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        Daily rhythms are a ubiquitous feature of living systems. Generally, these rhythms 
are not just passive consequences of cyclic fl uctuations in the environment, but 
instead originate within the organism. In mammals, including humans, the master 
pacemaker controlling 24-h rhythms is localized in the suprachiasmatic nuclei 
(SCN) of the hypothalamus. This circadian clock is responsible for the temporal 
organization of a wide variety of functions, ranging from sleep and food intake to 
physiological measures such as body temperature, heart rate, and hormone release. 
Moreover, accumulating evidence suggests that dysfunction of the circadian 
rhythms due to genetic mutations or environmental factors (i.e., jet lag or shift 
work) contributes to the development of many pathologies, including sleep disor-
ders, mood and affective disorders such as major depression, bipolar disorder, and 
schizophrenia, as well as the risk of metabolic and cardiovascular disorders. 

 The retina plays a critical role in the organization of the circadian system by 
synchronizing the brain’s central clock with the external day through transduction 
of the daily light/dark cycle. However, the substantial variation in luminance 
imposed on the retina between day and night also poses a challenge to its role as a 
sensory tissue—how is it possible to faithfully encode the enormous dynamic range 
of luminance that can exceed ten orders of magnitude? In this regard, the retina has 
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evolved not only sophisticated mechanisms of light and dark adaptation, but its own 
local circadian clock to allow anticipation of the regular cycle of the solar day. 

 Indeed, the retinal circadian clock was the fi rst extra-SCN circadian oscillator to 
be discovered in mammals, and several studies have now demonstrated that many of 
the physiological, cellular, and molecular rhythms that are present within the retina 
are under the control of a retinal circadian clock or, more likely, a network of hier-
archically organized circadian clocks that are present within the retina, where the 
network of circadian clocks regulates several physiologically relevant functions. 

 In this book, we summarize the knowledge accumulated over the last 30 years 
about the organization of the retinal circadian clock in many different species, con-
centrating on the roles that this circadian system plays in retinal function. The fi rst 
chapter will provide the reader with a general description of the mammalian retina 
and its circuitry. The second chapter will describe how light information is per-
ceived by the classical and nonclassical photoreceptors and is used to entrain the 
circadian clock within the retina and in the brain. Chapters   3    –  5     will be dedicated to 
the description of the circadian organization of the mammalian retina, the contribu-
tion of melatonin and dopamine to the regulation of ocular circadian rhythms and on 
the regulation of circadian rhythmicity in the retinal pigment epithelium. Chapters 
  6     and   7     will focus on how the retinal circadian clock modulates visual processing 
and the contribution of the retinal circadian clock to light-induced retinal damage. 
Finally, Chaps.   8    –  10     will describe the circadian organization in the zebrafi sh retina 
and in the eyes of two species of invertebrates (e.g.,  Bulla  and  Limulus ). 

 In conclusion, the main purpose of this book is to promote and encourage 
research in retinal circadian rhythms by reaching out to vision scientists and inter-
ested biologists so that they will consider this an important system in the design of 
their research studies.   

G. Tosini et al.
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    Abstract     A remarkable piece of tissue, the retina is a true outpost of the brain, 
peripheral only for its location on the back of the eye. Downstream of the photore-
ceptors, the specialized cells which transduce light energy into electric signals then 
conveyed to the brain by the optic nerve, approximately 60 types of neurons belong-
ing to fi ve classes are arranged in a sophisticated architecture and provide the sub-
strate for extracting information pertinent to contrast, position in space, intensity, 
chromatic content, and movement. Light reaching photoreceptors and other photo-
sensitive retinal neurons is also coded as temporal information pertinent to the alter-
nation of night and day and to seasonal changes. This information is transmitted to 
a central clock located in the brain, which tunes biological rhythms to environmen-
tal light–dark cycles. Thus, a single sensory organ, the retina, informs the brain 
of light changes functional to vision, as well as to variations of light occurring in 
time, providing the core information for the existence of circadian rhythms. 
Correspondingly, this chapter summarizes fundamental features of retinal organiza-
tion providing an overview of the main principles according to which the mamma-
lian retina is built and operates as an organ of the visual system. The focus is, 
however, on retinal neuronal types and circuits forming the substrate for the estab-
lishment and function of circadian rhythms. Indications are given for appreciating 
the elaborate architecture of the whole retinal neurome and the likely existence of 
retinal channels deputed to code features of the visual scene of so far unsuspected 
complexity.  

    Chapter 2   
 Fundamental Retinal Circuitry for Circadian 
Rhythms 

                Enrica     Strettoi      and     Vincenzo     Parisi    
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processing   •   Gap junctions   •   Dopaminergic amacrines   •   Melanopsin  

2.1         Introduction 

 The retina is essentially a piece of the brain with a peripheral location. For its 
embryological origin (the neuroepithelium of the optic cup, an evagination of the 
diencephalon) and structural organization, comprising neurons and glia, the retina 
is part of the CNS. Functionally, it is much more complex than a plain relay station 
or than the simple photographic camera to which it is often compared. Rather, pho-
toreceptors, the specialized sensors, transmit light-initiated signals to a cohort of 
about 60 types of neurons, arranged in an exquisitely ordered architecture, alto-
gether extracting from light information pertinent to intensity, chromatic content, 
contrast, movement, and position. This bulk of data is then conveyed to the visual 
centers of the brain by the optic nerve using a complex (and partially undeciphered) 
code. Noticeably, the light reaching photoreceptors and other photosensitive retinal 
neurons is also coded as temporal information pertinent to the alternation of night 
and day and to seasonal changes. This information is transmitted to a central clock 
located in the brain that tunes various, and even distant, biological rhythms (body 
temperature, heart rate, fertility, etc.) to environmental light–dark cycles. 

 This book deals principally with circadian rhythms, a direct consequence of the 
ability of the retina to inform the brain about changes of light in time [ 1 ]; hence, this 
chapter will focus on retinal neuronal types directly involved in such a functional 
task. Also, it will illustrate fundamental principles of organization typical of the 
retina of mammals only and provide a necessarily simplifi ed information, which is 
instrumental to the following chapters. Accordingly, most of the references quoted 
consist of review articles meant to address the reader toward fundamental literature, 
condensing decades of studies of many laboratories in the fi eld of retinal 
organization.  

2.2     Classes and Types of Retinal Neurons 

 The mammalian retina is only about 200 μm thick: light has to traverse it com-
pletely and with minimal distortions to reach the photosensitive elements placed on 
the opposite side of the leafl et. Within this minimum width, stereotyped networks of 
neurons (functional units) are repeated in an orderly fashion to ensure total coverage 
of the retinal surface and, correspondingly, adequate sampling of the outside world 
(Fig.  2.1 ).

   Retinal neurons belong to fi ve classes only: photoreceptors (rods and cones); 
horizontal cells (occurring in two main types); bipolar cells (further divided into rod 

E. Strettoi and V. Parisi
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bipolars, existing as a single type, and cone bipolars, occurring in a dozen different 
types); amacrine cells (approximately 30 types); and, fi nally, ganglion cells, which 
are believed to occur in some 20 distinct varieties [ 2 ]. Different classes of retinal 
neurons subserve globally different functions according to a hierarchical arrange-
ment: upon light absorption and subsequent excitation of rods and cones, the visual 
signal has to travel through a cascade of other neurons (fi rst bipolar and horizontal 
cells, then amacrine cells), to reach the fi nal retinal station, represented by ganglion 
cells, which, with their axons, form the optic nerve and transport the signal to the 
visual centers of the brain. Traditionally, photoreceptors and bipolar and ganglion 
cells are assigned to the vertical, retinofugal pathway, while horizontal and ama-
crine cells are considered as modulatory interneurons with a horizontal arrange-
ment. Exceptions apply to this rule: amacrine cells occur in two broad categories, 
i.e., wide-fi eld and small-fi eld neurons. While the wide-fi eld amacrine cells have a 
large lateral spread and perform what is called “lateral integration,” some small- 
fi eld amacrines are true components of the vertical retinal pathway, as explained 
later for the case of AII cells. 

  Fig. 2.1    Retinal organization.  Left side : Rod (R) and cone (C) photoreceptors have cell bodies in 
the outer nuclear layer. Rod and cone inner segments (IS), rich in mitochondria and other organ-
elles, and outer segments (OS) lay beyond the outer limiting membrane. Outer segments penetrate 
the microvilli of the retinal pigment epithelium (RPE). Photoreceptor synaptic terminals reside in 
the outer plexiform layer where synapses with horizontal (H) and bipolar (B) cells are established. 
The inner nuclear layer contains the cell bodies of bipolar, horizontal, and amacrine (A) cells, as 
well as those of Müller glial (M) cells. In the inner plexiform layer, bipolar cells establish synapses 
with amacrine and ganglion (G) cells: these send their axons to the optic nerve that carries signals 
to the brain. Processes of Müller cells form the outer limiting membrane, while their end-feet form 
the inner limiting membrane. A representative cone pathway is shown in  blue  and a representative 
rod pathway is shown in  orange. Right side : Illustrations of rod and cone morphologies that include 
subcellular locations of functions (Modifi ed with permission from [ 52 ])       
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 Each stage of the retinal pathway (i.e., from photoreceptors to bipolar cells) does 
not simply implicate conduction and transfer of information but rather introduces 
integration, elaboration, and processing operated by neuronal networks. Elaboration 
relies both upon classes of cells performing globally different tasks in series (i.e., 
photoreceptors and bipolar cells) and on the existence of morphologically and func-
tionally different types of neurons within a class. A retinal cell type is defi ned by a 
set of specifi c features, among which morphology (shape), size, level of stratifi ca-
tion in the inner plexiform layer (IPL), density over the retinal surface, and molecu-
lar signature are highly distinctive. Different cell types perform different functional 
tasks, typically in parallel. Thus, a given light signal is decomposed in retinal paral-
lel streams, each of them devoted to a particular property (chromatic composition, 
brightness, contrast, etc.) of the visual stimulus. 

 Remarkably, the identity of the neuronal types participating in the retinal net-
works (the so-called retinal neurome) is largely known [ 2 ]. That is to say that, unlike 
the case of other CNS areas, i.e., the cerebral cortex, the virtually complete panel of 
neuronal types existing in the retina has been deciphered, defi ning each of them in 
terms of stringent morphological and topographic properties as well as according to 
broad functional characteristics. However, data about exact physiological roles of 
known morphological types are still missing. The disparity of available morpho-
logical and physiological information is especially evident for amacrine and gan-
glion cells, which occur in many types. Even the code used to deliver information 
toward the brain through the optic nerve is partially obscure and the variety of visual 
properties embedded in a scene and encoded in ganglion cell signals more complex 
than previously believed [ 3 ].  

2.3     Photoreceptors: Cones and Rods 

 Most mammalian retinas possess two or three types of cones and one type of rods 
distinguishable by their slightly different size and shape but equally perfectly 
aligned as it can be appreciated in a retinal vertical section (Figs.  2.2  and  2.3 ).

    Cones are larger than rods, display an elliptical structure, and have their cell bod-
ies (containing the nucleus and a small rim of cytoplasm) aligned in a row immedi-
ately below the outer limiting membrane (OLM). Their outermost portion is 
composed of an inner segment, mostly comprised of endoplasmic reticulum, Golgi 
apparatus, and a rich complement of mitochondria, in addition to a tapered outer 
segment. This is a modifi ed cilium consisting of regularly tiled and tightly packed 
membranes containing the visual pigments (cone opsins). Inner and outer segments 
of cones project into the subretinal space toward the retinal pigment epithelium. 
Cones are specialized for vision in bright light (photopic vision), have low sensitiv-
ity, and also carry chromatic information. Their response to light is rapid. 

 Rods are more slender than cones and have a cylindrical (rod-like) shape. They 
also have thin inner and outer segments located beyond the OLM and the tips of 
their outer segments are equally surrounded by the apical processes of the retinal 

E. Strettoi and V. Parisi



7

pigment epithelial cells. While cone cell bodies (mostly occupied by their nuclei) 
form a single row in the outer nuclear layer (ONL), rod nuclei are distributed in 
multiple layers, whose number changes in different species and is typically quite 
high (10–12 rows) in the small eye of a mouse. Rods have extremely high sensitivity 
and are specialized for vision at low light levels (scotopic vision); they actually 
detect single quanta of light, with an effi ciency similar to the most sensitive of 
physical instruments. However, rods respond to light stimulation much more slowly 
than cones. 

 The morphological similarity of rods and cones is maintained at the ultrastruc-
tural level, which allows appreciation of the extremely specialized organization of 
these small neurons in spatial terms. Outer segments are comprised of stacks of 
regularly arranged membranes containing the highest density of proteins found in 
mammals. Besides photosensitive elements (rhodopsin for rods and cone opsins for 
cones), the various proteins constituting and controlling the phototransduction cas-
cade are located here. 

 A noticeable difference between rods and cones is that in rods, the outer seg-
ments are separated from the cell membrane (they are called disks) (Fig.  2.4 ). In 
cones, they are rather invaginations of the plasma membrane itself. Inner segments 
of both rods and cones are rich in organelles and are very similar. Nuclei are differ-
ent as the chromatin of rods is typically more condensed; this feature is often used 
to distinguish rods and cones by simple DNA staining methods. Another important 

  Fig. 2.2    Vertical section from a monkey retina stained with photoreceptor-specifi c antibodies 
revealing the detailed morphology of these cells. Cones ( green , elongated cells) have  red , punctate 
inner segments. Slender rods are visible in the background as  vertical, green lines , corresponding 
to their outer segments. Synaptic terminals of rods appear as  bright red spherules  (Picture by 
Nicholas Cuenca, reproduced with permission from      http://www.vision-research.eu/index.
php?id=471&no_cache=1&sword_list[]=cuenca    )       
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element of distinction is given by the size and shape of synaptic endings: these are 
simple ball-shaped terminals, called spherules, in rods, and larger, more complex, 
pyramid-shaped endings (pedicles) in cones (Fig.  2.5 ). In both cases, the main con-
stituents of the ending are synaptic vesicles, fi lled with glutamate. However, there is 
dissimilarity in synaptic connectivity: a rod spherule typically establishes one or 
two synaptic connections with the dendrites of its dedicated second order neurons 
(rod bipolar and horizontal cells), while a cone makes numerous connections with 
second order neurons (cone bipolar and horizontal cells).

    The cone ending is considered one of the most elaborate synaptic complexes of 
the whole CNS: in the human retina it can engage as many as 500 synaptic connec-
tions [ 4 ]. The reason of this diversity will be explained later. 

 Rods and cones are joined by tiny gap junctions made out of connexin 36. These 
contribute to the transfer of visual signals from the scotopic to the photopic chan-
nels and might be also implicated in what is known as the bystander effect. This is 
the complex of non-cell-autonomous events occurring in a cell type due to the effect 
of factors deriving from nearby cells. In the case of photoreceptors, this effect is 
believed to play a role when a mutation occurring in the rods, and consequently 
causing their death, leads to the secondary degeneration of nearby cones, such as 
happens in retinitis pigmentosa, a severe disease leading to near blindness [ 5 ,  6 ].  

  Fig. 2.3    Montage of 
photomicrographs of cone 
( red ) and rod ( green ) 
photoreceptors from the 
mouse retina, stained by gun 
delivery of fl uorescent 
nanoparticles [ 53 ]. The 
different size of their synaptic 
endings, at the bottom of the 
picture, is clearly visible       
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  Fig. 2.4    Electron micrograph 
of photoreceptor outer and 
inner segments. The regularly 
stacked disks of the rod outer 
segment (ROS) and the inner 
segment, rich in mitochondria 
(M), are shown.  CC  
connecting cilium,  bb  basal 
body, Bar is 0.5 μm       

  Fig. 2.5    Electron micrograph 
of the outer plexiform layer 
of the rabbit retina, showing 
the ultrastructure of a rod 
spherule, fi lled with synaptic 
vesicles. The presynaptic site 
is marked by a characteristic 
ribbon (arrow); postsynaptic 
processes are arranged in a 
triad, where the central 
element is the terminal 
dendrite of a rod bipolar cell 
( asterisks ) and the two lateral 
elements belong to horizontal 
cells (HC). The large process 
of a Müller cell (MC) is also 
visible (Modifi ed with 
permission from [ 54 ])       
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2.4     Outer Segment Renewal 

 Outer segments of rods and cones, containing the visual pigments and thus consti-
tuting the photosensitive part of the cell, are membranous protrusions evaginating 
from the base, near the photoreceptor cilium. Here, the opsin protein, synthesized in 
the inner segments and modifi ed in the Golgi apparatus, becomes incorporated in 
the outer membrane by means of specialized areas and mechanisms of fusion [ 7 ]. 
The protein is synthesized by the photoreceptor itself, and the vitamin moiety of the 
photopigment is provided by the pigment epithelium. Binding of the two compo-
nents takes place at the base of the outer segments. While the base is actively grow-
ing, the tip of the outer segment is constantly detached and eliminated: the pigment 
epithelium phagocytoses the apical portions of the outer segments that are being 
continuously renewed. Molecules of newly synthesized opsins can be followed 
while they move gradually from the base to the tip of an outer segment until the lat-
ter is “shed” [ 8 ]. Remnants of outer segments phagocytosed by the pigment epithe-
lium are degraded by lysis. Shedding takes place regularly, so that a whole outer 
segment is completely renewed in a time interval of approximately 10 days. 
Moreover, the process of shedding is deeply infl uenced by external factors and by 
light in fi rst instance. In amphibians, disk shedding in rods is activated by melato-
nin, which is produced by photoreceptors at night. Melatonin production is inhib-
ited by light and dopamine. Conversely, dopamine (that is synthesized in neurons of 
the inner retina) is stimulated by light and inhibited by dark and the presence of 
melatonin. Because of the existence of rhythms and of opposite actions, rod outer 
segment disks are shed at light onset (in the morning), while cone outer segments 
are eliminated at the onset of darkness (at dusk) [ 9 ,  10 ]. The mechanisms regulating 
circadian disk shedding in mammal have yet to be clarifi ed. For more details about 
disk shedding rhythms and their regulation by dopamine and melatonin, the reader 
is invited to refer to the Chap. “Role of Melatonin and Dopamine in the Regulation 
of Retinal Circadian Rhythms”.  

2.5     Horizontal Cells 

 Horizontal cells (HCs) are laterally interconnecting neurons with large cell bodies 
located in the outermost region of the inner nuclear layer (INL) and processes 
restricted to the outer plexiform layer (OPL). These neurons occupy a strategic posi-
tion as they control signal processing in the outer retina and are themselves under 
neuromodulatory control from the retina and from the brain [ 11 ]. 

