor reti-

noid-binding protein (IRBP) by horizontal gene transfer from a 

bacterium to the chordate ancestor made possible the shuttling 

of retinoids between photoreceptors and neighbouring epi-

thelium 36,37 .

In protostomes, photoreceptors associated with screening 

pigment are exclusively of the rhabdomeric type, suggesting 

that this may be an ancestral association. However, in cepha-

lochordates and urochordates, there are ciliary photoreceptors 

in median position embedded in screening pigment cups. The 

repeated involvement of ortholog genes (Mitf and Otx2) for 

the specification of pigment epithelium points to a common ori-

gin dating back to the chordate ancestor 38–40 . The late, verte-

brate-specific emergence of bleaching opsins that needed re-

cycling and increased protection from photooxidation may 

then account for the diversification of retina pigment epithelium 

functions.

Understanding circuitry and complexity from signal 

ambiguity

It is often assumed that non-visual photoreceptors serve primar-

ily to track the daily light cycle and entrain biological clocks 41. 

However, ambient light intensity depends on many environmen-

tal factors, including cloud cover, habitat structure, moon phase, 

and particularly for aquatic species, water depth and quality. 

Light levels vary by six to eight orders of magnitude between 

day and night yet changes in cloud cover or depth in water can 

easily obscure or mimic these shifts 42–44 . Even body orientation 

can alter detected light intensity; consequently, a non-directional 

light signal is a highly ambiguous proxy for time.

Because these variables — depth, time, weather and orienta-

tion — all contribute to changes in light intensity, animals need 

mechanisms to disentangle the causes. Biological clocks are 

one such mechanism, relying on internal oscillators to average light 

signals over many cycles. Another strategy involves spectral com-

parison: for instance, depth and time cause different changes of 

spectral composition. This principle is exploited in polychaete 

larvae, where circuits integrating inputs from both ciliary and rhab-

domeric photoreceptors regulate depth-dependent swimming 

behaviours 45 . We suggest that newly connected ciliary and rhab-

domeric photoreceptors 3,21 helped to discriminate time from 

depth in the chordate lineage leading to vertebrates. Such a 

dual-receptor system, ciliary and rhabdomeric with different spec-

tral tuning and response speeds, is well suited for the purpose. 

A third means of reducing ambiguity is to sample vertical light 

gradients 42 , which can reveal spatial and spectral differences re-

lated to depth, time of day, weather, and habitat openness. This 

requires some spatial resolution, particularly in the vertical plane, 

and benefits from photoreceptors with distinct kinetics, gain 

and/or spectral sensitivities 46 . We hypothesize that the verte-

brate retina began as lateral parts of a median eye, optimized 

for reading vertical light gradients to guide choice of behaviour 

and habitat as well as posture stabilization.

The fossil record of chordates from the late and middle Cambrian 

reveals many eyeless animals, such as vetulicolians, yunnanozo-

ans and Pikaia, but also animals with obvious paired eyes, such 

as conodonts, myllokunmingids, Haikouichtys and Metasprig-

gina 47–49 . The recent discovery of an early Cambrian fish with two 

pairs of eyes 50 suggests the lateral cups of a median eye were orig-

inally duplicated. It is conceivable that one pair specialized in loco-

motory guidance and shifted to lateral position, whereas the other 

pair was lost or reduced into the current pineal complex.

We further hypothesize that the introduced spatial resolution 

gradually became exploited also for locomotory orientation, 

leading to separation and complete lateralization of the retina. 

Later in evolution, focused optics allowed for high spatial resolu-

tion required for object discrimination 51 . This innovation also 

called for the introduction of eye movements to stabilise the im-

age and to allow for high resolution in limited parts of the visual 

field. The remaining median structure persisted as the pineal 

and parapineal organs. Much of this transformation likely oc-

curred during the early Cambrian period 52 .

Differences between photoreceptors of vertebrates and 

other chordates

The largely sessile cephalochordate amphioxus is a distant 

vertebrate relative that retains four separate sets of median
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photoreceptor clusters, two ciliary and two rhabdomeric (Figure 

3A,B), and there have been different attempts to homologise am-

phioxus photoreceptors with those of the vertebrate retina and 

pineal gland 21,40,53 . However, cephalochordates are not as 

closely related to vertebrates as the urochordates 3,54 (sea 

squirts and salps), which have very reduced sets of photore-

ceptors.

It remains unclear if cephalochordate photoreceptor systems 

represent an ancestral chordate system or a separate solution 

to their specific lifestyle. Cephalochordates and urochordates 

also lack ‘modern’ vertebrate-like ciliary photoreceptors that 

work through G t — instead, their ciliary photoreceptors work 

though the ancestral G i/o . The vertebrate introduction of G t 
may have been a response to the need of faster transduction as-

sociated with new functional roles.