 Most mammalian retinas have two types of horizontal cells, which can be named 
A- and B-types. Remarkably, the mouse retina has only one type of HC, morpho-
logically similar to the B-type HC of other species. A-type HCs (Fig.  2.6 ) are large 
neurons with stout primary dendrites emerging directly from the cell body with a 
radial orientation giving rise to small, vertical terminals reaching the synaptic base 
of the photoreceptors. The B-type HC exhibits a smaller, bushy arborization with 

E. Strettoi and V. Parisi



11

radial orientation, as well as a long, thin axon with horizontal course in the OPL. 
This atypical axon gives rise to a wide axonal ending, usually larger than the dendritic 
tree, with numerous terminals in the OPL. Because such axons are very long and thin, 
passive electrotonic spread of signals from one side of the cell to the other is negli-
gible, and the two parts of the same cell behave independently. The dendrites of both 
A-type and B-type HCs are postsynaptic to cone pedicles, where they occupy the 
lateral elements of ribbon synapses. The axon terminals of the B-type HCs end in rod 
spherules, also constituting the lateral elements of ribbon synapses (Fig.  2.5 ).

   Horizontal cells receive excitatory input directly from photoreceptors via chemi-
cal synapses mediated by glutamate acting on AMPA receptors and respond to light 
with graded hyperpolarization. They use GABA as a neurotransmitter but are con-
sidered unconventional GABAergic neurons for their unusual morphology and 
mode of transmitter release, which is not vesicular for the major part. An important 
feature of horizontal cells is that cells of the same type are connected by large gap 
junctions, the largest in the retina, through which they become excited by neighbor-
ing (homologous) neurons. For this reason, their receptive fi eld is very wide, well 
beyond the extent of direct synaptic contact with photoreceptors. 

 The extent of HC coupling (as for other gap junction-connected neurons) can be 
visualized by intracellular injections of dyes that cross the gap junctions, thus 
revealing their morphological and functional syncytium across the whole OPL 

  Fig. 2.6    Gap junctional coupling between horizontal cells in the mouse retina and regulation by 
Dopamine. ( a ) Neurobiotin tracer coupling in basal conditions. ( b ) Application of dopamine 
(100 μM) greatly reduces coupling. ( c ) Application of a pharmacological D 1  antagonist increases 
coupling. ( d ) Conversely, application of analogs of cAMP reduces the extent of coupling, as 
expected for a D 1  mechanism. Scale bar is 50 μm (Reproduced with permission from [ 55 ])       

 

2 Fundamental Retinal Circuitry for Circadian Rhythms



12

(Fig.  2.6 ) [ 12 ]. Gap junctions might be constituted by connexin 57 or by connexin 
50, where the diversity in their molecular composition contributes to the different 
properties of the various HC types. 

 A specifi c function of HCs is to send visual information back to cones by means 
of feedback connections established by dendrites penetrating cone pedicles. The 
functional effects of HC feedback onto cones are measurable even though conven-
tional chemical synapses from HCs onto photoreceptors are observed only in a few 
species [ 13 ]. Responses of cones to light are antagonized from opposite responses 
due to the HC feedback effect. An important consequence of HC antagonistic feed-
back is “spatial opponency,” documented for cones only. Horizontal cells have 
extremely large receptive fi elds, and their infl uences on photoreceptors and bipolar 
cells, whose receptive fi elds are much narrower, can be observed in the far periphery 
of these narrow-fi eld cells. Wide light stimuli exert a depolarizing (antagonistic) 
effect on cones as an effect of horizontal cell feedback; such a depolarization 
opposes the direct hyperpolarization produced by the direct excitation of light fall-
ing onto cones. This spatial opponency is retained in the transmission from cones to 
bipolar cells to ganglion cells and contributes to the fundamental center-surround 
organization of the receptive fi elds of these neurons. 

 Horizontal cells also exert a direct, opposing action onto bipolar cells, reinforc-
ing the effect of feedback onto cones. This feedforward action is particularly clear 
in OFF cone bipolars, which undergo delayed depolarization as an effect of wide- 
fi eld stimuli affecting HCs. Thus, the “center-surround” spatial organization of 
bipolar cells is shaped due to the contribution of HCs. 

 The functional properties of horizontal cells can be modifi ed as an effect of vari-
ous substances released by retinal neurons as a function of changes in conditions of 
illumination. These substances (neuromodulators) have the important role of match-
ing retinal physiology to ambient conditions. Dopamine is the best known neuro-
modulator and is released by dopaminergic amacrines (see below), which exerts 
multiple effects on horizontal cells acting on D1 and D2 receptors. The most rele-
vant of these effects is a decrease in the extent of gap junction coupling and a con-
sequent reduction of the receptive fi eld size of HCs. This, in turn, is refl ected in their 
changing outcome onto bipolar cells and onto cones through feedback action. In 
summary, horizontal cells contribute to the organization of spatially opponent 
receptive fi elds of bipolar cells and modulate the photoreceptor signal with different 
lighting conditions also adjusting what is known as the synaptic gain in the outer 
retina. Further, the horizontal cell itself is under the control of dopamine, which 
deeply affects its receptive fi eld properties according to light conditions [ 11 ].  

2.6     Bipolar Cells and ON and OFF Channels 

 In mammals, cones and rods converge upon separate sets of bipolar cells, corre-
spondingly named cone and rod bipolars [ 2 ] (Fig.  2.7 ). All bipolar cells, like photo-
receptors, use glutamate as a neurotransmitter and possess the adequate machinery 
for transport and release of this amino acid.
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    Cone bipolar cells  are now known to occur in a dozen different types [ 14 ,  15 ]. 
Each cone pedicle establishes multiple contacts in the OPL, making at least one 
synapse with each type of cone bipolar cell and all the bipolars spanning its terri-
tory. In the primate retina, cone pedicles have a highly complex structure and are 
engaged in up to 500 synaptic connections [ 4 ]. This arrangement splits signals gen-
erated in cone-mediated illumination conditions (the photopic range) into parallel 
streams, each extracting a specifi c parameter from the stimulus and, in turn, inform-
ing ganglion cells about this parameter. 

 The fi rst known set of parallel channels generated at the cone-to-cone bipolar 
synapse is the dichotomous separation of the signal into ON and OFF channels. 
Actually, roughly one half of the existing types of cone bipolar cells belong to the 
so-called ON-center type, for they respond with a graded depolarization to light 
falling in the center of their receptive fi eld. Since cones respond to light with graded 
hyperpolarizations, the synapse between cones and ON-center cone bipolars is 
called sign inverting. Inversion is achieved by the interaction of glutamate released 
by cones with mGluR6, a distinct type of metabotropic glutamate receptor, almost 
exclusively located in the retina on the dendritic tips of ON bipolar cells [ 16 ]. 
Although ON cone bipolars occur in different types (   5–6 according to various 
 classifi cations) [ 14 ,  17 ], with peculiar morphological and molecular signatures, all 
their terminal axonal arborizations remain confi ned to the innermost two thirds of 
the IPL, near the ganglion cell bodies. This is the so-called sublamina ON or, in 
anatomical terms, sublamina b. The other half of the cone bipolar cell population 
belongs instead to the OFF-center variety. These cells carry ionotropic glutamate 
receptors that maintain the cone-to-cone bipolar synapse sign conserving. Thus, as 
photoreceptors, these cells respond to light falling in the center of their receptive 
fi elds with graded hyperpolarizations; accordingly, their axonal arbors end in the 
outer part of the IPL, also called sublamina OFF or sublamina a. Fundamental rules 
of retinal organization are that (a) cone bipolars are presynaptic to ganglion cell 
dendrites in the corresponding (and spatially restricted) sublamina of the IPL and 
(b) cone bipolars establish sign-conserving synapses with ganglion cell dendrites. 
Ganglion cells also occur in ON and OFF functional types and their dendrites fol-
low the rule of being stratifi ed within the innermost and outermost portions of the 
IPL, respectively. This holds true for dendrites of amacrine cells as well; when cells 
with ON–OFF functional properties are found (i.e., amacrines and ganglion cells 

  Fig. 2.7    Drawing of the types of mouse bipolar cells identifi ed by means of gun delivery of fl uo-
rescent nanoparticles. One single type of rod bipolar cell (RBC) and 9 types of cone bipolar cells 
are illustrated (Reproduced with permission from [ 17 ])       
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responding both at light increments and decrements), these are multistratifi ed 
through both IPL sublaminae. Because of the exquisite association of morphology 
and function in the retina, prediction on the physiology of newly discovered cell 
types can be made on the basis of their anatomical properties and vice versa [ 18 ]. 

 Noticeably, ON-center cells display OFF responses when light falls in the periph-
ery of their receptive fi eld and vice versa, so that each cell is maximally sensitive to 
contrast. An obvious functional consequence of the ON–OFF dichotomy is that one 
retinal channel is specialized in informing the brain about stimuli brighter than the 
background (the ON-center channel), while the second is better tuned for stimuli 
darker than the background (the OFF-center channel). This property contributes to 
the high sensitivity of the retina (and more generally of the visual system) to stimu-
lus contrast, as fi rst demonstrated by Kuffl er from cat ganglion cells recordings [ 19 ]. 

 ON and OFF functional differences among cone bipolar cells are established 
due to molecular diversity in glutamate receptors (i.e., metabotropic versus iono-
tropic). Glutamate receptors expressed by different types of cone bipolar cells 
vary in their inactivation kinetics, which might be rapid or slow. Corresponding 
cone bipolar types are transient or sustained, respectively [ 20 ,  21 ], and are tuned 
with phasic or tonic temporal properties of light stimuli. Also, certain types of 
cone bipolars are dedicated to process precise chromatic features of light signals 
[ 22 ]; in particular, an ancient retinal pathway has been described dedicated to blue 
light where a “blue cone bipolar” selectively contacts the short wavelength sensi-
tive cones, thus ensuring that the chromatic information is not degraded while 
moving along the vertical retinal pathway [ 23 ]. In this particular channel, light is 
coded in terms of chromaticity, while other channels respond better to luminosity 
content. Additional elements of variety among bipolar cell types are found in the 
molecular composition of gap junctions in the IPL, which in turn determine their 
electrical properties and response to external control factors including calcium, 
pH, and dopamine [ 24 ,  25 ]. 

 Our understanding of the functional abilities specifi c to each cone bipolar cell 
types is still limited. Bringing to light the full panel of molecular differences sub-
serving specifi c functional prerogatives of these neurons represents one of the chal-
lenges of modern retinal research.  

2.7     The Rod Pathway and the Piggyback Arrangement 

  Rod bipolar cells  belong to a single morphological and functional type. Characterized 
by cells with cell bodies located in the outer part of the INL with a profuse dendritic 
arborization terminating in small tips, each of them receives a synaptic contact by a 
single rod terminal in the OPL. Although numerical variations in different species 
occur, the principle holds true that convergence in the rod pathway is high and that 
a large number of rods (i.e., from about 20 in a mouse to up to 80 in a rabbit) make 
connections with one postsynaptic bipolar cell. Thanks to this arrangement, summa-
tion of inputs at a postsynaptic level is achieved and sensitivity of the rod system 
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increased. Extreme amplifi cation in rods by the phototransduction cascade [ 26 ] and 
high convergence along all the steps of the rod pathway [ 27 ] result in enormous 
sensitivity of the retina to dim light: a change in cat ganglion cell electrophysiologi-
cal response can be recorded even when only one of the thousands of rods within its 
receptive fi eld captures a single photon [ 18 ]. In turn, each rod bipolar engages con-
nections with all the rods within its reach. From the inner part of the rod bipolar cell 
body, a stout axon emerges, whose bulbous endings terminate in the deepest part of 
the IPL, near the cell bodies of ganglion cells. Here, synapses to and from third 
order neurons are established (Fig.  2.8 ). Functionally, rod bipolar cells have a cen-
ter-surround organization of their receptive fi elds like cone bipolars. Their mem-
brane potential undergoes a graded depolarization in response to stimulation of 
photoreceptors located in the central area of their receptive fi eld, while a graded 

  Fig. 2.8    Semi-schematic 
representation of the rod 
pathway. Images of neurons 
have been obtained from 
mouse retinal sections stained 
by delivery of lipophilic 
fl uorescent dies, in the mouse 
retina. Rods (R) and cones 
(C) converge upon separate 
sets of bipolar cells. Rod 
bipolar (RB) cells are 
presynaptic s to AII amacrine 
cells, which, in turn, send the 
information to cone bipolar 
(CB) cells. Retinofugal 
connections with ganglion 
cells (GCs) are established by 
axonal endings of CBs 
making synapses onto GC 
dendrites (Reproduced with 
permission from [ 56 ])       
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hyperpolarization is evoked by peripheral (annular) light stimulation. Hence, the 
synapses between rods and rod bipolars are sign inverting, exactly like ON-center 
cone bipolars, where inversion is achieved by the interaction of glutamate released 
by rods with mGluR6 receptors: rod bipolars are “ON-center” neurons showing a 
typical “OFF response” when the periphery of their circular receptive fi eld is stimu-
lated [ 4 ].

2.8        AII Amacrine Cells 

 The specialized chain of neurons carrying signals generated in rods across the retina 
to the ganglion cells is called the rod pathway and represents one of the most studied 
and best characterized networks of the mammalian retina. Here   , a summary of this 
fundamental module of neuronal architecture is schematized in Fig.  2.8 . 

 Axonal arborizations of rod bipolar cells occupy the deepest part of the ON sub-
lamina of the IPL. Here, they establish multiple synaptic contacts with the dendrites 
of “dedicated” narrow-fi eld amacrine cells called AII. Only exceptionally do the 
axonal arbors of rod bipolars make direct connections with ganglion cells. AII ama-
crines were fi rst described in the cat [ 28 ] and are true hallmarks of the mammalian 
retina. These cells exhibit a typical bistratifi ed morphology (Fig.  2.8 ). The outer 
dendritic arbor, restricted to the OFF sublamina of the IPL, consists of round, syn-
aptic endings, known as lobular appendages, while the innermost arborization, 
spreading in the ON part of the layer, is comprised of thin, elongated dendrites, with 
tangentially oriented tips called “tufted processes.” Such processes (a) receive mul-
tiple synapses from the axonal endings of rod bipolar cells, for which AII amacrines 
are the principal postsynaptic target; (b) engage homologous gap junctions with 
similar dendrites of nearby AIIs; and (c) form large, heterologous gap junctions 
with the axonal endings of most types of cone bipolar cells that ramify in the deep-
est layer of the IPL (ON cone bipolars) [ 29 ,  30 ]. AII amacrines respond to light with 
a graded depolarization similar (but more transient) to that generated in rod bipolar 
cells and, strictly speaking, they belong to the ON channel. The ON–OFF dichot-
omy generated in the cone pathway at the fi rst cone-to-bipolar synaptic station 
becomes available to the rod pathway thanks to the bistratifi ed morphology of AII 
amacrines. In fact, in the outermost part of the IPL, the lobular appendages of AII 
cells form sign-inverting, glycinergic synapses with the axonal arborizations of 
OFF cone bipolars, thus “feeding” the rod-generated signal in the OFF channel. 
Electrophysiological studies have shown that the heterologous gap junctions estab-
lished in sublamina ON allow sign-conserving transfer of information between AII 
amacrines and cone bipolars terminating there. Transmission in the opposite direc-
tion occurs but it is less effective [ 31 ]. By means of this peculiar 5-neuron chain, the 
depolarizing response generated by light excitation of the central receptive fi eld of 
a rod bipolar cell is transferred to AII amacrine cells, then split into the ON and the 
OFF retinal sublaminae and fed into the homologous channels of the cone pathway; 
output synapses of cone bipolar axonal arborizations onto ON and OFF ganglion 
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cells dendrites in the corresponding sublaminae of the IPL are the gate through 
which the scotopic signal gains access to the retinal exit. 

 Although few direct synapses exist linking AII amacrine cells and dendrites of 
ganglion cells directly, physiology indicates that rarely ganglion cells are purely rod 
driven. Through AII amacrines, the bulk of the scotopic signal is injected directly 
into the cone pathway, in what has been named a “piggyback” array. AII amacrine 
cells, therefore, can be regarded as true elements of the “vertical” retinal pathway, 
even though usually cells of their class are considered as modulatory interneurons 
with a lateral arrangement. 

 More than simple conduits of signals, AII amacrine cells constitute nodal points 
of intersection of both the rod and cone systems and the ON and OFF channels. In 
the scotopic range, light excites rods, which, in turn, evokes a depolarization in rod 
bipolar cells, causing the release of glutamate from their axonal endings. Glutamate 
excites AII amacrines, causing simultaneously (1) the release of glycine onto OFF 
cone bipolar cells, translated into inhibition of OFF ganglion cells; (2) the depolar-
ization of ON cone bipolar cells via gap junctions, coded as excitation of ON gan-
glion cells; and (3) the diffusion of the signal through the network of AIIs, through 
their homologous gap junctions. In summary, rod-generated signals produce inhibi-
tion of the OFF pathway and excitation of the ON pathway. 

 In photopic conditions, AII amacrine cells receive inputs from both ON (through 
gap junctions) and OFF cone bipolars (by means of chemical synapses), which also 
independently feed the corresponding ganglion cells. ON-center responses cause 
strong glycine release from AII lobular appendages, which, accordingly, inhibits 
OFF cone bipolar cells. Hence, in bright light the OFF channel is inhibited by the 
ON channel [ 24 ].  

2.9     The Rod Pathway and Dopaminergic Amacrine Cells: 
The Power of Being Few 

 The piggyback arrangement does not implicate unidirectional information fl ow: 
fi rst of all, cone bipolar cells make feedback synapses onto the lobular appendages 
of AII amacrines, thus creating the ground for transfer of data from the photopic to 
the scotopic channel. In addition, each AII cell receives a profuse innervation from 
dopaminergic amacrine (DA) cells. These are wide-fi eld neurons, fi rst described as 
A18 amacrines, occurring at low density (only 600 of them in a mouse retina, or 
0.1 % of the total amacrine cell population in this species). However, these cells 
have very wide dendritic arbors with extensive ramifi cations ensuring effi cient cov-
erage of the retinal surface. Their dendrites are largely restricted in the outermost 
portion of the IPL (the sublamina 1), in close proximity to the amacrine cell bodies, 
and entangle a dense network of processes forming characteristic rings. These are 
essentially synaptic varicosities encircling the main dendrites of AII amacrines that 
therefore receive multiple contacts from dopaminergic endings [ 32 ]. In addition, 
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A18 amacrines give rise to long axon-like processes running in different strata of 
the IPL and forming a plexus in the OPL, for which they are also named interplexi-
form cells. A second type of dopaminergic cell (type 2) has been described using 
genetic labeling for catecholamines [ 33 ]. Electrophysiological evidence suggests 
that the two types respond to light in sustained and transient manners, respectively. 

 By means of their endings as well as their distal processes in the outer retina, 
dopaminergic amacrines can control their targets both through synaptic release of 
dopamine and via a paracrine discharge of the neurotransmitter [ 34 ]. Dopamine is a 
very important global regulator of retinal sensitivity to light and a powerful modula-
tor of gap junction permeability. This transmitter controls multiple elements of the 
retinal circuitry; it alters the gap-junctional conductance between photoreceptors 
[ 35 ], horizontal cells, and amacrine cells; increases the responses of ionotropic glu-
tamate receptors in bipolar cells; and ultimately affects the center-surround balance 
of ganglion cells. In scotopic and photopic conditions, and with the contribution of 
the control exerted by dopaminergic innervation, the AII amacrine cell operates as 
a switch from one input pathway to another, with high effi ciency [ 36 ]. Because of a 
weaker coupling of gap junctions in photopic conditions, the dissipation of cone- 
initiated signals through the homologous network of AII amacrines is limited, so 
that this can reach ganglion cells more effectively. Dopaminergic control of gap 
junction permeability is, among others, an important component of the retinal circa-
dian clock, as extensively described in the following chapters.  

2.10     Possible Explanation and Advantages 
of the Piggyback Arrangement 

 Additional pathways exist in the retina through which light signals generated in rods 
can reach ganglion cells [ 37 ]. First of all, rods are linked by very small gap junc-
tions, mainly established by telodendria, thin processes at the base of rod spherules 
and consisting of few connexons each. One of the advantages of these gap junctions 
is that noise arising in single rods (because of quantal fl uctuation of neurotransmit-
ter) is reduced by electrical coupling. Moreover, in some species rods are coupled 
electrically to cones, and in theory scotopic information can enter the cone system 
and bypass the rod bipolars. Actually, the functional effect of rod–cone gap junc-
tions does not seem very high on ganglion cells, and their precise role is still debated. 
In several species, rods (albeit only a fraction) make direct connections with cone 
bipolar cells of the OFF pathway that are therefore called mixed bipolars. The effect 
on ganglion cell physiology varies among mammals. 

 Noticeably, all these pathways originate from rods but directly, or later along the 
retinal pathway, converge upon cone bipolars to access ganglion cells [ 2 ]. A possi-
bility is that all the rod systems, and particularly the piggyback arrangement, origi-
nate evolutionarily from a common, ancestral pathway dedicated to photopic vision. 
It is known that rods and vision in dim light appear only after the evolution of the 

E. Strettoi and V. Parisi



19

jawed vertebrates [ 38 ]. Hence, retinal network profi les were initially shaped by 
cones. Because of the creation of parallel channels built at the cone-to-bipolar syn-
apses, it is possible to imagine an antique vertebrate retina comprised of cones, vari-
ous types of cone bipolars, and cone-driven amacrine cells ultimately driving 
ganglion cells. 

 Thanks to the evolution of rhodopsin and its segregation into a new type of pho-
toreceptor, the prototype of a rod, the retina became duplex. However, needless 
duplication of the whole inner circuitry was avoided by making preexisting path-
ways accessible to the rod system by means of rod bipolars and AII amacrine cells. 
High convergence of rods upon dedicated bipolars made the latter highly sensitive. 
AII amacrines ensured appropriate connectivity to the ON and OFF channels also 
thereby injecting the rod-generated information into the diversity (and processing 
abilities) of the various types of cone bipolars. The shared inner retinal circuitry was 
made more effi cient by a dedicated network of dopaminergic amacrines controlling 
sensitivity by affecting gap junction permeability 

 A refl ection of the fact that the original retinal circuitry was shaped by cones can 
be appreciated considering that, although rods are usually one order of magnitude 
more numerous than cones in most mammalian species, cone bipolars are instead 
much more numerous than rod bipolar cells [ 15 ], a fact only partially explained by 
the high convergence of the rod pathway mentioned above. Cone bipolars are 
numerous because they come in different types, each of them dedicated to a specifi c 
function and each cone has to contact them all to ensure parallel processing of the 
signal. However, the piggyback arrangement guarantees the access of the scotopic 
signal to the whole retinal processing originally evolved in the cone system.  

2.11     Diverse and Complex Retinal Neurons: Amacrine 
and Ganglion Cells 

 The variety of cell types within a class increases from the outer to the inner retina 
and reaches its maximum for amacrines and ganglion cells [ 2 ]. Giving an account 
of such a complexity is well beyond the scope of this chapter, which is primarily 
focused upon those retinal neurons more directly involved in circadian rhythms. 
However, some general and important rules underlying the main properties of these 
cell classes should be mentioned. 

  Amacrine cells  are by defi nition neurons without an axon, although some of 
them break this (quite atypical) rule. They occur in a large variety probably not yet 
completely exploited, and this, together with the relatively inaccessible position 
they occupy in the wiring diagram of the retina, makes their physiology still largely 
unexplored. As already mentioned, amacrine cells occur in two broad varieties, i.e., 
small-fi eld and large-fi eld cells. In general, small-fi eld cells (like AII amacrines) 
have a radial arrangement in the IPL, might span across the ON and OFF sublami-
nae, and use glycine as primary neurotransmitter. Conversely, large-fi eld amacrines 
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(such as dopaminergic amacrines, or cholinergic, starburst, amacrine cells) have 
a radial, starlike morphology, with a tangential spread in the IPL and dendrites 
which are usually restricted in specifi c sublaminae. They use GABA as primary 
neurotransmitter. 

 Amacrines in general receive their synaptic inputs from bipolar cells, on which 
they might return feedback synapses; amacrine cells are also pre- and postsynaptic 
to each other and might be joined by gap junctions. Finally, they are presynaptic to 
ganglion cells. Connections involving amacrine cells can occur laterally as well as 
vertically across the ON and OFF sublaminae of the IPL. Since amacrine cells are 
inhibitory interneurons, the synaptic arrangements described above mediate feed-
back inhibition (i.e., from amacrines back to bipolar cells), lateral inhibition (i.e., 
between amacrine cells arranged horizontally), crossover inhibition (i.e., involving 
amacrines spanning radially across the two sublaminae of the IPL), and feedforward 
inhibition (i.e., from amacrines to other amacrines or to postsynaptic bipolar cells). 
While synapses established by bipolar cells in the IPL can be distinguished ultra-
structurally for the presence of characteristic ribbons, amacrine cells make conven-
tional chemical synapses by means of varicosities fi lled with synaptic vesicles. Such 
varicosities are quite similar for most amacrine cell types, making it hard to attribute 
a given contact to a specifi c parent amacrine cell. Hence, their circuitry in the IPL 
has yet to be explored. A connectome approach (i.e., the reconstruction of a com-
plete map of the retinal neural connections), in which neuronal networks are traced 
by large-scale electron microscopy and extensive computation, is going to contrib-
ute sensibly to an advancement in this arduous task [ 39 ]. Functionally, amacrine 
cells refi ne the output of bipolar cells, performing computations that, ultimately, 
shape the physiological properties of ganglion cells and create task-specifi c types 
among them. Recognized examples of tasks to which the computational capabilities 
of amacrine cells are known to contribute are center and surround effects and direc-
tional selectivity [ 40 ] (i.e., the capability of certain ganglion cells to become excited 
by a stimulus moving in one direction and inhibited by a stimulus moving in the 
opposite direction). The list of newly discovered properties of amacrine cells con-
tinues to grow [ 41 ].  

2.12     Ganglion Cells 

 Ganglion cells have been hard to classify so far, although many different types have 
been labeled by antibody staining, intracellular injections, genetic targeting, etc. 
(Fig.  2.9 ). Recent data suggest that the retina of common laboratory mammals has 
approximately 20 ganglion cell types [ 2 ]. This number refl ects the fact that besides 
an input from the 12 types of bipolar cells described above, ganglion cells are 
shaped also by the contribution of amacrine cells, so that additional functional chan-
nels are created at the retinal exit [ 42 ]. Thus, moving from the outer to the inner 
retina, the number of visual channels expands, increasing the computational power 
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and feature selectivity operated on the signal. The visual scene is then presented to 
the brain by means of trains and patterns of action potentials traveling along the 
axons of ganglion cells constituting the optic nerve fi bers and the optic nerve. As 
stated before, the functional properties of ganglion cells (best known from electro-
physiological studies conducted in the rabbit retina) are actively explored and still 
partially obscure. Especially intriguing is the task of deciphering the code through 
which ganglion cells provide the results of the computation performed in the IPL to 
downstream brain areas through the optic nerve [ 3 ]. This code appears to have (pre-
viously unsuspected) multiple levels of complexity.

   Morphological and physiological correlates of ganglion cell properties have 
allowed the identifi cation of various types comprising (among others) ON-tonic and 
OFF-tonic cells; blue-ON and blue-OFF ganglion cells; an ON direction selective 

  Fig. 2.9    Composite of different types of ganglion cells from the mouse retina. Transgenic expres-
sion of GFP in ganglion cells (shown in  green ) reveals their detailed morphology in retinal whole 
mounts. Computer rotations in the  vertical plane  show the different levels of stratifi cation of their 
dendrites in the IPL, whose boundaries are marked by the nuclei of cells located in the inner 
nuclear and ganglion cells layers, labeled by a  red  DNA-binding molecule (see [ 47 ])       
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cell, which projects to the accessory optic system and forms the basis of optokinetic 
nystagmus; and ON–OFF directionally selective cells of various types. A recently 
discovered type, the most common in the retina of the mouse, was demonstrated to 
detect small moving objects down to the receptive fi eld size of bipolar cells, but 
only on a featureless or stationary background. These cells may serve as “alarm 
neurons” for overhead predators [ 2 ]. A type of its own is represented by the intrinsi-
cally photosensitive (melanopsin) ganglion cells described below.  

2.13     Melanopsin Ganglion Cells 

 A second role for the eye has been described besides sight: independently of vision 
of forms, built-in sensors paired to canonical photoreceptors have the function of 
measuring ambient light. These dedicated sensors are intrinsically light-sensitive 
ganglion cells, whose discovery represents a breakthrough in the fi eld of retinal 
organization [ 43 ,  44 ]. 

 These neurons (wide and sparse, see Fig.  2.10 ) contain a photopigment called 
melanopsin (with an absorption peak of the light at a ~480 nm) and are involved in 
various refl exive responses of the brain and body to the presence of (day)light, such 
as the regulation of circadian rhythms, pupillary refl ex, and other nonvisual responses 
to light. Melanopsin ganglion cells project to various brain targets including the 
olivary pretectal nucleus (responsible for controlling the pupil of the eye), the lateral 
geniculate nucleus (LGN), and the suprachiasmatic nucleus of the hypothalamus 
(the master clock of circadian rhythms). Intrinsically photosensitive retinal ganglion 
cells (ipRGC) comprise only ~1–3 % of all the retinal ganglion cells and can be 
visualized selectively with melanopsin-specifi c antibodies (Fig.  2.10 ) [ 45 ].

   Studies using profoundly blind humans lacking functional rods and cones 
showed that, similarly to other mammals, the human retina contains some type of 
non-rod, non-cone photoreceptor, whose identity was eventually found to be a gan-
glion cell. These studies were performed examining patients with rare diseases lead-
ing to rod and cone degeneration but preserving ganglion cells. Similarly to mice 
with inherited photoreceptor diseases leading to progressive death of rods and 
cones, these patients continued to exhibit circadian photoentrainment, circadian 
behavioral patterns, and pupil reactions, with peak spectral sensitivities compatible 
to that for melanopsin photopigment [ 46 ]. In both humans and mice, melanopsin 
ganglion cells appear particularly robust to secondary effects of degeneration affect-
ing the survival of photoreceptors, such as retinitis pigmentosa [ 47 ,  48 ], as well as 
in pathologies primarily affecting ganglion cells, like mitochondrial optic neuropa-
thies (i.e., Leber hereditary optic neuropathy and dominant optic atrophy). The lat-
ter selectively involve ganglion cells and cause major visual loss with a relatively 
preserved pupillary light refl ex. Recent studies show melanopsin retinal ganglion 
cells are resistant to neurodegeneration caused by dysfunction of mitochondria as 
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shown by retention of non-image-forming functions in visually impaired patients 
[ 48 ]. Intrinsic resistance of melanopsin ganglion cells to degeneration might open 
new avenues for vision restoration based on these cells; their robustness to meta-
bolic insults might be explored in search of intrinsic protective mechanisms that 
might be applied to glaucoma or similar disorders [ 49 ]. Indeed, the existence of 
intrinsically photosensitive ganglion cells has inspired experiments of vision resto-
ration based on inner retinal intervention: transgenic technology can target the 
expression of melanopsin in inner retinal neurons (bipolar or ganglion cells) of indi-
viduals in which primary photoreceptors have been irretrievably lost by degenera-
tive diseases [ 50 ].  

  Fig. 2.10    Ganglion cells in the fl at-mounted rat retina after melanopsin-antibody staining ( green  
signal in  A ,  B1  and  B2 ). ( C ) Drawings of examples of melanopsin GCs, where  arrows  indicate 
axons. ( D ) Soma-size distribution of melanopsin GCs. ( E ) Distribution of melanopsin-positive 
GCs on whole-mount retinas, showing the higher cell density in the superior (S) and temporal (T) 
quadrants (Reproduced with permission from [ 45 ])       
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2.14     Conclusions 

 In summary, there are two parallel pathways for vision: one arising in the outer 
retina and based upon rod and cone photoreceptors and a second channel detecting 
visual brightness arising from the inner retina. The outer and inner retinal channels 
are not entirely separate: rods and cones themselves also feed into intrinsically pho-
tosensitive ganglion cells, which are more complex than initially assumed, at least 
in some species, and send projections to multiple brain targets, including those 
deputed to image formation [ 51 ]. Intrinsically photosensitive ganglion cells thus 
might contribute to non-image-forming functions like circadian rhythms, behavior, 
and pupil reactions, as well as to conscious sight, with a proposed role in mesopic 
vision. Knowledge of the exact contribution of melanopsin ganglion cells in vision 
and in non-image-forming functions may have an impact on basic science and on 
human health in general: the consequences of altered circadian rhythms, when these 
cells are defective, are already of obvious relevance to clinical medicine, while the 
possibility of targeting these neurons for vision repair strategies is actively 
investigated.     
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    Abstract     Environmental light is detected by three classes of ocular photoreceptor, 
the rods and cones of the outer retina and photosensitive retinal ganglion cells 
(pRGCs) that utilise the photopigment melanopsin. In addition to their endogenous 
photosensitivity, pRGCs receive indirect inputs from the rods and cones. The pri-
mary role of the rods and cones is to collect light information for the construction of 
a visual image, whilst the pRGCs send direct projections to many regions of the 
brain to regulate nonimage-forming responses to light, including the entrainment of 
circadian rhythms. The master circadian pacemaker of mammals resides within the 
suprachiasmatic nuclei (SCN), and light information is transmitted from the pRGCs 
via their axonal projections which form the retinohypothalamic tract. Neurones 
within the SCN respond to retinal illumination with changes in electrical activity 
showing characteristic fast-transient components at the light transitions and a sus-
tained response throughout light exposure. Until recently it was assumed that the 
fast-transient responses were driven by the rods and/or cones, via their inputs to the 
pRGCs, whilst the sustained responses to light were mediated by melanopsin. 
However, more recent studies show that both transient and sustained responses can 
be generated in the absence of melanopsin, suggesting a signifi cant level of func-
tional redundancy between photoreceptor classes. Although SCN electrical activity 
appears normal in melanopsin-defi cient mice, these animals show attenuated light- 
induced phase-shifting response in behavioural activity. Collectively these fi ndings 
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raise intriguing questions about how different classes of retinal photoreceptor interact 
to encode nonimage-forming responses to light and suggest that recordings of 
 multiunit activity at the level of the SCN do not entirely mirror the effects of light 
on circadian behaviour.  

  Keywords     Circadian   •   Photoreceptors   •   Melanopsin   •   Suprachiasmatic nuclei 
(SCN)   •   Electrophysiology   •   Photoentrainment   •   pRGC   •   Retina   •   Retinohypothalamic 
tract (RHT)   •   Light  

  Abbreviations 

   AMPA    α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid   
  CREB    cAMP response element binding   
  GHT    Geniculohypothalamic tract   
  IPL    Inner plexiform layer   
  MAPK    Mitogen-activated protein kinase   
  MWS    Mid-wavelength sensitive   
  NMDA    Night-time application of  N -methyl- d -aspartate   
  NO    Nitric oxide   
  Opn4    Melanopsin   
  PACAP    Pituitary adenylate cyclase-activating peptide   
  pRGC    Photosensitive retinal ganglion cell   
   rd/rd     Retinal degeneration   
  RGC    Retinal ganglion cell   
  RHT    Retinohypothalamic tract   
  SCN    Suprachiasmatic nuclei   
  TRP    Transient receptor potential   
  TTFL    Transcriptional-translational feedback loop   
  UVS    Ultraviolet sensitive   
  VA    Vertebrate ancient   

3.1           Introduction 

 Circadian rhythms evolved as an adaptation to the predictable daily rotation of the 
Earth around its axis. In mammals, these rhythms are coordinated by the major 
circadian pacemaker in the suprachiasmatic nuclei (SCN), a bilateral structure that 
in rodents contains approximately 10,000 neurones in each hemisphere [ 1 ,  2 ]. The 
SCN are located in the anterior hypothalamus, immediately superior to the optic 
chiasm. In the absence of environmental time cues, the SCN generates an endoge-
nous free-running rhythm of approximately 24 h. However, this “internal day” 
would be of no use unless it can be synchronised (entrained) with the environmental 
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24 h day. Once entrained, the electrical activity of the SCN is high during the day 
and low during the night, and this information is transmitted directly to many parts 
of the central nervous system and indirectly to the peripheral organs. The prevailing 
view is that the SCN function as the pacemaker in a hierarchically organised net-
work, coordinating the rhythms of peripheral oscillators throughout the body. 

 In isolation, SCN neurones maintain their ability to generate ~24 h rhythms, 
demonstrating that the generation of this oscillation is a cell-autonomous property 
[ 3 ]. The rhythms themselves are generated by a transcriptional-translational feed-
back loop (TTFL). During the day, the transcriptional regulators CLOCK and 
BMAL1 dimerise and initiate transcription of the  Per1-2  and  Cry1-2  genes via an 
E-box enhancer. These PER and CRY proteins function as the negative limb of the 
molecular clock—PER and CRY dimerise and translocate to the nucleus, where 
they inhibit the transcription activation of CLOCK and BMAL1. Reduction of 
CLOCK/BMAL1 activity inhibits transcription of  Per  and  Cry  genes, resulting in a 
decrease in PER and CRY protein levels and a disinhibition of CLOCK and BMAL1. 
Collectively, these molecular processes form a feedback loop with a cycle of 
approximately 24 h. In addition, a number of other key clock genes are involved in 
this process, as well as a range of post-translational modifi cations, most notably 
phosphorylation. These processes determine the period of the TTFL, which gives 
rise to the period of SCN neuronal activity and ultimately overt behavioural rhythms 
[ 4 ]. Entrainment of the endogenous rhythm of the SCN with the external environ-
mental cycle is a prerequisite for its adaptive function, and in mammals the primary 
time cue (zeitgeber) is light. Light information reaches the SCN exclusively via the 
eyes through a specialised monosynaptic pathway called the retinohypothalamic 
tract (RHT). Stimulation of the RHT results in a shift in the phase of the endogenous 
circadian oscillation of the SCN, thereby synchronising the internal clock with the 
external light–dark cycle. 

 In this chapter, we will discuss the role of different retinal photoreceptors in the 
response characteristics of SCN cells, as well as in photoentrainment. We will fi rst 
describe how light is absorbed by the light-sensitive photopigments of the retina and 
then consider the signalling pathways whereby light information is integrated from 
different photoreceptors and then relayed to the SCN via the RHT. Finally, the role 
of photoreceptors in both behavioural photoentrainment and the responses of the 
SCN to light will be discussed.  