Retina-like circuitry in the pineal gland: the vertebrate’s 

‘third eye’

In contrast to the light-sensitive organs of cephalochordates and 

urochordates, the vertebrate pineal/parapineal complex shows 

clear signs that ancestral ciliary and rhabdomeric photoreceptor 

types, once separate, were brought together into a single

structure 3 . Lampreys, for example, feature a highly ordered 

pineal gland that includes a substantial anatomical and func-

tional diversity of neurons (Figure 3C). These neurons are sys-

tematically positioned in different parts of this ancient median 

eye, one part ‘modern’ ciliary (G t ), and the other part a complex 

mixture of ‘ancient’ ciliary photoreceptors (G o ) and rhabdomeric 

projection neurons. Both sides form local microcircuits, each 

with their own axons towards the brain 55–58 . Critically, however, 

there are no known synaptic bridges between the ‘modern’ and 

‘ancient’ parts. Instead, the two sides may represent the result of 

two or more median eyes that have merged into a common eye-

cup, but without synaptically interconnecting their neuronal 

hardware. We posit that connections likely came soon after the 

already complex median eye had begun to lateralise and split 

off, enabled by preexisting neuronal elements on both sides 

(Figure 3A–D).

Anatomical, functional, and developmental evidence has long 

linked the pineal gland to the retina 3,21,59–63 . Both structures de-

velop from the embryonic diencephalon, and interference with 

retinoic acid signalling during development can result in a ‘me-

dian-retina’, distant from eye optics which develop from the sur-

face ectoderm 64,65 . The shared ancestry of retinal and pineal
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Figure 3. Deuterostome median and lateral eyes.

(A) Suggested timeline for the emergence of median and lateral eye components leading to modern vertebrate lateral eyes. Note that the emergence of a ‘modern 
ciliary’ (red, G t ) identity postdates non-vertebrate chordates. (B) Lancelets (amphioxus) have four median photoreceptors: two anterior clusters are ‘ancient’ 
ciliary (G o , green), while the two posterior clusters are rhabdomeric (blue). During development, the two central clusters become superimposed. (Adapted from 
Lacalli 180 , © 2004 S. Karger AG, Basel.) (C) The pineal organ of lampreys comprises diverse populations of photoreceptors and projection neurons that form at 
least two independent local microcircuits: dorsorostrally, ‘ancient’ ciliary photoreceptors expressing parietopsin and parapinopsin (green) make ribbon synapses 
onto rhabdomeric projection neurons (blue), while independently, ventral ‘modern’ ciliary rod- and cone-like photoreceptors make basal ribbon contacts onto 
Landolt-club-bearing ciliary projection neurons (red). (Schematic adapted from Wada et al. 108 and Ekströ m and Meissl 181 .) (D) The lamprey retina has a verte-

brate-typical tri-layered organization, with modern-ciliary rods and cones (red) feeding into diverse populations of bipolar cells (BCs) of unclear ancestry (depicted 
green and dark red) that in turn feed into rhabdomeric ganglion and amacrine cells (RGCs and ACs, blue). Horizontal cells (HCs, rhabdomeric, blue) with notably 
large somata slot above the bipolar cells. Note that, in lamprey, many inner retinal neurons including their main axons are ‘displaced’ compared to their positions 
in other vertebrates (Box 2). Moreover, some bipolar-like neurons project directly to the brain. (Schematic adapted from Baden 182 .)
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circuits is also inscribed into their cellular and molecular 

makeup 6,66–69 . For example, single-cell transcriptomic data 

from zebrafish point at pineal homologs to both rods and cones 

(including G t ), as well as retina-like ganglion cells and support 

cells including Mü ller glia and an ‘unpigmented’ pigment-epithe-

lium 69 (Figure 4A,B). While in zebrafish a clear transcriptomic 

pineal homolog to bipolar cells has not been described, retinal 

bipolar cells occupy a molecularly intermediate position be-

tween pineal ciliary and rhabdomeric systems, hinting at a chi-

meric origin (Figure 4C). Moreover, as elaborated below, the ap-

parent lack of obvious bipolar cell homologs in the zebrafish 

pineal gland may also link with their generally reduced neural 

complexity compared to that of earlier diverging verte-

brates 70–74 .

Nevertheless, in both zebrafish and lampreys, the unambigu-

ous presence of both pineal rods and cones, including pigment 

epithelial cells, strongly argues that both photoreceptor systems 

predate the lateral eye. Cones and rods likely appeared in rela-

tively close succession in a median position in early vertebrate 

ancestors to extend the dynamic range of their increasingly com-

plex eye. This view is also strongly supported by recent compa-

rative transcriptomic work on retinal photoreceptors, which con-

sistently identify rods as the most molecularly distinct of all visual

ciliary photoreceptors 75 .

Two independent origins of bipolar cells?

Bipolar cells are a defining feature of the vertebrate retina and 

central to its unique organization. Unlike most sensory systems, 

which employ a single synaptic relay, the vertebrate retina con-

tains two distinct synaptic layers — the outer and inner plexiform 

layers — connected by bipolar cells 11 . These cells relay input 

from rods and cones of the outer retina to the amacrine and gan-

glion cells of the inner retina 76,77 . Bipolar cells thus bridge ‘mod-

ern’ ciliary (G t ) and ‘ancient’ (G q ) rhabdomeric photoreceptor 

systems. In the case of On bipolar cells, they do so, at least in

part, by hijacking ‘ancient’ ciliary phototransduction elements 

(G o ), which in the retina works downstream of the metabotropic 

glutamate receptor mGluR6, rather than an opsin.