3.2     Retinal Photoreceptors 

 In the eye, light is sensed by specialised photosensitive cells in the inner and outer 
layers of the retina. In the outer retina, light is detected by rod and cone photorecep-
tor cells, which contain the photopigment molecule. In all vertebrates, these phot-
opigments consist of a vitamin A-based chromophore called 11- cis -retinaldehyde, 
which is covalently bound to an opsin protein. Upon activation by light, 11- cis  reti-
nal photoisomerises, resulting in the opsin protein undergoing a conformational 
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change from the inactive state to the active state. This transition enables binding of 
the G-protein transducin and activates a signalling cascade that ultimately results in 
hyperpolarisation of the photoreceptor cell membrane and a reduction in glutamate 
release at the photoreceptor synapse [ 5 ]. But the rods and cones are not the only 
photoreceptors of the eye. In 1998 a new opsin family termed  vertebrate ancient  
(VA) opsin was shown to form a functional photopigment and to be expressed 
within the teleost retina in a small number of retinal horizontal cells and ganglion 
cells, but not the rods and cones [ 6 ]. The demonstration that retinal neurones, other 
than the rods and cones, could detect light provided timely support for a growing 
body of behavioural data suggesting that the mammalian retina might also contain 
a non- rod, non-cone photoreceptors which entrain the SCN. In the early 1990s mice 
homozygous for retinal mutations (e.g.  retinal degeneration ,  rd/rd ) and with no 
apparent visual responses were studied to determine the impact of rod/cone loss on 
photoentrainment. Mice lacking all their rods and most cones ( rd/rd ) were able to 
regulate their circadian rhythms with the same sensitivity as fully sighted animals 
[ 7 ]. These, and a host of subsequent experiments on mice and human subjects with 
genetic defects of the eye [ 8 – 11 ], showed that the processing of light information by 
the circadian and classical visual systems must be different and raised the possibil-
ity that the eye might contain an additional non-rod, non-cone photoreceptor. These 
data were far from conclusive, however, because there remained the possibility that 
only small numbers of rods and/or cones are necessary for normal photoentrain-
ment. As a result, mouse models were created in which all rods and cones were 
ablated (e.g.  rd/rd cl ). Remarkably, the loss of all types of known photoreceptor had 
little effect on photoentrainment, although loss of the eyes abolished this capacity 
completely [ 9 ]. Thus mammals, like teleost fi sh, had to possess another ocular 
photoreceptor. 

 Although it was clear that novel ocular photoreceptors drive photoentrainment, 
the identity of these cells remained unclear. Retinal ganglion cells (RGCs) had 
been implicated as these photoreceptors [ 12 – 14 ], but the fi nal proof came from two 
independent approaches, one in rats the other in  rd/rd cl  mice. Both showed that the 
retina contains a small number of pRGCs. In rats, a subpopulation of retinal gan-
glion cells was labelled by retrograde dye injected into the SCN. The retina was 
removed and the electrical activity of individually labelled RGCs monitored by 
intracellular recording. These cells responded to bright light. This in itself was no 
surprise, because the rods and cones were present in the retina. However, light- 
evoked depolarisations persisted in the presence of a cocktail of drugs considered 
suffi cient to block all retinal intercellular communication and even persisted in 
RGCs that were microdissected from the surrounding retinal tissue [ 15 ]. The sec-
ond approach exploited the  rd/rd cl  mouse retina in combination with calcium 
(Ca 2+ ) imaging. This technique is capable of detecting small changes in the con-
centration of intracellular Ca 2+  in large numbers of individual living cells across the 
entire retina. The use of the  rd/rd cl  mouse meant that pharmacological or surgical 
isolation of ganglion cells from the rod and cone photoreceptors was unnecessary. 
This study demonstrated that approximately 3 % of the neurones in the retinal 
ganglion cell layer responded to light, but after blocking gap junctions, the number 

H.C. van Diepen et al.



31

of RGCs responding to light dropped to ~1 %. These results showed that there 
exists an extensive network of pRGCs that can be uncoupled by application of gap-
junctional blockers. Furthermore, three types of light-evoked Ca 2+  infl ux were 
observed in these neurones: a sustained, a transient and a repetitive response. 
Collectively, the studies in  rd/rd cl  mice identifi ed a heterogeneous-coupled syncy-
tium of pRGCs [ 16 ]. 

 The photopigment of the pRGCs was defi ned in the fi rst instance by action spec-
troscopy. This powerful approach rests upon the fact that a photopigment has a 
characteristic absorbance spectrum or profi le, which describes the likelihood of 
photons being absorbed at different wavelengths. Thus, a description of the spectral 
sensitivity profi le (action spectrum) of any light-dependent response will describe 
the absorbance spectrum of the photopigment upon which the response is based 
[ 17 ]. An action spectrum in  rd/rd cl  mice described a previously uncharacterised, 
opsin-/vitamin A-based photopigment with peak sensitivity in the “blue” region of 
the spectrum near 480 nm (opsin photopigment/OP 479 ) [ 18 ]. Since 2001, a series of 
action spectra, in mice [ 19 ], rats [ 15 ], non-human primates [ 20 ] and humans [ 21 , 
 22 ] all demonstrated the existence of a single novel opsin photopigment with a  λ  max  
of around 480 nm. 

 Although the photopigment of the pRGCs had been defi ned in a variety of mam-
mals using action spectroscopy, the opsin gene remained unknown. It was fi rst 
assumed that there would be a mammalian orthologue of teleost VA-opsin, but no 
such orthologues were found. Instead, another newly discovered opsin family, the 
melanopsins, soon emerged as the strongest candidate. The  melanopsin  gene family, 
also designated  Opn4 , was fi rst identifi ed in  Xenopus  photosensitive pigment cells 
(melanophores—hence the name melanopsin) [ 23 ], and then orthologues were iso-
lated from other vertebrate classes including zebrafi sh [ 24 ] and many mammalian 
species including humans and mice [ 25 ], cats [ 26 ] and marsupials [ 27 ]. Melanopsin 
was immediately implicated as the photopigment, as it is expressed in pRGCs, and 
ablation of the melanopsin gene abolishes the pRGC responses to light [ 15 ,  16 ]. 
Furthermore, mice in which rods, cones and melanopsin have all been ablated fail 
to show circadian responses to light, arguing that these three classes of photorecep-
tor can fully account for all light detection within the eye [ 19 ]. 

 The melanopsin phototransduction cascade differs from that of rods and cones 
and shares greater similarity to the signalling pathways used by invertebrate photo-
receptors [ 23 ] and vertebrate sensory neurones that result in a depolarisation of 
membrane potential [ 28 ]. Similar to rods and cones, however, the absorption of a 
photon by 11- cis  retinal bound to the melanopsin protein results in photoisomerisa-
tion and activation of a G-protein signalling cascade [ 29 – 32 ]. However, unlike rods 
and cones, this cascade uses a different intracellular G-protein signalling pathway, 
resulting in opening of transient receptor potential (TRP) cation channels, causing 
the membrane to depolarise [ 33 ]. In addition to their endogenous photosensitivity, 
pRGCs receive input from rod and cone photoreceptors in the outer retina [ 20 ,  34 –
 38 ], and light information detected by rods, cones and melanopsin is integrated at 
the level of the pRGCs. In this sense, rods, cones and melanopsin can all transduce 
light information to the SCN via the RHT [ 39 ]. 
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 Even when input from the rods and cones is blocked, or rods and cones are 
ablated, pRGCs can still depolarise in response to light [ 15 ,  16 ]. However, the light- 
responsive properties of pRGCs differ markedly from rods and cones. For instance, 
the response of pRGCs to light is considerably slower than the rapid response of 
outer retinal rod and cone photoreceptors—following a light stimulus, pRGCs can 
remain tonically active for several minutes, whereas rods and cones deactivate 
almost immediately [ 16 ,  35 ]. Also, pRGCs are signifi cantly less sensitive to light 
than rods and cones [ 15 ,  16 ,  20 ,  35 ], suggesting that melanopsin selectively detects 
high-intensity light. This reduced sensitivity may arise as a result of low photopig-
ment density [ 33 ]. Consistent with this hypothesis, behavioural phase-shifting stud-
ies showed that melanopsin knockout mice show reduced phase shifts in response to 
high-intensity light relative to wild-type mice [ 40 ]. 

 Mouse cones have two sensitivity peaks: short-wavelength cone photopigments 
in the UV range of the light spectrum ( λ  max  ~360 nm; UVS cones) and mid- 
wavelength cone photopigments with a  λ  max  at 508 nm (MWS cones) [ 41 ,  42 ]. The 
peak sensitivity of melanopsin is in the blue region of the spectrum ( λ  max  ~480 nm) 
[ 31 ,  43 ], and the peak sensitivity of rods is at 498 nm [ 44 ] (Fig.  3.1 ). Due to the lack 
of UV-absorbing pigments in the crystalline lens, the eyes of many rodents allow 
the transmission of UV radiation to the retina, including wavelengths as short as 
300 nm [ 45 ].

   The importance of pRGCs in the signalling of light to the SCN was shown by the 
fi nding that circadian photoentrainment is lost following their selective ablation 
[ 46 – 48 ]. However, since their original description, it has become clear that pRGCs 
are not a homogeneous population of cells, but instead consist of numerous func-
tionally distinct cell types. To date, the classifi cation of pRGC subtype has extended 
to include fi ve classes M-1 to M-5, which are distinguished based upon the levels 
of melanopsin they express and the stratifi cation of their dendrites within specifi c 
sublaminae of the inner plexiform layer (IPL) of the retina. Furthermore, the sensi-
tivities, response latencies and central projections vary between the different subtypes, 
presumably relating to their differing regulatory roles in irradiance detection. For 
full details see [ 28 ].  

  Fig. 3.1    Spectral sensitivity 
curves for the photopigments 
in the indicated photoreceptor 
cells in the mouse retina. The 
relative sensitivity of each 
photopigment is plotted as a 
function of wavelength of 
light       
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3.3     Light Transduction to the SCN 

 Photic information can reach the SCN via three distinct afferent pathways. The most 
prominent pathway is via the RHT. This pathway originates in the retinal ganglion 
cells and projects monosynaptically to the SCN. The second pathway to the SCN is 
indirect via the geniculohypothalamic tract (GHT), which connects the retina to the 
SCN via the IGL and vLGN in the thalamus [ 49 ,  50 ]. The third pathway to the SCN 
is via serotonergic projections from the midbrain raphe cells [ 51 ]. 

 The RHT appears to be the most important afferent pathway in photic entrain-
ment. Axons originating from the retinal ganglion cells project monosynaptically 
via the optic nerve through the optic chiasm to the SCN. The RHT projects primar-
ily to the ventral SCN [ 52 ]. Electrical stimulation of the RHT in vitro triggers the 
release of several neurotransmitters in the SCN, including glutamate and pituitary 
adenylate cyclase-activating peptide (PACAP) [ 53 ] (Fig.  3.2 ). Evidence from sev-
eral groups all suggest that glutamate and PACAP mediate the effect of light on the 
SCN [ 54 – 57 ]. Moreover, glutamate is the primary neurotransmitter involved in light 
entrainment [ 58 ,  59 ]. The release of glutamate at the RHT increases the electrical 
activity of neurones within the SCN [ 60 ], and blocking the release of glutamate 
inhibits the SCN’s response to optic nerve stimulation [ 57 ,  61 ,  62 ]. The in vitro 
night-time application of  N -methyl- d -aspartate (NMDA) or glutamate can trigger a 
phase delay in the SCN, whereas the in vitro application of NMDA or glutamate 
during the day advances the SCN’s rhythm [ 59 ,  63 ]. Finally, microinjecting gluta-
mate or NMDA directly into the SCN in vivo causes a phase shift in behavioural 
activity, mimicking the effects of light [ 54 ,  64 ]. Collectively, these results support a 
primary role for glutamate in transducing light information to the SCN.

   In the SCN, PACAP and glutamate are stored in the optic nerve terminals [ 65 ]. 
In vitro, PACAP application can phase shift the electrical rhythm of the SCN [ 66 , 

  Fig. 3.2    Schematic overview 
of the light input pathway 
from the optic nerve to the 
SCN       
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 67 ]. Moreover, microinjecting PACAP into the SCN in vivo can phase shift the 
endogenous rhythm of wheel-running activity [ 66 ,  68 ]. Interestingly, co-injecting 
PACAP blocks the late-night glutamate-induced phase advance, and PACAP antag-
onists enhance the glutamate-induced light-driven phase shift [ 69 ]. These fi ndings 
provide compelling evidence that both PACAP and glutamate mediate the effect of 
light in the SCN. The modulatory effect of PACAP on this signalling is further sup-
ported by an in vitro study showing that PACAP enhances the glutamate-induced 
increase in intracellular calcium in SCN neurones [ 70 ]. Thus, the available evidence 
suggests that PACAP enhances the release of glutamate presynaptically and potenti-
ates the effect of glutamate via PACAP receptors postsynaptically. 

 The effects of glutamate can be blocked both in vitro and in vivo by the applica-
tion or injection, respectively, of NMDA receptor antagonists [ 59 ,  71 ,  72 ]. In addi-
tion, NMDA receptor antagonists block light-induced  c - fos  expression in the SCN 
[ 73 ]. These results suggest a critical role for NMDA receptors in the transmission of 
light signalling to the SCN. Interestingly, NMDA receptor activity is higher during 
the subjective night than during the subjective day [ 74 ], a fi nding that adds to our 
understanding of the time-dependent effects of light and glutamate on the SCN. In 
addition to NMDA receptors, the effects of glutamate may also be mediated via 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors [ 57 , 
 75 ]. 

 In the SCN, the light-induced release of glutamate and PACAP triggers the 
 activation of postsynaptic NMDA and/or AMPA receptors and PACAP type 1 
receptors, respectively. The activation of these receptors leads to an increase in the 
concentration of intracellular calcium [ 76 ]. Intracellular calcium (Ca 2+ ) levels are 
important for driving daily oscillations in clock gene expression, and blocking Ca 2+  
infl ux in SCN cultures abolishes the robust rhythms of  Per2  and  Bmal1  expression. 
NMDA-induced increases in Ca 2+  levels are larger during the night than during the 
day [ 77 ], which corresponds with the intrinsic light-responsive rhythm of the SCN 
[ 78 ]. Elevated intracellular Ca 2+  levels stimulate the activation of downstream sig-
nalling cascades. During the subjective day, the mitogen-activated protein kinase 
(MAPK) signalling cascade is activated in the SCN following a brief exposure to 
light [ 56 ]. Activation of MAPK in turn increases the activation of the cAMP 
response element-binding (CREB) protein [ 56 ]. Another signalling target that is 
activated by light is cyclic guanosine monophosphate (cGMP) [ 79 ], which has been 
shown to be a critical component in the light-induced expression of  Per1  and  Per2  
that leads to a phase shift. Other downstream signalling pathways include nitric 
oxide (NO) [ 59 ,  80 ] and calmodulin [ 32 ]. Glutamate-induced increases in intracel-
lular Ca 2+  levels ultimately lead to the phosphorylation of CREB via intracellular 
signalling cascades [ 81 ]. Upon becoming phosphorylated, CREB translocates to 
the nucleus, where it binds to CRE-specifi c promoter regions [ 82 ]. Thus, CREB is 
particularly important in photic entrainment, as activation of this signalling path-
way drives the time-dependent regulation of clock genes. For example, CREB 
phosphorylation activates the clock genes  Per1  and  Per2 , both of which contain 
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a CRE- dependent promoter [ 82 ]. The timing of light-induced  Per1  and  Per2  
 expression corresponds with the timing in which light induces shifts in behavioural 
activity [ 30 ].  

3.4     Light-Response Characteristics in the SCN 

 Both single-unit and multiunit electrophysiological recordings have shown that a 
subpopulation of SCN neurones responds to retinal illumination and stimulation of 
the RHT with changes in electrical activity [ 75 ,  78 ,  83 – 90 ] (Fig.  3.3a ). In rodents 
such as rats, hamsters and mice, the majority of SCN neurones increase their electri-
cal activity in response to light exposure or electrical stimulation of the RHT, 
whereas a small population of neurones responds with a suppression in SCN neuronal 
activity [ 75 ,  83 ,  84 ,  90 ,  91 ] or a transient response [ 91 ]. Interestingly, the population 
of light-suppressed SCN neurones is substantially larger in diurnal rodents such as 
the degu and the ground squirrel [ 92 – 94 ]. Approximately one-third of SCN neu-
rones respond to light [ 75 ,  84 ,  90 ,  95 ], and these light-responsive cells are located 
predominantly in the terminal fi eld of the RHT within the ventral SCN [ 84 ].

   In response to a light pulse, a rapid light-induced transient overshoot in SCN 
electrical activity occurs when the light is fi rst turned on, and this is followed by a 
sustained increase in activity for as long as the light stimulus remains [ 78 ,  87 ,  88 , 
 90 ,  91 ,  96 ]. These response characteristics are similar to the “sustained” subclass of 
pRGCs [ 16 ]. After the light is turned off, the electrical activity of the SCN cells is 
transiently suppressed. The sustained electrical activity of SCN neurones is not 
observed in the visual areas of the brain, where transient dominate. However, the 
sustained responses are localised to other nonimage-forming brain areas such as the 
ventral lateral geniculate and intergeniculate leafl et [ 97 ], the raphe nucleus [ 98 ] and 
the pretectum [ 99 ], brain areas that are all strongly innervated by pRGCs. 

 The light-induced increases in SCN neuronal activity change during the course 
of the day. For example, long-term in vivo recordings showed that light induces a 
large increase in SCN neuronal activity during the subjective night, whereas light- 
induced neuronal activity increases to a much lesser extent during the day [ 78 ,  96 ]. 
In addition, the light-induced increase in neuronal activity is highly dependent on 
the intensity of the light [ 84 ,  85 ,  90 ,  91 ,  95 ] (Fig.  3.3b ). Low-intensity light evokes 
relatively small changes in SCN electrical activity, whereas high-intensity light can 
saturate SCN electrical activity (i.e. a further increase in light intensity does not lead 
to a further increase in SCN activity). Light intensity‒response curves in sustained 
SCN electrical activity are sigmoid shaped over a narrow working range [ 78 ,  88 ]. 
Moreover, the threshold light intensity for the intensity-response curve in SCN 
 electrical activity is much higher than the light threshold for vision [ 84 ]. The 
sigmoid- shaped curves of the sustained responses in SCN electrical activity are quite 
similar to the phase-shift responses to various light intensities [ 85 ,  100 ].  
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  Fig. 3.3    Light-activated responses in the SCN. Activity was recorded using an implanted station-
ary electrode in an unanaesthetised mouse. ( a ) The examples show a typical fast-transient over-
shoot in electrical impulse frequency at the onset of the light pulse (1), sustained discharge plateaus 
during the light presentation (2) and a transient decrease at the end of the light pulse (3). After the 
transient decrease, the frequency returned to baseline. Similar responses were determined in 
response to UV ( λ  max  365 nm),  blue  ( λ  max  467 nm) and  green  ( λ  max  505 nm) light. The duration of 
the pulse was 100 s. ( b ) Light-activated SCN electrical impulse frequency in response to various 
light intensities ranging from low-intensity ( top trace ) to high-intensity ( bottom trace ) white light. 
In response to all the various light intensities, a transient increase at the onset of the light pulse, a 
sustained discharge plateau during light exposure and a transient decrease at the end of the light 
pulse were recorded. Bin size is 1 s       
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3.5     Phase Response Curve 

 Depending on the phase of the circadian pacemaker in which light is perceived, the 
mammalian circadian clock can respond with a phase shift. These shifts can be 
evaluated best when animals are maintained in a constant environment, and short 
pulses of light are presented at specifi c phases in the circadian cycle (Figs.  3.4  and 
 3.5a ). Such studies have revealed that both characteristically and essentially, the 
direction and magnitude of a phase shift are dependent upon the time of the pulse. 
Light exposure in the beginning of the active period (or the beginning of the “sub-
jective night” in the case of nocturnal rodents) induces a delay in the behavioural 
activity rhythm, whereas light exposure at the end of the active period induces a 
phase advance. Light exposure during the resting phase of mammals does not induce 
a shift in activity; and as a result this phase is referred to as the “dead zone”.