Bipolar cells are classically divided into three groups: Off-cone 

bipolar cells, On-cone bipolar cells and rod-On bipolar cells. 

These categories reflect differences in anatomy, connectivity 

and molecular makeup 78–81 , including glutamate receptor ex-

pression 82–87 . While Off-cone and rod-On bipolar cells can con-

tact both rods and cones, On-cone bipolar cells tend to be truly 

cone-specific 11,46 . In general, the parallel existence of On- and 

Off-type bipolar cells reflects a need for pathway splitting in the 

retina: On bipolar cells signal light increments, while Off bipolars 

signal light decrements. This division allows the visual system to 

represent both brightening and dimming with high sensitivity, im-

proving dynamic range and coding efficiency in downstream cir-

cuits 11. 

Transcriptomic studies in mouse, zebrafish and lamprey have 

shown that rod bipolar cells are molecularly the most distinct 

among the three, consistently clustering apart from both On-

and Off-cone bipolar cells 88–91 (Figure 5A). Moreover, On- and 

Off-cone bipolar cells do not always form two neat molecular 

camps — in zebrafish, for example, they are notably inter-

mingled 89 . These findings support two potential evolutionary 

scenarios: either all bipolar cells share a common ancestor fol-

lowed by initial diversification of ‘rod’ from ‘cone’ types, or rod 

and cone bipolar cells have separate evolutionary origins. A third 

scenario 21,92 , where rod bipolar cells emerge late, following a du-

plication from preexisting On-cone bipolar cells, is not molecu-

larly plausible in the light of recent findings 88,89,91 (Figure 5A). 

As elaborated in the following, combination of these molecular 

insights with a median, pineal-gland-like ancestry of the verte-

brate retina points to a single parsimonious explanation: two 

separate origins. Specifically, we suggest that Off-cone bipolar 

cells derive from the ‘modern’ ciliary side (Figure 5B), while rod 

bipolar cells likely descend from an ‘ancient’ ciliary lineage of

BCs
RGCs

Cone-like
Rod-like

RPE-like
Müller-like
Microglia

Endothelial
VLMCs

P
in

ea
l

C
on

es
R

od
s

B
C

s
H

C
s

A
C

s
R

G
C

s
R

P
E

M
ül

le
r

A
st

ro
cy

te
s

Retina
0 0.5

Correlation

A B CZebrafish pineal Zebrafish retina Molecular similarity

‘‘Neuronal’’

Cone-like Cones

Rods

RPE

ACs

Rod-likeMüller-glia like

Müller-glia

“Neuronal”

“Neuronal”

RPE-like

VLMCs

Microglia

Astrocytes

Endothelial

HCs

Current Biology

Figure 4. Transcriptomic comparison of zebrafish pineal and retina.

(A,B) A UMAP — Uniform Manifold Approximation and Projection — representation of single-cell transcriptomic data extracted from zebrafish pineal (A) and 
retina (B) and annotated cell classes (VLMCs, vascular leptomeningeal cells; RPE, retina pigment epithelium; other abbreviations as in the Figure 3 legend). 
(Modified based on clustering as shown in Zheng et al. 69 .) For pineal data, see also Shainer et al. 74 . (C) Correlation matrix of pseudobulk scRNA transcriptomic 
clusters based on (A,B), comparing pineal and retinal cell clusters. Note molecularly intermediate position of retinal bipolar cells between pineal rods/cones and 
pineal ‘neurons’. (Adapted from Zheng et al. 69 with permission from John Wiley and Sons.)
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photoreceptors that nonetheless display various rhabdomeric 

properties (Figure 5C). On-cone bipolar cells then emerged later, 

possibly more than once, when already diversified Off-cone bi-

polar cells co-opted the glutamate receptor machinery from 

rod bipolar cells.

Off-cone bipolar cells may have emerged from a ciliary 

‘motor’ lineage

The ventral region of the lamprey pineal organ comprises at least 

three anatomically and molecularly distinct types of ciliary neu-

rons 72,93 : pineal rods, pineal cones, and at least one additional 

type that lacks an obvious photosensitive outer segment and 

forms a long axon that projects to the brain. Like Off bipolar cells, 

this third neuron receives direct, basal, ribbon-mediated inputs

from both rods and cones 56,70,72 . Moreover, it features a Landolt 

club-like structure 94 , a mitochondria-packed cilium that pro-

trudes into the lumen 56,95 . The function of Landolt clubs remains 

poorly understood. However, their presence in interneurons 

(rather than primary sensory neurons), ventricular protrusion 95–97 

and otherwise unexplained mitochondrial density tentatively 

point at a ciliary ‘motor’ ancestry 98–100 . Within the retina, Landolt 

clubs are strongly associated with Off bipolar cells, particularly in 

non-mammalian vertebrates such as birds, reptiles, amphibians 

and fish 101–106 , where they are found in cells that terminate in 

the upper ‘Off’ layers of the inner retina — closest to rods and

cones. This association is especially clear in sharks 107 .