    At each phase in the cycle, the magnitude of the shift is dependent upon the dura-
tion, intensity and wavelength of the light that is applied. In rodents, light pulses 
that last several minutes ( ca . 5–10 min in duration) can induce a substantial phase 
shift in behavioural activity. If the duration of the light pulse is increased, the mag-
nitude of the behavioural shift is increased correspondingly [ 101 ]. The relationship 
between the  duration  of light and the magnitude of the phase shift follows a loga-
rithmic function [ 85 ,  102 ,  103 ], whereas the relationship between the  intensity  of a 
light pulse and the magnitude of the phase shift follows a sigmoidal function. The 
sensitivity of the shift to pulse duration was investigated by manipulating the dura-
tion of the light pulse whilst keeping the total number of photons constant. This 
experiment showed that the circadian system is more sensitive to 300-s stimuli than 
to either briefer (e.g. 30-s) or longer (e.g. 3,000 s) stimuli. Interesting, the intensity- 
response curve for phase shifting is similar to the intensity-response curve for acute 
SCN responses [ 85 ,  100 ,  102 ]. Moreover, an intensity threshold exists for low- 
intensity light; below this threshold, no phase shift occurs, and this threshold is 

  Fig. 3.4    Schematic phase 
response curve (PRC) of 
wheel-running activity of 
mice. Phase-shift magnitude 
and direction are plotted as a 
function of circadian time. 
Magnitude of the phase shift 
is affected over time by the 
intensity and duration of the 
light pulse as indicated by 
the  dotted lines        
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  Fig. 3.5    Schematic double-plotted actograms of mouse wheel-running activity. Consecutive days 
are plotted below each other. The  black  and  white bars  indicate the light–dark cycle (the  unshaded 
areas  indicate light, and the  shades  areas indicate dark).  A . Typical actogram recorded for a wild- 
type mouse during a light–dark cycle ( top half ) followed by a change to continuous darkness ( bot-
tom half ). Note the shift in activity following the change to continuous darkness. ( b ) Actogram of 
a rod, cone and melanopsin triple knockout mouse during a light–dark cycle. Note that this mouse 
is unable to entrain to the light–dark cycle [ 39 ,  46 ]. C. Actogram of a melanopsin (Opn4) knockout 
mouse during a light–dark cycle. Opn4 knockout mice are able to entrain to a light–dark cycle, but 
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relatively high  compared to image-forming vision. The effect of stimulus wavelength 
on the  phase-shift magnitude is determined by the photopigments that contribute to 
entrainment, and this topic is considered in the fi nal section.  

3.6     Contribution of Photoreceptors to Photoentrainment 

 To determine the relative contributions of the inner and outer retinal photopigments 
to circadian photoentrainment, the phase-shifting capacity and entrainment proper-
ties of various retinal mouse models have been assessed (Table  3.1  and Fig.  3.5 ). 

    Table 3.1    Overview of the contribution of the photoreceptors to entrainment, phase-shifting 
capacity in behavioural activity, period lengthening in continuous light, re-entrainment after phase 
advance or delay, light-induced SCN clock gene expression and light-induced changes in SCN 
electrical activity   

 Triple 
KO 

 Without 
ipRGCs 

 Without 
melanopsin 

 Only 
melanopsin 

 Cone 
only  MW-coneless  Rod only 

 Entrainment  None 
[ 39 ] 

 None 
[ 46 ] 

 Normal [ 40 ]  Normal [ 7 ]  Impaired 
[ 103 ] 

 Impaired 
[ 109 ] 

 Normal 
[ 107 ] 

 Phase shifting  None 
[ 46 ] 

 Reduced 
[ 40 ] 

 Normal [ 39 ]  Reduced 
[ 108 ,  109 ] 

 Period change 
in constant 
light 

 None 
[ 46 ] 

 Reduced 
[ 40 ,  107 ] 

 Reduced 
[ 107 ] 

 Re-entrainment 
after phase 
delay or 
advance 

 None 
[ 46 ] 

 Varied 
[ 112 ] 

 Normal 
[ 107 ] 

 Light-induced 
SCN clock 
gene 
expression 

 Reduced 
[ 106 ] 

 Normal 
[ 111 ] 

 Reduced 
[ 108 ] 

 SCN electrical 
activity 

 Normal 
[ 110 ] 

 Reduced [ 3 ] 

 Normal [ 3 , 
 96 ] 

Fig. 3.5 (continued) have a reduced phase-shifting capacity [ 40 ,  106 ]. ( d ) Actogram of a rodless 
mouse during various light–dark cycles with a range of light intensities. Light intensity varied from 
0 lx ( darkest shading ) to 500 lx ( no shading ). Light intensities are indicated at the  y -axis in lux. 
Rodless mice are unable to entrain at low light intensities, whilst they are still able to entrain and 
phase advance at higher light intensities [ 107 ]. ( e ) Actogram of a rod-only mouse with depolarised 
cones during various light–dark cycles with a range of light intensities. Light intensity varied from 
0 ( darkest shading ) to 500 lx ( no shading ). Light intensities are indicated at the  y -axis in lux. Rod-only 
mice are able to entrain at a wide range of light intensities [ 107 ]. ( f ) Actogram of a mid-wavelength- 
sensitive-coneless (MW-coneless) mouse during shifting light–dark cycles with light intensities from 
10 to 100 lx. MW-coneless mice show a defi cit in their phase-shifting capacity [ 109 ]. ( g ,  h ) Two 
examples of actograms of cone-only mice during a light–dark cycle ( top half ) followed by a change 
to continuous darkness. A minority of the cone-only mice are able to entrain (example 1), whilst 
 others show defi cits in normal circadian entrainment (example 2) [ 39 ,  40 ,  103 ,  107 ,  109 ]       
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Mice that lack all rods and cones (UVS and MWS) are still able to entrain to light 
and show normal phase shifts [ 9 ,  104 ,  105 ], demonstrating that melanopsin alone is 
suffi cient for photoentrainment. However, mice that lack melanopsin but retain rods 
and cones can still entrain (Fig.  3.5c ) and phase shift, although with reduced sensi-
tivities. In addition, melanopsin-defi cient mice show attenuated period lengthening 
when housed in continuous light (Table  3.1 ) [ 39 ,  40 ,  106 ]. The consensus from 
several independent lines of study all show that rods and cones can partially com-
pensate for the loss of melanopsin.

   These early fi ndings provided compelling evidence that melanopsin is the domi-
nant photopigment mediating photoentrainment, whilst classical photoreceptors can 
contribute at some level. More recent studies have begun to clarify the different 
contributions of the rods and cones. For example, rods have been shown to mediate 
entrainment at both low-intensity and high-intensity light [ 103 ,  107 ] (Fig.  3.5d, e ). 
These studies suggested that two distinct rod pathways underlie these responses. At 
low light intensities, rods drive entrainment via the primary rod bipolar pathway. 
However, at high light intensities, cones are required, suggesting that rods signal to 
pRGCs via their electrical coupling to cones, forming a bright light rod–cone path-
way [ 107 ]. This model is supported by additional studies showing that rods can 
mediate photoentrainment at very dim light intensities, but also at higher irradiances 
when cones would be expected to function [ 103 ]. These dynamic interactions within 
the retina presumably allow entrainment to different features of the dawn/dusk tran-
sition. For example, the rod bipolar pathway mediates entrainment to relatively 
long-duration, low-intensity light stimuli. By contrast the rod activation of the cone 
pathway, in conjunction with melanopsin activation, mediates the more familiar 
high-threshold phase-shifting responses. As cone photoreceptors adapt very quickly 
to sustained light stimuli, these photoreceptors were considered to play only a minor 
role in irradiance detection [ 103 ]. However, there has been a growing appreciation 
that both MWS and UVS cones can play an important role in photoentrainment [ 96 , 
 108 ,  109 ] (Fig.  3.5f–h ). 

 Light-induced phase shifts in behavioural activity are mirrored by light-induced 
changes in SCN neuronal activity, such that the magnitude of the phase shift in 
behaviour is directly correlated with light-induced changes in the impulse fre-
quency of SCN neurones [ 85 ,  103 ]. In parallel with studies on circadian behav-
iour, the contribution of the various photoreceptor/photopigment classes to light 
responsiveness of the SCN has been studied at an electrophysiological level [ 83 , 
 87 ,  88 ,  91 ,  96 ]. In an attempt to address the role of MWS cones in evoking changes 
in SCN impulse frequency, electrophysiological recordings were performed in 
mice in which the human “red cone” photopigment ( λ  max  ~560 nm) was geneti-
cally knocked in to the murine MWS cones. The resultant shift in the spectral 
sensitivity of the MWS cones from  λ  max  508 nm to  λ  max  556 nm, combined with 
different wavelength light stimuli, allowed the different contribution of MWS 
cones vs rods ( λ  max  498 nm) to be elucidated. SCN recordings from anaesthetised 
mice suggested that the MWS cones are particularly important in transient on 
excitation, but not the sustained increase in fi ring [ 91 ]. Studies by other groups 
also suggested that cones are important for the fast-transient responses in SCN 
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  Fig. 3.6    ( a ) SCN electrical activity responses to UV ( λ  max  365 nm), blue ( λ  max  467 nm) and green 
( λ  max  505 nm) light in freely moving melanopsin defi cient mice ( Opn4  −/− ). Graphs show representa-
tive SCN multiunit activity (MUA) traces in response to a 100 s light pulse. Light pulses are indi-
cated above the graphs. Bin size is 1 s. SCN impulse frequency shows a sustained response during 
exposure to UV, blue and green light in  Opn4  −/−  mice. ( b ) Light-induced increases in SCN impulse 
frequency in response to UV ( λ  max  365 nm), blue ( λ  max  467 nm) and green ( λ  max  505 nm) light at 
three different light intensities in  Opn4  −/−  mice. Mice were exposed to 100 s of light which is indi-
cated in a step diagram above each graph. One representative trace of SCN electrical activity is 
shown per irradiance. Bin size is 1 s       
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impulse frequency, whilst melanopsin plays an essential role in the sustained 
component of SCN neuronal activity [ 87 ,  88 ]. However, most recently in vivo 
recordings from the SCN of freely moving mice show an irradiance-dependent 
increase in impulse frequency of SCN neurones in response to a broad spectrum 
of light stimuli ranging from ultraviolet ( λ  max  365 nm), blue ( λ  max  467 nm), to 
green light ( λ  max  505 nm). These responses were sustained for the full duration of 
the stimulus (100 s), and surprisingly, this sustained impulse frequency was main-
tained in the absence of melanopsin. 

 These very recent fi ndings show that rod and/or cone photoreceptors can also 
elicit sustained responses to light at the level of the SCN, presumably through their 
input to the pRGCs [ 26 ,  96 ] (Fig.  3.6 ). Thus SCN electrical activity appears normal 
in the absence of melanopsin, whilst melanopsin-defi cient mice have a reduced 
light-induced phase-shifting response in behavioural activity [ 40 ,  106 ]. These fi nd-
ings raise the possibility that the encoding of light information at the SCN does not 
fully correspond to the behavioural phase-shifting effects of light.

3.7        Conclusions 

 In little over 20 years, our understanding of circadian photoreception has changed 
markedly. The proposal that novel photoreceptors within the mammalian eye might 
mediate the effects of light on the circadian system was initially greeted with hostil-
ity. The subsequent discovery of these photoreceptors led to the hypothesis that the 
rods/cones mediate image detection and classical vision, whilst the pRGCs regulate 
a range of irradiance detection tasks including photoentrainment, with little cross-
talk between the image-forming and nonimage-forming light-detecting systems. 
Today we appreciate that rods, cones and melanopsin pRGCs can each contribute to 
photoentrainment in various substantive ways and the crosstalk between these pho-
toreceptors is extensive. It now even seems possible that each photoreceptor class 
within the mouse eye (rod, MWS, UVS pRGC) may be suffi cient for the regulation 
of many aspects of photoentrainment. The key challenge will be to understand how 
these divergent receptor classes converge upon the circadian system and to under-
stand their unique contribution in detecting different features of the daily light–dark 
transitions.     
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    Abstract     Melatonin and dopamine are two important players in the regulation of 
many physiological functions within the body. These neurohormones are also 
involved in the regulation of retinal physiology and its pathophysiology. Several 
studies have shown that melatonin synthesis in the retina primarily occurs during 
the night, whereas dopamine synthesis occurs during the day. We now know that 
melatonin and dopamine play opposing roles in the regulation of retinal physiology 
and visual processing in mammals; dopamine functions as a signal for light adapta-
tion, while melatonin has dark-adaptive effects. This reciprocal feedback loop is 
believed to be a critical component of the regulation of circadian rhythms in the eye. 
Melatonin and dopamine exert their infl uence(s) by binding to G-protein-coupled 
receptors that are expressed by many different cells in the vertebrate retina. Although 
during the last 20 years we have acquired a substantial knowledge on the role of 
melatonin and dopamine in many different animal models, a clear role for the mela-
tonin and dopamine systems in human retina is still missing. It is our hope that 
future genomic studies will be performed on human populations with ocular dis-
eases to determine if polymorphisms in genes encoding enzymes—or receptors—
involved in the melatonin and dopamine systems are associated with specifi c visual 
disorders.  
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     Melatonin and dopamine (DA) are two important players in the regulation of many 
physiological functions within the body. These neurohormones are involved in 
many aspects of retinal physiology and pathology [ 1 ,  2 ]. Our understanding of the 
roles that melatonin and dopamine play within the eye has signifi cantly improved 
over the last 10 years. Much of the progress is due to the use of animal models in 
which the synthesis or the signaling of melatonin and dopamine has been affected 
by genetic manipulations. We now have solid experimental evidence that indicates 
that melatonin and dopamine play opposing roles in the regulation of retinal physi-
ology and visual processing in mammals; dopamine functions as a humoral signal 
for light and facilitates photopic visual function, while melatonin has dark-adaptive 
effects. This reciprocal feedback loop, fi rst identifi ed in  Xenopus laevis  [ 3 ] but later 
in other nonmammalian vertebrates, is believed to be a critical component of the 
regulation of circadian rhythms in the eye. In this chapter, we will summarize the 
current knowledge about the role of melatonin and dopamine in the mammalian 
retina and more specifi cally on the contribution of these neurohormones to the regu-
lation of retinal circadian rhythms. 

4.1     Melatonin Synthesis and Metabolism 

 Melatonin is synthesized by the pineal gland and the retina of many vertebrate spe-
cies via a well-defi ned biosynthetic pathway [ 4 ,  5 ]. Melatonin synthesis begins with 
the uptake of the amino acid tryptophan from the blood. Tryptophan is then sequen-
tially converted to 5-hydroxytryptophan, serotonin,  N -acetylserotonin, and melato-
nin by a series of enzymatic reactions (Fig.  4.1 ). In the retina, melatonin is almost 
exclusively produced by the photoreceptor cells [ 6 ,  7 ] although in some cases can 
be produced by other cell types situated within the inner nuclear layer [ 8 ] and by 
ganglion cells [ 9 ]. The amount of melatonin produced by the retina is much smaller 
than that produced by the pineal gland and retinal melatonin is thought to act as a 
local neuromodulator within the eye [ 10 ], although in some nonmammalian verte-
brate species, retinal melatonin may also contribute to the levels of the hormone in 
the blood [ 11 ].

   Several studies have shown that melatonin synthesis in the retina primarily 
occurs during the night and thus melatonin levels in the eye are high during the night 
and low during the day (reviewed in: [ 12 ]). In the majority of the species investi-
gated thus far, melatonin synthesis in the retina is under the control of retinal circa-
dian clocks since the retinae of fi shes, amphibians, reptiles, birds, and mammals 
synthesize melatonin in rhythmic fashion when they are maintained in vitro under 
constant darkness (reviewed in: [ 5 ]). In addition, lesions of the suprachiasmatic 
nucleus (SCN) of the hypothalamus, i.e., the master circadian clock, do not abolish 
the circadian rhythm of  Aa - nat  transcription in the rat retina [ 13 ]. Although the 
above-mentioned experiment provided compelling evidence that the circadian 
rhythm in melatonin synthesis is generated within the mammalian retina, direct 
evidence could be only obtained by recording the circadian rhythm in melatonin 
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release—or AANAT activity—in cultured retinae as reported for  Xenopus laevis  
[ 14 ]. Such a direct demonstration was obtained by Tosini and Menaker [ 15 ], who 
reported that a circadian rhythm in melatonin release could be recorded for several 
days when the retinae were maintained in culture [ 15 ,  16 ]. Furthermore it was also 
reported that cultured retinae could be entrained to a new light:dark cycle in vitro 
[ 15 ,  16 ] and the circadian rhythm in melatonin release was temperature- compensated 
[ 17 ]. Interestingly, it has been also reported that, in the  tau  mutant hamster, the 
period of the circadian rhythm in melatonin synthesis of cultured retina is infl u-
enced by the  tau  gene in the same way that this gene infl uences the period of the 
circadian pacemaker located in the brain [ 15 ] suggesting that the molecular clock-
work in the retina is identical to the molecular clockwork in the SCN. 

 Experimental evidence indicates that the circadian clock controlling melatonin 
synthesis is located within the photoreceptors. In  Xenopus , chicken, and rat, rhyth-
mic melatonin synthesis persists in retinae in which the inner retina has been 
destroyed by kainic acid treatment [ 6 ,  18 – 20 ] and in rodless ( rd ) mice, i.e., mice 
lacking rod photoreceptors, melatonin synthesis in cultured retina is no longer 
rhythmic [ 16 ]. Finally, it has been reported that, in the isolated photoreceptor layer, 
melatonin synthesis is still under the control of the circadian clock [ 6 ,  21 ]. However, 
it remains unclear if rhythmicity is produced by the rod photoreceptors or whether 
interactions among rods and cones are necessary to generate circadian rhythmicity 
in melatonin synthesis. 

  Fig. 4.1    Melatonin and 
dopamine biosynthesis. 
Melatonin is synthesized via 
four steps of a biochemical 
reaction that starts with the 
uptake of the circulating 
amino acid tryptophan. In the 
mammalian retina, the 
activity of melatonin 
deacetylase has not been 
demonstrated. Dopamine 
synthesis starts with the 
conversion of tyrosine to 
 l -DOPA and then to 
dopamine. Retinal dopamine 
is then metabolized to 
DOPAC and HVA       
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 The key regulatory step in melatonin synthesis is catalyzed by arylalkylamine 
 N -acetyltransferase (AANAT), which converts serotonin to  N -acetylserotonin 
(Fig.  4.1 ). AANAT is subject to both transcriptional and posttranslational regulation 
[ 5 ] (Fig.  4.2 ). The control of the transcription of the  Aanat  gene in photoreceptors 
is under the direct control of light–dark cycles via the cAMP signaling cascade and 
controlled by the circadian clock [ 22 ,  23 ] (Fig.  4.2 ).

   AANAT is also subject to posttranslational regulation (Fig.  4.2 ). Retinal AANAT 
is phosphorylated at night [ 24 ] thus promoting binding to 14:3:3 proteins, which 
stabilizes and activates the enzyme [ 24 – 26 ]. This process is also modulated by the 
retinal circadian clock by controlling the circadian expression of  Adcy1 , which 
encodes the type 1 Ca 2+ /calmodulin-stimulated adenylyl cyclase (AC1) [ 23 ,  27 ]. 
The rhythm in AC1, in turn, generates circadian rhythms of cyclic AMP and PKA- 
dependent phosphorylation of AANAT [ 23 ,  27 ]. 

 Posttranslational mechanisms ensure that melatonin levels are maintained at 
extremely low levels in the presence of light. For example, AANAT activity is 

  Fig. 4.2    Regulation of retinal melatonin levels in the eye by transcriptional and posttranscrip-
tional regulation. At night cAMP levels are elevated, thus activating  Aanat  gene transcription and 
then AANAT phosphorylation. Phosphorylated AANAT (pAANAT) associates with 14-3-3 pro-
teins, which activate and stabilize the enzyme resulting in increased conversion of serotonin to 
 N -acetylserotonin, and then to melatonin. Light exposure at night decreases cAMP levels resulting 
in dephosphorylation of AANAT and its subsequent degradation by proteasomal degradation. The 
circadian clock controls melatonin levels by directly regulating  Aanat  transcription and by gating 
the cAMP signaling cascade. In constant darkness, the circadian rhythm in dopamine levels is 
driven by the circadian rhythm in melatonin levels (adapted from [ 1 ])       
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abolished in animals maintained in constant light [ 28 ] and light exposure in the 
middle of the night induces a very rapid decrease in AANAT activity in the pineal 
gland and retina [ 4 ,  29 ,  30 ]. Light exposure rapidly decreases cAMP levels in pho-
toreceptor cells [ 31 – 34 ] and promotes the dephosphorylation of AANAT, its disso-
ciation from 14-3-3, and its degradation by proteasomal proteolysis [ 24 ,  25 ,  35 – 37 ]. 
This effect of light appears to be partially a direct effect on photoreceptor cells, 
combined with an effect of dopamine. Dopamine is released from amacrine and 
interplexiform cells in response to light and acts on dopamine D 4  receptors on the 
photoreceptor cells to further suppress cyclic AMP synthesis and Ca 2+  levels and to 
inhibit melatonin biosynthesis [ 33 ,  38 – 41 ]. Such tight control of retinal melatonin 
levels suggests that high melatonin levels during the light phase may be deleterious 
for the photoreceptor cells [ 42 ,  43 ]. 

 Another interesting aspect of retinal melatonin biology can be found in the regu-
lation of its metabolism. In nonmammalian vertebrates, retinal melatonin is metabo-
lized within the eye [ 44 – 46 ] via a well-defi ned pathway that involves melatonin 
deacetylation (see Fig.  4.1 ). This pathway seems to be absent in the mammalian 
retina [ 44 ,  47 – 49 ] and therefore it is not clear whether melatonin is metabolized in 
the retina of mammals. 

 While melatonin synthesis in the retina is well established in many mammalian 
and nonmammalian species, its synthesis in the retina of primates, including 
humans, has been questioned. Melatonin has been detected in human retina [ 47 ] and 
 Aanat  transcripts have been detected in human and macaque retinas [ 50 ,  51 ], but 
HIOMT (a.k.a. ASMT) transcripts and activity are barely detectable in human and 
macaque retinas [ 51 ,  52 ]. Nevertheless melatonin receptors are widely distributed 
in the human retina [ 53 – 56 ] and melatonin affects retinal functions (see below). 
Therefore, it is possible that in the primate retina melatonin of pineal origin modu-
lates retinal functions.  

4.2     Melatonin: Site of Action and Signaling 

 Melatonin exerts its infl uence by binding to G-protein-coupled receptors (GPCRs) 
named melatonin receptor type 1 (MT 1 ) and type 2 (MT 2 ). MT 1  and MT 2  receptors 
are both present in the vertebrate retina (reviewed in: [ 57 ], but see also Table  4.1 ). 
In rats, MT 1  receptors are found in the horizontal and amacrine cells within the 
inner plexiform layer, retinal ganglion cells (RGCs), and the retinal pigment epithe-
lium (RPE) [ 58 ]. Dopaminergic neurons may also express MT 1  receptors [ 59 ], sug-
gesting that melatonin can directly modulate the activity of these cells and is 
consistent with observations, in many species, that melatonin inhibits dopamine 
release [ 40 ,  60 ,  61 ]. In humans, melatonin receptors (MT 1  and MT 2 ) have been 
located on the rod photoreceptors and on RGCs [ 54 – 56 ,  62 ]. The colocalization of 
MT 1  and MT 2  receptors in photoreceptors suggests that these receptors may form 
heteromeric complexes in vivo, as demonstrated previously in vitro [ 63 ,  64 ].
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   In the mouse, MT 1  receptors have been localized to photoreceptors, inner retinal 
neurons, and RGCs [ 65 ,  66 ]. The fact that melatonin receptors are expressed on the 
same cells responsible for their synthesis raises the intriguing hypothesis that mela-
tonin may feedback on the photoreceptors to regulate its own levels or to produce 
other autocrine effects. A few studies have also reported that melatonin receptors 
are present in the ciliary body [ 67 – 71 ]. The expression of melatonin receptors in the 
ciliary body processes has led to the hypothesis that melatonin may be involved in 
the regulation of intraocular pressure (IOP) and, indeed, several studies have shown 
that melatonin can modulate the IOP in various species [ 68 ,  70 ,  72 ,  73 ]. New exper-
imental evidence in the mouse also indicates that melatonin modulates the daily 
rhythm in IOP [ 73 ] since removal of the MT 1  receptor signifi cantly increased the 
mean IOP levels during the night.  

4.3     Dopamine Synthesis and Regulation and in the Retina 

 Dopamine (DA) is the primary catecholamine in the retina, where this neuromodu-
lator is synthesized and released from unique populations of cells in the inner 
nuclear layer that are either amacrine or interplexiform neurons [ 2 ]. The synthesis 
of DA occurs via the conversion of tyrosine to  l -3,4-dihydroxyphenylalanine 
( l -DOPA) by tyrosine hydroxylase (TH), the rate limiting enzyme for DA synthe-
sis, and the subsequent decarboxylation of  l -DOPA by aromatic  l -amino acid 
decarboxylase. Interestingly, it has been shown that dopaminergic neurons can syn-
thesize dopamine throughout the entire cell (i.e., body and processes) [ 74 ]. Although 
the number of dopaminergic neurons in the retina is small (about 500 in the mouse 
retina [ 66 ]), the extensive length and ramifi cation of the axons of these neurons can 
extend their action to almost the entire retina   . Furthermore, DA may also have wide-
spread effects within the retina via diffusion (volume conduction). 

 The daily changes in dopamine synthesis and release depend on the interactions 
between the photoreceptors and the dopaminergic neurons, where dopamine release 

     Table 4.1    Distribution of melatonin and dopamine receptors in the vertebrate retina   

 MT 1   MT 2   D 1 -like  D 2 -like 

 RPE  ±  +  +  + 
 Photoreceptors  +  +  −  + 
 Outer plexiform layer  +  +  +  − 
 Bipolar cells  ±  +  +  + 
 Horizontal cells  +  +  +  − 
 Amacrine cells  +  +  ±  + 
 Inner plexiform layer  +  +  +  + 
 Ganglion cells  +  +  +  + 
 IpRGCs  +  −  −  + 
 Müller cells  +  +  +  − 

  + Presence reported, ± presence uncertain, − no presence reported  
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is stimulated by light [ 75 ,  76 ]. Previous studies have also shown that dopamine 
release and dihydroxyphenylacetic acid (DOPAC) production are higher during the 
day than during the night [ 76 ] and, for this reason, it is believed that dopamine pro-
motes light adaptation. However, it must be mentioned that dopamine release is also 
present in the darkness as demonstrated by several studies in which the animals 
were kept in darkness [ 66 ,  77 ]. Furthermore, it is worthwhile to mention that mea-
suring total retinal dopamine content may not be the best method to assess the 
changes in the release of this neurotransmitter in the retina, since it includes the 
amount of dopamine present in the cell as well as extracellular DA. Therefore, a 
better way to assess the changes in dopamine level is to measure its release and 
reuptake or its metabolism (i.e., the level of DOPAC or homovanillic acid [HVA]). 
Methods that have been used to estimate retinal dopaminergic activity include mea-
suring DA and/or DOPAC in the vitreous [ 78 ,  79 ], in vivo voltammetry [ 80 ], and in 
vivo microdialysis [ 81 ,  82 ]. Under most conditions, increases of dopamine release 
are accompanied by increases in DA synthesis, mediated by activation of TH [ 75 , 
 76 ]. Thus, activation of TH, measured in vitro or in vivo, has been used as a measure 
of retinal dopaminergic activity. All of these methods consistently show that dopa-
minergic activity is elevated during the daytime or as a consequence of light expo-
sure. However, not all retinal DA neurons appear to be light-sensitive. 
Electrophysiological recordings from mouse retinal DA neurons show heteroge-
neous responses, with some cells exhibiting light-independent activity [ 83 ].  

4.4     Dopamine: Site of Action and Signaling 

 Dopamine receptors are GPCRs. There are fi ve different subtypes (D 1 –D 5 ) orga-
nized in two different families (D 1 - and D 2 -like). The D 1  family includes the D 1  and 
D 5  that are positively coupled with adenylyl cyclase, i.e., their activation increases 
the intracellular levels of cAMP. Although the D 1  and D 5  receptors have similar 
pharmacologies with respect to selective agonists and antagonists, the D 5  receptor 
has a much higher affi nity for DA than does the D 1  receptor. The D 2  family includes 
the D 2 , D 3 , and D 4  subtypes and these receptors are negatively coupled with adeny-
lyl cyclase, i.e., their activation decreases the intracellular levels of cAMP. 

 Most of the cells in the retina express dopamine receptors (Table  4.1 ), and there-
fore DA has profound effects in the regulation of many retinal functions. D 1  receptor 
immunoreactivity has been detected in the outer plexiform and inner plexiform lay-
ers and within the cell bodies of horizontal cells, some cone bipolar and amacrine 
cells, and perhaps in the ganglion cells [ 84 ]. D 5  receptor transcripts are expressed in 
cultured RPE [ 85 ], but the levels appear to be relatively low in the neural retina [ 86 ]. 

 D 2  receptors (D 2 R) are widely expressed in the retina and function as both post-
synaptic receptors and autoreceptors that inhibit dopamine release. D 2  receptors are 
expressed by amacrine, bipolar, and ganglion cells [ 87 ,  88 ] and possibly by the 
intrinsically photosensitive RGCs (ipRGCs, [ 89 ]). D 2 R immunoreactivity has been 
observed in Müller cells and on the basal surface of the bovine RPE, but not in other 
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mammalian species [ 90 ]. More recently it has been reported that D 2 R mRNA and 
protein are present in the human RPE [ 91 ] and the presence of D 2 R transcripts has 
been reported for the human RPE-choroid. D 4  receptors are mostly expressed on the 
photoreceptors and transcripts for these receptors have been also detected in the 
interplexiform layer (IPL) and in ganglion cells [ 92 ]. D 3  receptors seem to be absent 
from the retina [ 86 ].  

4.5     Role of Melatonin and Dopamine in the Regulation 
of Retinal Functions 

 Several studies have shown that melatonin and dopamine play opposing roles in the 
regulation of retinal adaptive physiology (reviewed in: [ 5 ,  12 ]). Dopamine functions 
as a humoral signal for light, producing light adaptive physiology, whereas melato-
nin produces dark-adaptive effects. Melatonin modulates the sensitivity of photore-
ceptors and second-order neurons at night when photopic input is low [ 93 ]. In some 
species, melatonin can affect glutamatergic transmission from cones to cone-driven 
bipolar cells [ 94 ] and may potentiate responses of ON bipolar cells to rod signals 
[ 95 ]. In  Xenopus laevis , melatonin directly stimulates the responsiveness of rod 
photoreceptors [ 96 ]. Administration of exogenous melatonin in fi shes and amphib-
ians can increase the amplitude of the a- and b-wave of the scotopic electroretino-
gram (ERG [ 95 ,  96 ]). In chicken, administration of exogenous melatonin during the 
day reduces the amplitude of the b-wave [ 97 ], and chronic administration of mela-
tonin abolishes rhythmicity of a-wave and b-wave implicit times and b-wave ampli-
tude [ 98 ]. In humans, melatonin administration decreases the amplitude of the cone 
ERG [ 99 ] and the amplitude of the cone and mixed rod–cone response is negatively 
correlated with the concentration of endogenous melatonin [ 100 ]. 

 In mice, administration of exogenous melatonin increases the amplitudes of 
a- and b-waves and lowers the scotopic threshold response (i.e., visual sensitivity) 
to levels observed at night under control conditions; removal of MT 1  receptors abol-
ishes these effects [ 65 ]. In melatonin-profi cient mice (C3H- f+/+ ), removal of the MT 1  
receptors abolished the daily rhythm in the amplitude of the dark- and light- adapted 
ERG [ 65 ]. Interestingly, the daily rhythm in the amplitude of the a- and b-wave of 
the ERGs also disappears during aging due to a reduced responsiveness to melato-
nin [ 101 ]. A decrease in the responsiveness to melatonin during aging has been 
observed also in other areas of the brain [ 102 ] and is probably due to a down- 
regulation of the melatonin receptors. In conclusion, it is evident that melatonin can 
affect visual functions, although its effects may be different in different species and/
or cell types. 

 Finally, a few studies have suggested a role for melatonin in the regulation of 
disk shedding. Exogenous melatonin led to activation of disk shedding in  Xenopus  
retina [ 103 ] and an increase in the frequency of large phagosomes in rat RPE cells 
[ 104 ]. However, it should be noted that circadian rhythms of disk shedding have 
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been observed in mice that are genetically incapable of producing substantial 
 quantities of melatonin [ 105 ]. 

 The widespread distribution of dopamine receptors within the retina, together 
with the observation that dopamine can easily diffuse within the retina, indicates 
that this neuromodulator may modulate several retinal functions. Indeed, experi-
mental evidence gathered over the last 20 years support this vision. Activation of D 2  
or D 4  receptors present on the photoreceptor cells leads to a decrease of cAMP and 
inhibition of melatonin synthesis [ 40 ,  60 ], modulates the phosphorylation of phos-
ducin [ 106 ], and probably affects the phosphorylation state of many proteins pres-
ent in the photoreceptors, including rhodopsin [ 107 ]. Dopamine, via D 2 -like 
receptors (presumably D 4 R), can also affect rod–cone coupling via gap junctions 
[ 108 ,  109 ]. Activation of D 1 -like receptors uncouples horizontal cells and, in dark- 
adapted retinas, depolarizes horizontal cells [ 2 ]. Activation of D 1  receptors also 
potentiates the effect of ionotropic glutamate receptor activation on horizontal cells 
[ 110 ]. Dopamine and D 1  receptor agonists induce the uncoupling of gap junctions 
in AII amacrine cells by cAMP-dependent phosphorylation of connexin proteins 
[ 111 ]. Activation of D 1 -like receptors on starburst amacrine cells induces acetylcho-
line release [ 2 ]. Finally, dopamine modulates the function of RGCs including the 
newly discovered ipRGCs [ 89 ,  112 ,  113 ]. Emerging—and somewhat controver-
sial—experimental evidence also suggests that these ipRGCs may be involved in 
the regulation of dopamine release and metabolism [ 114 ,  115 ]. Several lines of 
evidence also suggest that DA and its receptors are involved in the regulation of 
RPE functions. For example, inhibition of DA synthesis during the early part of the 
light phase induced a signifi cant reduction of the morning peak of disk shedding and 
phagocytosis [ 116 ], and mice whose dopaminergic neurons have been destroyed by 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) accumulate a large number 
of residual bodies in the RPE [ 117 ]. However, it must be mentioned that the pres-
ence of dopamine receptors in the mammalian RPE is still controversial [ 88 ,  118 ].  

4.6     Melatonin and Dopamine as a Key Regulator of Retinal 
Circadian Rhythms 

 In many species, the synthesis and release of both melatonin and dopamine are 
under circadian control, with melatonin released at night and dopamine during the 
day. Melatonin inhibits the release of dopamine through an action on melatonin 
receptors [ 60 ,  61 ,  119 ], and dopamine inhibits the synthesis and release of melato-
nin from photoreceptor cells by acting on D 2 -like dopamine receptors [ 18 ,  40 , 
 118 ]. Thus, the melatonin and dopamine secreting cells form a cellular feedback 
loop functioning to regulate circadian retinal physiology (Fig.  4.3 ). Although com-
pelling molecular evidence suggests that dopaminergic neurons in the retina are 
likely to contain circadian clocks [ 120 ], the circadian rhythm of dopamine release 
and metabolism appears to be dependent on melatonin. Retinal dopamine content 
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and metabolism are circadian in mice that synthesize melatonin, but not in mice 
that are genetically incapable of synthesizing melatonin [ 76 ,  77 ,  106 ]; and daily 
injections of melatonin induce circadian rhythms of dopamine in retinas of mice 
that are unable to synthesize the neurohormone [ 77 ]. The role of melatonin in con-
trolling DA rhythmicity is not unique to mice. For example, in pigeon and goldfi sh 
retinas, circadian clocks regulate rhythms of dopamine release via melatonin 
receptors [ 61 ,  82 ].