Several additional features link these pineal neurons to retinal 

Off bipolar cells. First, Off bipolar cells form basal, rather than

Molecular phylogeny of bipolar cell types across vertebrates
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Figure 5. Two evolutionary origins of retinal bipolar cells?

(A) Molecular relationships of scRNA transcriptomically defined bipolar cell types in lamprey, zebrafish and mouse as indicated. (Trees modified from papers cited 
as references 89–91 .) Note that rod bipolar cells (RBCs, green) consistently cluster apart from all other bipolar cells. Note also that lamprey cone-bipolar cells are 
dominated by Off-types (dark red) with a single putative On-type (green lining), and that On- and Off-cone types of zebrafish are molecularly intermingled. We 
posit that RBCs and Off-cone BCs have distinct evolutionary origins, and that On-cone BCs emerged, possibly more than once, by co-option of mGluR6 and 
associated molecular machinery from RBCs onto ancestrally Off-types. (B) Suggested sequence of events leading to Off-cone-bipolar cells (left) and rod bipolar 
cells (right). Retinal off BCs (middle, dark red) may link with pineal ciliary projection neurons that have a Landolt club in place of a photosensitive outer segment. 
These cells are already postsynaptic to pineal rods and cones, and a connection onto the nearby rhabdomeric ganglion cells (blue) could explain their origin. 
Preceding pineal circuits, these neurons may link with a motor-ciliary heritage originally in place to stir cerebro-spinal fluids (top left, adapted from Jé kely 99 ). By 
contrast, retinal rod bipolar cells (green) may link with pineal parietopsin photoreceptors, which are already presynaptic to rhabdomeric ganglion cells. Con-

nection of parietopsin cells onto pineal rods and cones, possibly facilitated by mGluR6, may explain their input circuits in the retina. (C) Comparison of pho-

totransduction components across different photoreceptor lineages as indicated. Note the molecularly ‘chimeric’ relationship of rod-bipolar cells compared to 
‘modern ciliary’ (G t , red), ‘ancient ciliary’ (G o , green) and rhabdomeric lineages (G q , blue).
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invaginating, synapses — mirroring basal ribbon contacts in the 

pineal gland 56,72 . Second, physiological recordings have re-

vealed ventral pineal neurons that spike in response to achro-

matic Off stimuli, likely reflecting Landolt-club-bearing neurons 

summing input from pineal rods and cones 55,57,58,108–110 . Third, 

in lampreys, some inner retinal neurons downstream of rods 

and cones ‘still’ project directly to the brain 111,112 . Relatedly, 

some cone bipolar cells of teleost fish 113,114 and mammals 115,116 

can fire sodium-based action potentials, not from an axon hillock 

but from presynaptic compartments, preserving their presumed 

ancestral axonal firing position. Fourth, despite their axon, pineal 

neurons bearing Landolt clubs also form occasional local ribbon 

synapses onto unknown targets 56 , suggesting early synaptic 

flexibility. This capacity may have been co-opted to connect to 

pineal ganglion cells, eventually reducing the need for long axons.

Rod bipolar cells may derive from a ‘chimeric’ 

parietopsin photoreceptor

In comparison to the achromatic Off profiles of the ventral ciliary 

region, the lamprey rostrolateral pineal gland contains additional 

populations of ganglion-like cells. Some are On cells and express 

melanopsin 71,73,117–119 , a rhabdomeric opsin still used in some

retinal ganglion 9,120 , horizontal 10,121 and even bipolar cells 8,122 .

Some are chromatically opponent, excited at long and inhibited 

at short wavelengths 55,57,58,108–110 — reminiscent of the similarly

constructed spectral depth gauge of Platynereis larvae 45 .

Presynaptic to these rostrolaterally located pineal ganglion 

cells are two types of photoreceptor: parapinopsin- and parie-

topsin-expressing neurons 70,108,123–125 . Both have ciliary outer

segments, are glutamatergic and use ribbon synapses 70,108 ,

but at least the parietopsin cells appear to be chimeric, combin-

ing phototransduction characteristics of ‘ancient’ ciliary (G o ), 

‘modern’ ciliary (G t ), and rhabdomeric photoreceptors (Box 1). 

Several molecular and functional features link lamprey pineal 

parietopsin photoreceptors to vertebrate retinal rod-On bipolar 

cells. First, both are On cells: in the case of pineal parietopsin

photoreceptors, this property is a consequence of an ‘inverted’ 

phototransduction pathway 108,126 ; in the case of rod-bipolar 

cells, it is the consequence of their inverted glutamate response 

(Box 1). This inversion is caused by mGluR6, a metabotropic glu-

tamate receptor which, like parietopsin, works through G o
85,127.

Beyond rod bipolars, mGluR6 and G o are also found in On-cone 

bipolar cells but at notably lower expression outside of

mammals 89,91 .

The molecular presence of retinal rod bipolar cells in lamp-

reys 91 , zebrafish 89 and mice 90 strongly indicates that these cells 

are ancestral to the vertebrate eye. Beyond their unique molec-

ular profiles (Figure 5A), rod bipolar cells are also anatomical and 

functional outliers amongst bipolar cells 11,89 . In teleost fish and 

mammals, rod bipolar cells tend to terminate jammed up against 

retinal ganglion cell somata, with large axon terminals in some 

species such as goldfish bearing up to 50 ribbons, compared 

to the two to three ribbons per terminal in most other bipolar 

types 89,128–131 . On the dendritic side, they uniquely make invagi-

nating synapses with rods 80 , a feature linked to mGluR6, which 

not only modulates the synapse but also organizes it structur-

ally 132–135 . Next, although in mammals their output is relayed 

via A2 amacrine cells 136 , lamprey retinas lack clear A2 orthologs 

and their closest molecular analogues lack gap junction pro-

teins 91 . Thus, the A2 relay likely emerged later, and rod bipolars 

may have originally connected directly to ganglion cells 137–139 . In 

support of this, mouse rod bipolar cells transiently connect to

ganglion cells during development 140,141 .

Together, these data suggest that lamprey pineal circuits repre-

sent two ancestral visual modules: a ciliary sensory-effector circuit 

giving rise to Off bipolar cells, and a chimeric, parietopsin-based 

photoreceptor system feeding into rhabdomeric ganglion-like 

neurons — prefiguring rod bipolar cells and the On-pathway. 

On-cone bipolar cells then probably came later, following co-

option of the molecular machinery associated with mGluR6 from 

rod bipolar cells onto an otherwise Off bipolar cell. This notion is 

also tentatively supported by On bipolar cells’ approximate

Box 1. Lamprey pineal parietopsin photoreceptors: ciliary or ‘chimeric’?

Ciliary and rhabdomeric photosensitive systems work via ancestrally distinct opsins with different properties, and each plug into 

molecularly distinct phototransduction cascades 183 that ultimately result in signals with opposite polarity 184 . ‘Modern’ ciliary sys-

tems (G t ) are negatively coupled to the opening of a cation channel and therefore hyperpolarise in response to light (Off cells). By 

contrast, rhabdomeric photoreceptors depolarise (On cells, Figure 5C).

Parietopsin photoreceptors combine key elements of both the above, plus additional elements that are not usually found in either 

system. At the input, the opsin itself is ciliary 185,186 , although its photochemical properties place it intermediate to visual ciliary and 

rhabdomeric opsins 187 . Inactivation of parietopsin occurs via β-arrestin 108 , as used in modern rhabdomeric systems (but see 

Kawano-Yamashita et al. 188 ). Next, parietopsin works through G o , an ancestral G-protein cascade that is distinct from the verte-

brate-specific G t used in rod and cone photoreceptors, or the ancestral G q used in rhabdomeric systems. Importantly, G o -based 

phototransduction is ‘molecularly promiscuous’ in the sense that it routinely associates with both ciliary and rhabdomeric photo-

receptor lineages across bilaterians (for example, papers cited as references 7,161,162,189 ) and might thus serve to molecularly 

bridge these two otherwise rarely associated systems. However, unlike in other systems, such as scallops 190,191 , pineal parietop-

sin-associated G o inhibits phosphodiesterase (PDE) 126 , the functional opposite of guanylyl cyclase (GC). While this does preserve 

the depolarising polarity of G o photoreceptors, it is notable that PDE is the effector complex of G t -coupled ciliary photorecep-

tors 183 , not G o . In other words, these photoreceptors depolarise, like rhabdomeric ones, but they do so by likely hijacking and in-

verting the traditional effector sequence of ciliary photoreceptors.

Interestingly, rod bipolar cells appear to have taken on additional chimeric properties. For example, their effector channel, 

TRPM 192–194 , aligns more closely with the rhabdomeric TRP/TRPL family 195–198 than with ciliary cyclic nucleotide gated (CNG) 

channels 199,200.
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intermediate molecular position between the other types 

(Figure 6A,B), the finding that non-mammalian bipolar cells rou-

tinely co-express ‘On’- and ‘Off’-acting glutamate receptors or 

transporters (for example, Hellevik et al. 89 ) and the fact that

some bipolar cells display an On–Off functional identity 142,143 ,

a trait that appears to be accentuated in the pharmacological ab-

sence of inhibition from amacrine cells 144,145 .

Completing the retina

With bipolar cells in place to synaptically bridge the ‘modern’ cil-

iary side (G t ) to the ‘ancient’ ciliary (G o ) and rhabdomeric (G q ) 

side, the foundational architecture of the retina began to crystal-

lize. From this scaffold emerged the characteristic laminar struc-

ture seen in all vertebrates: three nuclear layers (outer, inner and 

ganglion cell layers) interleaved with two synaptic layers (the
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Figure 6. Evolution of retinal neurons.