   In  Xenopus laevis  DA, via D 2 -like receptors, is involved in the entrainment of 
circadian rhythm of retinal melatonin synthesis [ 10 ,  121 ] via regulation of  Per2  
mRNA expression [ 122 ,  123 ]. Recent experimental evidence also suggests that DA 
signaling plays an important role in the regulation of circadian rhythms in the mouse 
retina [ 106 ,  124 – 126 ] and these studies indicate that the modulation of circadian 
rhythms by DA within the retina involves multiple subtypes of DA receptors. Ruan 
et al. [ 124 ] demonstrated that the circadian rhythm in PER2:LUC bioluminescence 
observed within the inner retina is phase-shifted by activation of D 1 R [ 124 ], whereas 
the entrainment of the circadian clock in the photoreceptors seems to be controlled 
by D 4 R [ 106 ,  125 ]. Additional evidence for a role of DA signaling in circadian 
rhythm regulation in the mouse retina comes from a series of studies in which the 

  Fig. 4.3    Melatonin and dopamine modulate many retinal functions. Melatonin modulates dopa-
minergic neurons (paracrine role) in the retina and it can also modulate the functions of the photo-
receptors where it is synthesized (autocrine role). Dopamine can also regulate melatonin synthesis 
by acting on D 2 R and D 4 R present on the melatonin synthesizing cells (photoreceptors) and feed-
back on dopaminergic cell via D 2 R (autocrine role). Melatonin and dopamine receptors are 
expressed in many retinal cells (see Table  4.1 ) and therefore these neurohormones can modulate 
many different functions within the eye       
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D 2 R null mice were employed [ 127 ]. These D 2 R null mice showed a signifi cant 
reduction in the light masking response and light induction of  Per1  in the retina was 
dramatically reduced [ 127 ]. Moreover, CLOCK:BMAL1 transcriptional activity is 
augmented by activation of D 2 R [ 128 ] and D 2 R signaling also contributes to the 
stability of BMAL1 protein [ 129 ]. The precise molecular mechanisms by which 
dopamine drives the entrainment of the circadian clock are not fully understood; 
however, a number of studies support a model in which the rapid induction of the 
circadian clock genes  Period1  ( Per1 ) and  Period2  ( Per2 ) drives the resetting process 
[ 130 ,  131 ]. The induction of  Per1 mRNA is believed to be positively coupled with 
activation of cAMP response element-binding protein (CREB) located on the pro-
moter region of the  Per1  [ 132 ,  133 ]. D 2 -like receptors are negatively coupled with 
adenylyl cyclase (AC) and thereby lead to a decrease of cAMP levels. Thus, it is 
unlikely that D 2 R activation induces  Per1  mRNA via the cAMP signaling pathway. 
 Per1  mRNA induction in the retina may be regulated by cAMP-independent signal-
ing pathways since photic induction of  Per1  mRNA is dramatically decreased 
in D 2 R −/−  mice [ 126 ] and a functional CRE is not required for its induction [ 128 ] 
(see Fig.  4.4 ).

   There is a circadian rhythm of b-wave amplitude of the ERG that is modulated 
by dopamine and dopamine D 4  receptors. In wild-type mice, the b-wave amplitude 
is higher in the daytime than at night and this difference persists in constant dark-
ness [ 134 ,  135 ]. The ERG rhythm is disrupted in  Bmal1  and  Cry  mutant mice [ 134 , 

  Fig. 4.4    Proposed model for the entrainment of the circadian clock by dopamine (DA) in the RPE. 
Dopamine receptor (DR) activation leads to activation of MEK, and then Erk1/2 (ERK) via a 
cAMP-independent pathway. Activation of  Period  ( Per )  1  and  2  can occur by either (1) phos-
phorylation of CBP causing it to bind and activate BMAL1:CLOCK (B, C) or (2) phosphorylation 
of p90RSK, which in turn phosphorylates CREB at Ser133 thus activating  Per1 / 2  promoters. 
Adapted from [ 128 ] (Drawing by Dr. J.P. DeBruyne)       
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 135 ], and in mice with a conditional retina-specifi c disruption of  Th  (RetTH-KO), 
that depletes dopamine from the retina but not the brain [ 126 ]. The effect of retinal 
dopamine depletion is phenocopied in mice lacking dopamine D 4  receptors and the 
circadian rhythm of photopic ERG can be induced in RetTH-KO mice by daily 
injection of a dopamine D 4  receptor agonist. Interestingly, the photopic ERG rhythm 
is observed in mice on a melatonin-defi cient background, which do not show rhyth-
mic dopamine metabolism in constant darkness. However, these mice express a 
circadian rhythm of the transcript encoding the D 4  receptor that persists in constant 
darkness [ 125 ]. We hypothesize that it is a rhythm of D 4  receptors that sustains the 
circadian ERG rhythm, but this hypothesis awaits experimental analysis. Another 
possible explanation for these observations is that dopamine via D 4  receptors may 
entrain the circadian clocks that drive the ERG rhythm and that without DA the 
clocks desynchronize. A similar explanation has been put forward for the role of D 4  
receptors in rhythmic gene expression in photoreceptor cells [ 125 ]. 

 Melatonin may also infl uence the circadian clock in the retina. Indeed, a series 
of recent studies using MT 1  −/−  mice have shown that removal of this receptor has a 
profound impact on the regulation of clock genes and of clock-controlled genes in 
many tissues. For example, Von Gall et al. [ 136 ] reported that rhythmic expression 
of the  Period1  (gene and protein) in the pituitary gland depends on melatonin via 
MT 1  signaling. Additional studies reported that the rhythmic expression of several 
clock genes ( Per1 ,  Per 2 ,  Bmal1 ,  and Cry 1 ) in the mouse  pars tuberalis  depends 
on MT 1  signaling [ 137 ]. A few studies have also suggested that melatonin 
infl uences the amplitude and the phase of  Per1 ,  and Cry1 m RNA in the mouse 
retina [ 138 ,  139 ]. 

 As mentioned above, it appears that melatonin via MT 1  controls the daily rhythms 
of the scotopic and photopic ERGs in C3H mice [ 65 ], and other investigations per-
formed with melatonin-defi cient mice have shown that the daily rhythm in the 
amplitude of the scotopic ERGs does not persist in constant darkness, thus demon-
strating a lack of circadian control [ 66 ,  134 ,  135 ]. Since melatonin is believed to be 
a key regulator of circadian functions within the retina, a recent study investigated 
whether there is circadian regulation of the photopic and scotopic ERGs in 
melatonin- profi cient mice and found a lack of circadian control of the dark-adapted 
ERG [ 66 ]. On the other hand, a circadian rhythm in the photopic ERGs was observed 
in these mice, as in melatonin-defi cient mice [ 134 ,  135 ]. Thus, melatonin may not 
be directly involved in the circadian regulation of the photopic ERGs in the mouse. 
However, the circadian regulation in the photopic ERG was abolished by targeted 
disruption of the MT 1  receptor, indicating that in melatonin-profi cient mice MT 1  
receptor signaling is required for the circadian regulation of the photic ERGs [ 66 ]. 
Interestingly, removal of the MT 1  receptors did not affect the circadian regulation of 
DA and DOPAC. Therefore, the loss of circadian regulation in the photopic ERGs 
observed in MT 1  −/−  mice is not a consequence of the loss in the circadian regulation 
of DA and DOPAC. A possible explanation for these results may be found in a pre-
vious study that demonstrated altered photopic ERG responses in mice lacking 
melanopsin (the photopigment present in the ipRGCs) [ 140 ]   . Since MT 1  receptors 
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are present on the ipRGCs [ 66 ], it is possible that the lack of MT 1  signaling may 
affect the circadian regulation of the photic ERG by acting on MT 1  receptors present 
on the ipRGCs. 

 Melatonin and dopamine have been implicated in the regulation of the disk shed-
ding (see references above) although their role is not clear. For example, the circa-
dian regulation of disk shedding does not appear to be different between 
melatonin-profi cient mice (C3H/f +/+ ) and melatonin-defi cient mice (C57BL/6) since 
the disk shedding was rhythmic in both strains and was not affected by administra-
tion of exogenous melatonin [ 105 ]. In addition, since DA rhythms do not persist in 
C57BL/6 mice when exposed to constant darkness, it must be concluded that the 
circadian rhythm in dopamine metabolism is not involved in the regulation of the 
circadian rhythms in disk shedding [ 105 ]. However, a recent study has reported that 
in melatonin-profi cient mice in which the melatonin receptors have been removed 
(MT 1  and MT 2  knock-down), the timing of the peak in the daily rhythm of phago-
cytosis occurs during the late night and not after the onset of light as occurs in wild- 
type mice thus suggesting that melatonin signaling may be involved in timing of the 
daily rhythm of shedding and phagocytosis [ 141 ]. Additional emerging evidence 
has shown that the RPE contains an autonomous circadian clock that controls 
the circadian rhythms in PER2:LUC bioluminescence rhythm [ 142 ]. Interestingly, 
this circadian rhythm in the RPE can be phase-shifted by exogenous dopamine but 
not by melatonin [ 143 ]. Further studies are required to fully understand the mecha-
nisms by which melatonin and dopamine may regulate the circadian rhythms disk 
shedding and phagocytosis.  

4.7     Conclusions 

 As we have described in the previous sections it is well established that melatonin 
and dopamine are important players in the regulation of many retinal functions and 
are the drivers of retinal circadian rhythms. Recent work using transgenic mice has 
greatly facilitated our understating of the mechanisms by which these two neuro-
hormones regulate retinal physiology. Although extended knowledge now exists on 
the role of melatonin and dopamine in many different animal models, a clear role 
for the melatonin and dopamine systems in humans is still missing. It is our hope 
that future genomic studies will be performed on human populations with ocular 
diseases to determine if polymorphisms in genes encoding enzymes—or recep-
tors—involved in the melatonin and dopamine systems are associated with specifi c 
visual disorders.     
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    Abstract     Our vision is different at different times of the day because our retina 
works differently at different times of day. These rhythms in the visual function are 
not just simple responses to the daily light–dark cycle but are in fact the overt 
expression of an endogenous, self-sustained circadian clock in the retina that drives 
many rhythms in retinal physiology and metabolism. Thus, the vertebrate retina is 
both a sensory organ and a 24-h biological clock. Here, we will explore the molecu-
lar, cellular, and neurochemical organization of the retinal circadian clock.  

  Keywords     Circadian   •   Retina   •   Dopamine   •   Melatonin   •   Clock gene   •   Gene expres-
sion   •   Photoreceptor   •   Ganglion cell   •   Vision  

     The retina, in addition to elaborating the mechanisms for transduction and encoding 
of light into visual signals, contains a complete circadian clock system—clock 
genes that generate 24-h rhythms, an input pathway by which light synchronizes the 
cycling of the retinal clock to the environmental light/dark cycle, and neurochemi-
cal output pathways that transmit the clock’s infl uence throughout the retina and 
into the rest of the brain. The retinal circadian clock drives intrinsic rhythms in reti-
nal gene expression, synaptic communication, and metabolism that globally shape 
retinal function according to the time of the day. These endogenous 24-h rhythms 
bias retinal function in anticipation of the normal cycle of photopic and scotopic 
visual conditions that alternate with the predictable 24-h cycling of solar day and 
night. The retina is unique among vertebrate neural circadian clocks in containing 
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all the functional elements of a clock system within a single neural tissue that is 
highly accessible, ordered and with well-defi ned circuitry. 

 While the vertebrate retina may be unique in its confi guration as a circadian 
clock, its modulation of sensory function is emblematic of a broader biological 
phenomenon, the widespread infl uence of circadian clocks on sensory processes. 
Circadian gating of sensory function is a fundamental property of sensory organs 
and systems in a wide variety of species. Humans have demonstrated diurnal 
rhythms in overall visual sensitivity, with increased sensitivity to dim light stimuli 
at night [ 1 ], as well as enhanced temporal resolution of vision in the day [ 2 ]. 
These psychophysical measures are matched by corresponding rhythms in the 
amplitude and kinetics of the human electroretinogram (ERG), a summed mea-
sure of retinal electrical responses to light [ 3 ,  4 ], indicating that the retina itself 
likely drives or contributes to these visual rhythms. In addition, there are diurnal 
variations in odor responses [ 5 ] and in auditory temporal resolution [ 6 ] in humans 
as well. These sensory rhythms are present in other mammals (e.g., mouse ERG 
[ 7 ,  8 ], mouse olfactory response [ 9 ]). In invertebrates (Drosophila, Limulus, 
 cockroaches), there are prominent circadian rhythms in the sensitivity of vision 
and olfaction, with changes in sensitivity of up to 6 log units from day to night 
[ 10 – 12 ]. These rhythms can be endogenously generated within the sensory tissue 
(e.g., Drosophila olfaction [ 13 ]) or via efferent control by central pacemakers 
(e.g., Limulus vision [ 11 ]). 

 That vertebrate retinas contain endogenous circadian clocks was fi rst demon-
strated by circadian melatonin secretion from isolated  Xenopus  frog retinas [ 14 ] and 
then extended to the mammalian retina with the demonstration by Tosini and col-
leagues of circadian rhythms in melatonin secretion by isolated hamster, mouse, and 
rat retinas [ 15 – 17 ]. In addition, circadian rhythms in melatonin synthesis, or gene 
expression, have been shown in isolated fi sh, reptile, and bird retinas [ 18 – 20 ], dem-
onstrating that endogenous retinal clocks are widespread throughout the 
vertebrates. 

 Numerous aspects of retinal physiology and function are under the control of an 
intrinsic retinal circadian clock, including melatonin release [ 15 ,  16 ], dopamine 
synthesis [ 21 ,  22 ], gamma-aminobutyric acid (GABA) turnover rate and release 
[ 23 ], extracellular pH [ 24 ], ERG b-wave amplitude [ 7 ], rod disk shedding [ 25 ], and 
circadian clock gene expression [ 26 – 28 ]. In addition, the mammalian retinal clock 
and its outputs infl uence cell survival and growth processes in the eye including the 
susceptibility of photoreceptors to degeneration from light damage [ 29 ,  30 ], photo-
receptor survival in animal models of retinal degeneration [ 31 ], photoreceptor and 
retinal ganglion cell survival in aging [ 32 ], and the degree of refractive errors in 
primate models of myopia [ 33 ]. In addition, circadian signals originating in the 
retina drive rhythms in the hypothalamic biological clock, even in the absence of 
light/dark cycles [ 34 ]. 
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5.1     Molecular Organization of the Retinal Circadian Clock 

5.1.1     Retinal Circadian Rhythms Are Generated by a Network 
of Clock Genes 

 Circadian rhythms in eukaryotic cells are generated by autoregulatory gene net-
works that spontaneously produce near-24-h cycles in gene and protein abundance 
through transcription–translation feedback loops [ 35 ]. In mammals, while more 
than a dozen genes contribute to this network, the core functional elements are six 
genes that directly participate in the negative feedback loop of the clock mechanism 
(Fig.  5.1 ). These genes are the  Period  genes  Per1  and  Per2 , the  Cryptochrome  genes 
 Cry1  and  Cry2 , and the transcription factors  Clock  and  Bmal1 . CLOCK and BMAL1 
form a heterodimeric transcription complex that periodically drives the expression 
of two  Period  genes ( Per1 ,  2 ) and two  Cryptochrome  genes ( Cry1 - 2 ). Once tran-
scribed and    translated, the resulting PER and CRY proteins also form heteromeric 
complexes that translocate back into the nucleus to suppress their own transcription 
by inhibiting CLOCK and BMAL1, forming the fundamental negative feedback 
loop at the core of the molecular circadian clock [ 35 ]. Gene knockout experiments, 
widely used to defi ne the function roles of individual “clock genes,” have indicated 

  Fig. 5.1    Core circadian clock genes and circadian reporter.  Top , simplifi ed core circadian molecular 
feedback loop showing the six canonical core clock genes. CLOCK and BMAL1 form a complex 
that drives transcription of the  Period  ( Per ) and  Cryptochrome  ( Cry ) genes. PER and CRY proteins 
complex as a negative feedback element that inhibits CLOCK and BMAL1.  Per ::Reporter artifi cial 
genes that contain promoter elements from  Period  genes and make as their protein product a lumi-
nescent (e.g., fi refl y luciferase) or fl uorescent (e.g., jellyfi sh green fl uorescent protein) reporter 
molecule can be inserted by transgenesis and driven off of the clock molecular mechanism.  Bottom , 
24-h cycles in gene abundance typical of the clock genes in a light cycle or constant darkness— Per  
genes in  green ,  Cry  genes in  purple ,  Bmal1  in  orange ,  Clock  in  red ,  Per ::reporter in  blue . Figure 
credit Christopher Ciarleglio       
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that there is partial redundancy among the  Per  genes and  Cry  genes and an absolute 
requirement for  Bmal1 , when assayed using disruption of behavioral activity/rest 
cycles as an endpoint [ 36 – 39 ]. Importantly, the clock gene network does not cycle 
in isolation, but in fact drives extensive, tissue-specifi c transcriptional networks of 
clock-controlled genes that are thought to be a fundamental basis rhythmic physiol-
ogy and metabolism [ 35 ].

5.1.2        Clock Genes Are Widely Expressed in the Retina 
and RPE 

 The core circadian clock genes are widely expressed in the retina, with expression 
documented in all major retinal cell classes. Initial in situ hybridization studies that 
localized expression to particular retinal cell layers, but not to individual cell types, 
emphasized the high degree of expression of certain clock genes in the photorecep-
tor layer of nonmammalian vertebrates [ 40 – 45 ] and in the inner retinal layers of 
mammalian retinas [ 46 – 50 ]. Temporal profi les of clock gene expression showed 
that in retina, as in the clock nucleus of the brain, many of the clock genes were 
expressed with apparent 24-h rhythms in abundance, and many of these rhythmic 
variations persisted in constant darkness, fulfi lling a requirement of endogenous 
circadian rhythmicity [ 43 ,  48 ,  51 ] (Fig.  5.1 ). However, within this overall picture of 
rhythmic expression of clock genes in the retina, there is much variation in the gene-
specifi c and species-specifi c patterns of such expression, although the biological 
importance of these variations is not clear. In addition to the retina itself, clock 
genes are expressed and cycle rhythmically in the retinal pigment epithelium [ 52 ], 
which is in intimate contact with the retina and is a key partner in the visual cycle 
that regenerates visual pigments. 

 The precise autoregulatory cycling in abundance of core molecular components 
of the circadian clock makes them useful experimental tools for reading out clock 
function. Circadian gene/protein reporters in which clock gene promoters or chime-
ric clock proteins are linked with luminescence or fl uorescence reporters that pro-
vide an optic signal of gene abundance have been especially successful as real-time 
readouts of circadian clock cycling in living tissues [ 53 ] (Fig.  5.1 ). These “clock 
gene reporters” have the advantage of monitoring components of the clock mecha-
nism itself, rather than the downstream neurochemical or physiological rhythms. 
For real-time gene expression assays of the retina, transgene reporters that use bio-
luminescent fi refl y luciferase, and therefore do not require excitation by visible 
light, have proven particularly successful. Cultured retinas, isolated from transgenic 
mice harboring luciferase-based clock gene reporters ( Per1 ::LUC; PER2::LUC), 
demonstrate robust, persistent circadian cycles in bioluminesce [ 27 ,  28 ,  54 ], both 
confi rming the endogenous nature of the retinal circadian clock as indicated by 
assays of melatonin secretion and providing the means to examine the organization 
of the retinal circadian clock at the molecular level.  
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5.1.3     Genetic Disruption of the Clock Gene Network Disrupts 
Retinal Circadian Rhythms 

 The molecular organization of circadian clocks has been approached primarily by 
gene targeting (i.e., gene knockout) of clock genes followed by assays of behavioral 
or tissue rhythmicity. Individual clock genes were defi ned as essential for clock 
function if circadian rhythmicity was lost following knockout. Functional redun-
dancy was explored by combining knockout mouse lines to produce double or even 
triple gene knockouts. In general, these types of experiments have demonstrated 
that the roles of individual clock genes in circadian rhythms generation vary across 
tissues, suggesting that there are tissue-specifi c variants of the core circadian clock-
works [ 55 ,  56 ]. 