(A) Molecular relatedness of retinal neurons computed on mean pseudobulk transcriptomic relatedness of retinal neuron classes based on Hahn et al. 88 . The 
dataset was organized into a 176 x 176 two-dimensional matrix of pairwise pseudobulk-transcripomic similarity (0:1) with eleven retinal cell sub-classes (RGCs, 
ACs GABA , ACs Glycine , ACs Acetylcholine , BCs Off , BCs On , BCs Rod , HCs, Rods, Cones, Mü ller glia). For simplicity, Mü ller glia data were excluded. ‘Molecular contrasts’ 
were then calculated as normalized similarity to pairs of retinal neuron sub-classes: ‘cone’ versus ‘RGC’ (y-axis) and rod BC versus Off BC (x-axis), each anchored 
to the mean across species. We then computed each entry’s ‘molecular contrast’ position between each pair of anchor cell sub-classes such that the anchors 
scored 1 or –1, while an equidistant intermediate entry scored 0. Small symbols illustrate individual species, while large symbols denote their corresponding 
mean. Note that all bipolar cells are molecularly intermediate between rods/cones and RGCs, and On-cone bipolar cells (On BCs) are molecularly intermediate 
between rod BCs and Off BCs. HCs and different populations of ACs (GABA/Glycine/Acetylcholinergic) all cluster near RGCs; however, note that some are also 
close to Off cone BCs. (B) As (A) but showing mean pseudo-bulk transcriptomic similarity between each retinal neuron sub-class as labelled. Pairwise molecular 
similarity summarizes the average transcriptomic similarity between each retinal sub-class as detailed above. Line strength indicates similarity from 1 (identical) to 
0 (zero similarity). For clarity, we thresholded this graphical representation at a similarity of 0.45, which approximately corresponds to the ‘baseline’ similarity 
between retinal neurons and the Mü ller glia. (C) Proposed evolutionary timeline and likely instances of chimerization between ancient photoreceptor lineages, 
leading first to a pineal-like organization and eventually to the vertebrate retina. (D) Schematic of mouse retina with neurons colour-coded by their putative 
ancestral lineage. (E) Overview of ‘modern ciliary’ versus ‘rhabdomeric’ traits found in murine VGlut3 and GluMi cells. BC, bipolar cells; AC, amacrine cell; RGC, 
retinal ganglion cell.
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outer and inner plexiform layers) 13 ; for hagfish and a discussion 

of ‘displaced cells’, see Box 2. The outer and inner plexiform 

layers therefore link, respectively, with the preexisting synaptic 

architectures within the ‘modern’ and ‘ancient’ sides of the orig-

inal median eye. Lateral modulation provided by horizontal and 

amacrine cells likely emerged relatively soon after. Despite evo-

lutionary divergence among species, this basic five-cell-class 

circuit remains conserved across vertebrates.

This conservation extends to many retinal subtypes (Box 3). 

Rods and major cone types are preserved with remarkable fidel-

ity across vertebrate lineages 75,146,147 . Horizontal cells are per-

haps equally well preserved 148 , alongside further retinal neuron 

types that appear to be universal, or at least almost univer-

sal 88,91 . These include melanopsin-expressing retinal ganglion

cells 88,91 , alpha-type ganglion cells 88 , rod bipolar cells 89,91 ,

and several types of amacrine cell, including starburst amacrine 

cells 91,149 , integral elements of mammalian motion cir-

cuits 150,151 . These patterns suggest that once the retinal tem-

plate was established — likely in early vertebrate evolution — 

its major components remained stable, with innovations layered 

atop rather than replacing ancestral structures.

And yet, it remains surprisingly difficult to reliably categorise ret-

inal neuron types into clear ciliary and rhabdomeric lineages. In-

stead, the evolutionary record contains numerous hints of ‘chime-

rization’ — the blending of ancestrally ciliary and rhabdomeric 

lineages into new cell types (Figure 6A–E). We have argued that bi-

polar cells are one such case, but there are other candidate sys-

tems. For example, phototransduction in some rhabdomeric mel-

anopsin-expressing retinal ganglion cells seems to also deploy 

ciliary-like signalling pathways 152–154 (but see Contreras 

et al. 155 ). Within amacrine cells, many GABAergic types structur-

ally 15 and molecularly 88 resemble ganglion cells, but many glyci-

nergic types are quite distinct, and additionally display similarities 

with bipolar cells; both tend to be ‘small-field’ and stratify vertically

rather than horizontally across the retina 11,156 , especially outside of 

mammals 105,129 . In some cases, putative links between amacrine 

and bipolar cells are particularly striking (Figure 6E): murine VGlut3 

cells 157 , though amacrine, are part-glycinergic, part-glutamatergic 

and excite ganglion cells like bipolar cells 158 . Conversely, murine 

GluMi cells, though classed as bipolar 90 , are monopolar and re-

semble amacrine cells functionally and structurally 159 . A third ex-

ample might be PR6 146 , the accessory member of the tetrapod 

double cone 75,147,160 . Together, its fundamentally chimeric origin 

may have endowed the retina with its exceptional plasticity and ca-

pacity for functional specialization.

Discussion

We have argued that the vertebrate retina likely evolved from a 

complex median eye that combined ciliary and rhabdomeric 

photoreceptor systems to disambiguate environmental light 

cues. As this structure evolved lateral compartments, it formed 

the foundation for the paired eyes of vertebrates, integrating an-

cient sensory elements into a unique, layered circuit. Central to 

this transformation was the emergence of bipolar cells, bridging 

‘modern’ and ‘ancient’ median circuits. These neurons were not 

new, however: rather, they were part of two distinct, ancestrally 

disconnected median circuits. This evolutionary trajectory, dis-

tinct from other bilaterians, reflects the retina’s chimeric origins 

and functional diversification. Ultimately, the retina’s complexity 

and connectivity suggest it emerged not de novo, but from an al-

ready elaborate ancestral photoreceptor system. We have pre-

sented hypotheses for a functional repurposing of ancient me-

dian photoreceptive systems into the modern vertebrate retina 

and pineal. These hypotheses are testable by comparison of 

transcriptomic profiles of retinal and pineal cells with median 

photoreceptor systems in cephalochordates, urochordates and 

hemichordates. Further such comparisons with echinoderms, 

xenoturbellids and protostomes may unravel the process by

Box 2. Hagfish: introduction of lamination and displaced cells?

Nearly all vertebrate retinas come not only with a tri-layered organisation but with each retinal neuron class occupying distinct and 

characteristic positions. The only known exception occurs in hagfish, whose ‘apparent’ bi-layered retina resembles the pineal or-

gan and supports evolution scenarios wherein the emergence of interneurons like bipolar cells have led to a laminar expansion by

the introduction of the middle layer 3,21 . However, recent molecular evidence cements hagfish as monophyletic with lampreys 32,201 ,

which have a tri-layered retina like all other vertebrates. The unusual retinal lamination in hagfish therefore likely represents a re-

gressed state rather than an early vertebrate transition point. This notion is also strongly supported by the presence of retinal in-

terneuron markers in hagfish, including PKC-α, which labels On bipolar cells in diverse vertebrate retinas 139,202–204 .

The evolutionary transition that we propose here from two disconnected, bi-layered pineal-like circuits into the combined, tri-lay-

ered arrangement that characterises vertebrate retinas (compare Figure 3C,D and Figure 5B) would presumably initially lack clear 

positional instructions. A relative spatial rearrangement of the rhabdomeric system ‘wrapping around’ the ciliary system — rem-

iniscent of the developmental superposition of rhabdomeric and ciliary median eyes in amphioxous 163,205,206 — would presumably 

result in ganglion cell axons running sandwiched between the resultant inner nuclear and ganglion cell layers. Such an ‘internalised’

projection pattern ‘still’ exists in lampreys and hagfish 112 , hinting that this might represent the ancestral vertebrate state 207 .

Beyond ganglion cell axons, an initial lack of positional instructions might catalyse novel cellular interactions and chimerization of 

properties, and result in some cells inextricably occupying ectopic positions. Displaced amacrine cells, occupying the ganglion cell 

layer, are one well-characterised case, but there are several others. For example, ectopic bipolar cells are occasionally found in the 

photoreceptor layer of turtles and salamanders 208,209 or in the ganglion cell layer of mice 210 . Similarly, displaced ganglion cells at 

the inner nuclear and plexiform layers exist broadly across vertebrates 211,212 , including in early diverging vertebrates like lamp-

reys 213 and sharks 214 , where their numbers routinely reach or even exceed their orthotopic counterparts. Long dismissed as on-

togenetic aberrations, we posit they might instead delineate transitional rearrangements in space; from two side-by-side systems 

like in the pineal organ to eventually a wired up, vertebrate retina.
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Box 3. Evolution of retinal cell classes and types.

Rods and cones: The retina of the last common vertebrate ancestor probably comprised four types of single cones (red, green, 

blue, UV: PR1–4, respectively) plus rods (PR0) 146 . Putative homologs to at least two of these, rods and ‘red’ cones (PR0 and PR1), 

are also found in the pineal 93,215–221 . In support, pineal cone-like cells express iodopsin 215,221 , the red-opsin variant that is also

found in retinas of modern birds 222 . In extant vertebrates, rods and red cones usually feed into common postsynaptic circuits 46 ,

and in birds, this connectivity motif is taken over by the principal member of double cones, which are also ancestrally red 75,147. 

Moreover, no extant sighted vertebrate is known to completely lack rods, and presumed ‘rod-only’ species, such as some whales, 

appear to comprise cone-like neurons that have lost their photosensitive outer segments 223 . Together, these insights strongly sug-

gest that both rods and red cones are an ancestral remit of the pre-lateralisation median eye. Beyond red, the four ancestral single 

cones form a transcriptomic sequence from red via green to blue and finally UV (PR1–4) 75 . It seems reasonable to suggest that this 

is their sequence of ancestry. However, whether, like PR0 and PR1, PR2–4 also predate the eye remains unclear. The generally 

muted spectral abilities of animals that lack object vision 51 hints that the expansion into more than one cone type postdated 

the introduction of (high resolution) object vision with large eyes and ocular muscles.

In the retina, rods and cones tend to be electrically coupled via gap junctions 224–226 . This connectivity motif, also referred to as the 

‘secondary rod pathway’, is under neuromodulatory control 227,228 . In the pineal, there has been no direct demonstration of rod-

cone coupling, but other types of pineal ciliary photoreceptors can be intimately coupled to form a dense functional syncy-

tium 70,124,229 . It therefore seems plausible to suggest that rod-cone coupling is similarly ancestral.

Horizontal cells: Horizontal cells make ‘synaptically unusual’ feedforward and feedback inhibitory connections between pho-

toreceptors 148,230,231 . Lampreys have four types (H1–4) that are likely at least in part homologous to those of birds 91 . It therefore 

seems likely that horizontal cells diversified very early and have since remained relatively stable. Many horizontal cells express mel-

anopsin 121,232 , an ancestrally rhabdomeric opsin, and their anatomy and molecular composition generally point to a rhabdomeric 

origin 2,233 . However, they are molecularly distant from retinal ganglion cells, and their exact evolutionary relationship remains un-

clear. In early diverging species, such as lampreys but also sharks and rays, horizontal cells often come in multiple rows of very 

large somata that routinely make up half or even more of the total retinal volume 234 . This trait is generally less obvious in late di-

verging lineages, including fish, but also birds and mammals. Plausibly, horizontal cells originally fulfilled key retinal functions 235 

that were later part-superseded by new downstream circuitry.

Bipolar cells: Bipolar cells may have two pre-retinal origins, as argued in the foregoing: one for Off bipolar cells, and one for rod 

bipolar cells. This leaves On-cone bipolar cells. We speculate that On bipolar cells are ancestrally Off, following the co-option of 

glutamate receptor systems from rod bipolar cells. In support, mGluR6 is consistently expressed at very high levels in RBCs across 

species, while outside of mammals, mGluR6 expression in On-cone bipolar cells can be low. This situation is further complicated 

by the notion that, beyond mGluR6, also other glutamate receptor systems can impart an ‘On-physiology’ under specific physio-

logical conditions 236–241 . One prominent alternative On-system includes excitatory amino acid transporters (EAATs), which are 

also present in lampreys, alongside mGluR6 91 . Outside the probably atypical case of mammals 46 , the question of how to truly sep-

arate ‘On’ from ‘Off’ types remains largely unresolved.

Amacrine cells: Amacrine cells (ACs) remain the most diverse and least understood class of retinal neuron. Most are predom-

inately rhabdomeric 2,233 . Traditionally, ACs are subdivided by their neurotransmitter systems, which often approximately map onto 

distinct anatomical traits. For example, GABAergic amacrine cells tend to be large and anatomically resemble key aspects of gan-

glion cells. Glycinergic ACs tend to be small and often stretch across multiple strata of the inner retina to provide vertical connec-

tivity — in many aspects reminiscent of bipolar cells rather than ganglion cells. Acetylcholinergic ACs are different still — many are

flat and radially organised, including the starburst amacrine cells that sit at the heart of mammalian direction selective circuits 151 .

And yet, cholinergic ACs are ancient and prominently feature in lampreys 91 as well as zebrafish 242 . While it remains unclear when 

and how ACs entered the picture, their origin, like for all other retinal neuron classes, must predate the last common vertebrate 

ancestor. This makes it tempting to search for signatures of amacrine-like neurons in the pineal. While no obvious pineal amacrine 

cell homolog has been demonstrated, this might in part be because of a lack of data.

In the meanwhile, it seems prudent to note that many of the key neurotransmitter systems used by ACs — GABA, acetylcholine and 

glycine — exist as various immunohistochemical gradients across the pineal 243–246 . However, it also seems noteworthy that spe-

cifically the diversity of amacrine cells displays major gains across the vertebrate tree of life, from a mere handful in lampreys 91 , to a 

few dozen types in fish 242 , to nearly 70 types in mice 247 . Perhaps amacrine cells are a key substrate upon which modern evolu-

tionary pressures continue to act when shaping retinal performance as animals explore new visual niches.

Retinal ganglion cells: Retinal ganglions cells (RGCs) likely predate the eye, in the sense that at least some of them probably are 

sister types with pineal ganglion cells. Presumably, the so-called intrinsically photosensitive ganglion cells (ipRGCs), which ex-

press melanopsin 9,119,120 , are some of the oldest. Alpha cells, which notably include the midget and parasol cells of the human 

eye, are potentially not far behind 88 . The origin of the many other types remains unclear; however, it seems noteworthy that, unlike 

amacrine cells, already lampreys have nearly as many transcriptomic ganglion cell types as mice do — and notably more than we 

have in our own eyes 88,91 . Perhaps, a large ganglion cell diversity is an ancestral trait of the vertebrate eye.

Together, it seems reasonable to suggest that the four cone types, the two synaptic layers, and more generally the high diversity of 

neurons found in the retina but not in the pineal are consequences of the introduction of motion detection, for example for optic flow 

analysis, and later for high-resolution object vision.
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which deuterostome photoreception diverged so dramatically 

from that of protostomes.

In parallel, our understanding of the molecular, structural and 

functional organisation of the pineal organ needs to be brought 

on par with its retinal counterpart. For example, volumetric elec-

tron microscopy can contribute high-resolution, ultrastructural 

connectivity maps and morphological feature identification (for 

example, Landolt clubs). At the same time, transcriptomics ap-

proaches can provide essential insights on putative homologies 

and the molecular evolution of essential retinal signalling strat-

egies (for example, mGluR6). Combined insights from the former 

approaches can then guide functional validation experiments to 

explore the extent of retina-like functional properties and con-

nectivity within the pineal.
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