 Which clock genes are essential for the expression of molecular circadian 
rhythms by the retina, and how does the molecular organization of the retinal circa-
dian clock compare with other neural and nonneural clocks? Initial studies, using 
the ERG circadian rhythm as a functional assay, found that knockout of  Bmal1 , or 
of the two Cryptochrome genes,  Cry1  and  Cry2 , each ablated rhythmicity in the 
ERG [ 7 ,  8 ]. In addition, loss of  Bmal1  disrupted retinal circadian rhythms in gene 
expression, consistent with its role as a core clock gene [ 7 ]. Further studies, using 
the luciferase molecular rhythms assay from explanted PER2::LUC and  Per1 ::LUC 
mouse retinas, showed that in addition to  Bmal1 ,  Per1 ,  Cry1 , and  Clock  are each 
required individually in order for the retina to express molecular circadian rhythms, 
whereas  Per2 ,  Per3 , and  Cry2  were dispensible [ 54 ]. Interestingly, the suprachias-
matic nuclei (SCN), the hypothalamic “master” circadian clock, explanted from the 
same animals as the retinal explants, showed qualitatively similar but quantitatively 
different effects of the same gene knockout. Knockout of  Per1 ,  Cry1 , or  Clock  
resulted in decreased robustness of molecular SCN rhythms, but the disruption was 
less dramatic than the effect of those same gene knockouts on retinal molecular 
rhythms—only knockout of  Bmal1  alone can abrogate SCN molecular rhythms. 
Whereas the effects of gene knockout on the robustness of these two neural circa-
dian clocks differed only in degree, the effects on the intrinsic period of molecular 
rhythms were divergent. Knockout of  Per1  or  Per3  shortened the circadian rhythm 
of retinas, while knockout of  Clock  lengthened retinal period. In contrast,  Per1  
knockout SCN exhibited lengthened periods, while  Per3  and  Clock  knockout SCN 
were unaffected (Table  5.1 ). Thus, the retinal neural clock has a unique pattern of 
clock gene dependence, with the amplitude and robustness of molecular rhythms 
more vulnerable to gene knockout than the SCN clock, and with divergent regula-
tion of rhythmic period by the  Period  genes.

   One explanation for the increased penetrance of clock gene knockouts in the 
retina could be that neurochemical coupling of neurons is weaker in the retina than 
in the SCN, where it has been suggested that coupling buffers against genetic per-
turbation of the clock [ 55 ]. This suggests that the retinal clock may be more vulner-
able to gene mutations and that there may be disturbances in retinal rhythms in 
genotypes in which SCN-driven rhythms appear normal. It should be noted however 
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that this tissue-level analysis leaves open the question of whether loss of rhythmicity 
in knockout retinas is due to cell-autonomous effects on cellular clocks or on the 
coupling of clock cells.   

5.2     Cellular Organization of the Retinal Circadian Clock 

5.2.1     Generation of Retinal Circadian Rhythms Is Distributed 
Among Many Cell Types 

 The forgoing experiments measured gene expression in whole tissue retinal 
explants—treating the retinal clock as a homogenous tissue. Of course, the retina is 
not at all homogeneous but consists of six classes of neurons—rods, cones, horizon-
tal cells, bipolar cells, amacrine cells and ganglion cells—exquisitely ordered in 
three nuclear and two synaptic layers (Fig.  5.2 ). Which retinal cell types then actu-
ally generate circadian rhythms, i.e., which cells are the clock cells of the retina?

   To address this question, two principal complementary approaches have been 
used: the cell-specifi c distribution of clock gene expression in the retina was mapped 
to determine which cell types expressed the genetic components of the circadian 
clock and the ability of cell types or retinal layers to generate circadian rhythms in 
isolation was examined. Circadian clock gene expression is concentrated in the 
outer nuclear layer of nonmammalian retinas, which contains the rods and cone 
photoreceptors. In addition, isolated  Xenopus  frog retinal photoreceptor layers con-
tinue to express circadian rhythms in melatonin synthesis [ 57 ], and isolated chicken 
photoreceptors express rhythms in opsin gene synthesis [ 58 ] and in ion channel 
activity [ 59 ]. Finally, photoreceptor-specifi c expression of a dominant negative 
form of the  Clock  gene, which breaks the circadian transcription/translation feed-
back loop, blocks the rhythms of melatonin synthesis in frog retinas [ 60 ], with most 
of this effect apparently due to abrogating clock cycling in rods [ 61 ]. Thus, in 

  Table 5.1    Divergent effects 
of clock gene knockout on 
the circadian period of retinal 
and SCN neural clocks  

 Gene/tissue  Retinal explant  SCN explant 

 Per1−/−  Arrhythmic/shorten  Lengthen 
 Per1+/− 
 Per2−/−  No change  Shorten* 
 Per3−/−  Shorten  No change 
 Cry1−/−Cry2−/− or +/−  Arrhythmic/shorten  Shorten 
 Cry1−/−Cry2+/+ 
 Cry2−/−  Lengthen  Lengthen 
 Cry1+/−Cry2+/+, +−/  Shorten  No change 
 Cry1+/−Cry2−/−  Lengthen  No change 
 Clock−/−  Arrhythmic/lengthen  No change 
 Clock+/− 

   Asterisk  denotes results from [ 56 ]  
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nonmammalian retinas, there is robust and convergent evidence that photoreceptors 
express the requisite clock components and express circadian rhythms in isolation 
from other cell types, both critical features of clock cells. 

 The organization of the mammalian retina is apparently more complex, with 
evidence for both photoreceptor and inner retinal clocks (Fig.  5.2 ). As with non-
mammalian retinas, melatonin is rhythmically synthesized in retinal photoreceptors 
[ 62 ], and thus, rods and cones are putative clock cells in the mammal as well. 
However, at the level of in situ hybridization for clock gene transcripts and antibody 
detection of clock proteins, clock gene expression in the mammalian retina is con-
centrated in the inner nuclear layer, which contains the horizontal, bipolar, and ama-
crine cells and is less prominent in the photoreceptor and ganglion cell layers [ 28 , 
 46 ,  47 ,  63 ]. These fi ndings raise the question as to whether the cellular organization 

  Fig. 5.2    Cell-specifi c expression of core clock genes in the retina. Diagram of mammalian retinal 
circuitry showing cell types in which there is coordinate expression of all six core clock genes. 
 ONL  outer nuclear layer,  INL  inner nuclear layer,  GCL  ganglion cell layer,  OFF  OFF sublamina of 
the inner plexiform layer,  ON  ON sublamina of the inner plexiform layer. Cell types,  R  rod photo-
receptor,  C  cone photoreceptor,  H  horizontal cell,  B  bipolar cell,  DA  dopaminergic amacrine cell, 
 M  Müller cell,  AII  AII amacrine cell,  A  amacrine cell,  G  ganglion cell,  ipG  intrinsically photore-
ceptive ganglion cell.  Resistor  symbols indicate electrical synapses.  Oscillator  symbols identify 
cell populations in which cell-specifi c expression of all six core clock genes has been demon-
strated.  Asterisks  denote cell populations in which clock gene rhythms have been observed from 
the in vivo retina.  Number  symbols denote cell populations in which clock gene rhythms have been 
observed in vitro in isolated cell populations. Note that for cones this was found in nonmammalian 
cones only       
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of the mammalian retinal circadian is fundamentally a different nonmammalian 
 vertebrate, with circadian melatonin output of mammalian photoreceptors being 
driven by cells in the inner retina, rather than clock oscillations intrinsic to the pho-
toreceptors. Indeed, mapping of cell-type-specifi c clock gene expression in the 
mouse retina by collecting the mRNA from individual rods, horizontal cells, bipolar 
cells, dopaminergic amacrine cells, and ganglion cells and then amplifying it by 
reverse transcriptase polymerase chain reaction (RT-PCR) to detect the expression 
of the core clock genes showed that while clock genes were expressed in rods to 
some degree, in none of the individual rods cells was the complete set of clock 
genes detected [ 28 ,  64 ]. Similarly, laser capture microdissection of the rat photore-
ceptor layer followed by RT-PCR for clock genes detected most, but not all the core 
clock genes,  Per2  being undetectable [ 65 ], and clock protein mapping showed 
that less than 5 % of cells in the photoreceptor layer express each of the core clock 
proteins [ 63 ]. 

 Taken together these studies suggested the possibility that mammalian photore-
ceptors may not express all the molecular elements necessary to generate endoge-
nous circadian rhythms. Indeed, at least one recent study suggests that rat 
photoreceptors show light-driven cycles of clock genes, but lack endogenous 
rhythms of clock gene expression in constant darkness [ 66 ], suggesting that mam-
malian photoreceptor circadian rhythms may be driven by signals from inner retinal 
clock neurons [ 28 ,  66 ], perhaps dopamine acting on photoreceptors rhythmically 
through D4-type dopamine receptors. However, there is also positive evidence indi-
cating the ability of mammalian photoreceptors to generate intrinsic circadian 
rhythms. Rat photoreceptor layers, isolated from the inner retina by chemical lesion-
ing, produce both  Per1 ::Luc bioluminescence rhythms and melatonin rhythms [ 65 ]. 
One possibility is that the cone photoreceptors, which were not assayed extensively 
in the single cell gene expression studies, are the locus of rhythms generation in the 
photoreceptor layer of mammals (Fig.  5.2 ). A recent study on cell-type-specifi c 
clock protein expression indeed demonstrated prominent rhythms in cones, but not 
in rods [ 63 ]. 

 In contrast to mammalian photoreceptors, in the inner retina, the cell types tested, 
horizontal cells, bipolar cells, dopaminergic amacrine cells, and ganglion cells all 
show some proportion of the individual cells of each of these cell types that express 
the full complement of core clock genes [ 28 ]. The cell type with the highest rate of 
clock gene expression is the dopaminergic amacrine cell [ 28 ,  64 ]. Since dopamine 
is secreted with a circadian rhythm, dopaminergic amacrine cells are candidate cir-
cadian clock neurons. They express key clock components at the protein level [ 49 , 
 64 ,  67 ] and the circadian reporter construct, and the  Per1  and  Cry2  clock genes 
oscillate rhythmically in dopaminergic amacrine cells within the intact retina [ 49 , 
 63 ] (Fig.  5.2 ), but the ability of these cells to generate rhythms intrinsically (i.e., in 
isolation from other retinal cell types) has not been tested. 

 Although dopaminergic amacrine neurons express all the requisite genetic com-
ponents to be clock neurons, it is not yet clear if they indeed generate rhythms 
endogenously or require signaling from other retinal neurons. The retinal rhythm in 
dopamine secretion is blunted or lost in the absence of retinal melatonin synthesis 
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due to genetic mutations [ 21 ], but not in the absence of melatonin signaling through 
MT1 melatonin receptors [ 68 ]. Whether melatonin signaling is required for circa-
dian clock gene activity by dopamine neurons or just for dopamine secretion is not 
clear, as loss of dopamine output does not preclude persistent molecular circadian 
rhythms in the retina [ 69 ], and melatonin is not necessary for ongoing gene cycling 
in the retina [ 27 ]. 

 Among other identifi ed amacrine cell types, the nitric oxide synthase (NOS) 
expressing amacrine cells also express the  Per1 ::GFP reporter rhythmically, as do 
the broad class of GABA neurotransmitter secreting amacrines, which include the 
dopamine neurons [ 70 ] (Fig.  5.2 ). In contrast, the glycinergic amacrine cell class 
does not express the  Per1 ::GFP clock gene reporter rhythmically [ 70 ]. Thus, there 
is substantial evidence that the GABAergic class of retinal amacrine cells, which 
comprise the majority of amacrine cells in the mammalian retina including the 
dopamine neurons, express circadian rhythms in clock gene abundance in the intact 
retina. 

 The other inner nuclear layer neuronal cell types, horizontal cells, and bipolar 
cells also express the core circadian clock genes [ 28 ,  63 ]. Whether the gene tran-
scripts cycle in these cells as well has not been tested. However, imaging of a biolu-
minescent reporter of PER2 has shown that the circadian cycling of gene abundance 
extends across the entire depth of the inner nuclear layer and is therefore likely to 
be produced by all three neuronal cell types of that layer—horizontal cells and 
 bipolar cells as well as the amacrine cells in which there is direct evidence for 
gene cycling. 

 The core clock genes are also expressed in subsets of ganglion cells in the mam-
malian retina, including the intrinsically photoreceptive ganglion cells that serve as 
photoreceptors for the brain’s biological clock and which provide intraretinal feed-
back to dopaminergic amacrine cells [ 49 ,  63 ]. These ganglion cells exhibit daily 
rhythms in the expression of the melanopsin pigment gene that are infl uenced by 
light and dopamine [ 71 – 73 ], suggesting that although they may be clock neurons 
generating endogenous circadian rhythms, expression of their photopigment 
responds to the external light cycle. Indeed, there are daily rhythms in the respon-
siveness of intrinsically photoreceptive ganglion cells to light [ 74 ] and in the ampli-
tude of the pupillary light response driven by these cells [ 75 ], indicating functional 
circadian modulation of these ganglion cells. However, there have been no direct 
measurements of clock gene rhythms in these or other ganglion cell types to address 
the question endogenous vs. exogenous generation of these rhythms. 

 Finally, there is an additional cell type in the inner nuclear layer of retina that 
avidly expresses the full complement of core clock genes—the Müller glial cell. 
Müller glia in isolation from other cell types express clock gene rhythms 
and reporter gene rhythms, suggesting that they indeed possess endogenous circa-
dian clocks that likely contribute to inner retinal gene rhythms (McMahon 
unpublished). 

 Is this inner retinal clock, contained within the inner nuclear layer, driven by 
photoreceptor clocks or is it an independent site of rhythms generation? Two lines 
of evidence suggest that it is an independent clock. First, retinas in which the 
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photoreceptors have degenerated due to a genetic mutation, but in which the inner 
nuclear layer remains intact, continue to generate molecular circadian rhythms of 
the bioluminescent PER2 reporter gene and other clock genes as well [ 28 ]. In addi-
tion, retinas from a mouse strain in which melatonin synthesis is genetically dis-
rupted also show robust circadian molecular rhythms similar to strains that can 
synthesize melatonin [ 27 ]. Thus, neither the physical presence of the photoreceptors 
nor their secreted circadian neurohormone melatonin is necessary for the expression 
of molecular rhythms by the inner retina. 

 To summarize then the fi ndings on clock genes and cells in the retina—in non-
mammalian vertebrate retinas—the photoreceptors contain endogenous gene clocks 
that synthesize melatonin rhythmically and control photoreceptor function through 
circadian expression of ion channels and visual pigments. Both rods and cones gen-
erate endogenous circadian rhythms, with the rods contributing the majority of 
melatonin synthesis. Clock genes are expressed at a lower level in the inner retina, 
and it is not clear if those cell types can generate endogenous rhythms. 

 In contrast, in the mammalian retina, there are likely multiple sites of molecular 
circadian rhythms generation within the retina (Fig.  5.2 ). There is a low level of 
clock gene expression in the photoreceptor layer, perhaps primarily limited to cones 
which make up a small percentage of the cells (e.g., ca. 2 % in the mouse retina). 
However, the cones themselves, and the photoreceptor layer in isolation, express 
molecular circadian rhythms. In addition, clock gene expression is concentrated 
within the inner nuclear layer, where the GABAergic class of amacrine cells, includ-
ing in particular the dopaminergic amacrine cells, as well as the retinal Müller glia, 
can express circadian rhythms in clock gene expression. This inner retinal circadian 
clock generates molecular circadian rhythms independent of photoreceptors and 
melatonin and likely infl uences the photoreceptors and other retinal neurons through 
the rhythmic secretion of dopamine. There are also ganglion cells that express clock 
genes, including the ipRGCs that signal the central brain circadian clock and feed-
back to dopamine cells in the retina. Whether ganglion cells are endogenous clocks 
or driven by the photoreceptor or inner retinal clocks is not known.   

5.3     Neurochemical Organization of the Retinal 
Circadian Clock  

5.3.1     Intercellular Coupling May Not Be Necessary 
for Rhythms Generation 

 Studies of the molecular organization of the retinal circadian clock revealed that multi-
ple cell types are apparently capable of generating and expressing circadian rhythms. 
How then are these multiple cell types organized into a tissue-level clock? Is neuro-
chemical communication between cell types required for the retina to  generate rhythms? 
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Of the major neurotransmitters and neuromodulators in the retina—glutamate, GABA, 
glycine, acetylcholine, dopamine, and melatonin— melatonin, dopamine, and GABA 
are secreted with a circadian rhythm [ 15 ,  21 ,  23 ,  76 ] and could serve as synchronizing 
signals throughout the retina. Cellular coupling through gap junctions is also prominent 
in retinal circuits and serves to synchronize clock cell populations in invertebrate retinal 
clocks [ 77 ]. In addition, in the SCN neural clock, spike-mediated neurotransmission 
and the neuropeptide vasoactive intestinal polypeptide (VIP) are required to maintain 
cellular synchronization and tissue-level gene rhythms [ 78 – 80 ]. Comprehensive testing 
of the necessity for  retinal molecular rhythms generation of each of the major neu-
rotransmitters, plus spike-mediated transmission and gap junctions with pharmacologi-
cal agonists, antagonists, and genetic knockouts, revealed that none of these mechanisms 
of neurotransmission was individually necessary for tissue-level retinal molecular 
rhythms, as read out by the PER2 bioluminescence reporter gene [ 27 ]—that is, block-
ade or saturation of neurotransmission through glutamate, GABA, glycine, acetylcho-
line, dopamine, melatonin, gap junctions, or spikes did not block the production of 
molecular rhythms in explanted whole retinas. In addition, retinas explanted from mice 
in which VIP synthesis was knocked out also showed robust PER2 bioluminescence 
rhythms (Ruan and McMahon, unpublished). 

 Taken together, these    results suggest that unlike the SCN neural clock in which 
cellular coupling is critical for maintenance of cellular and tissue-level rhythms, 
cellular coupling among clock cells in the retina may be minimal. The model for 
retinal rhythms generation most consonant with these data is that retinal clock cells 
are distributed throughout the retinal layers and generate molecular rhythms in a 
cell-autonomous manner. Consistent with this notion, the damping rate of the retinal 
clock in vitro is about 5× faster than that of the SCN clock [ 27 ], possibly due to 
individual cell clocks coming out of synchronization much more quickly. How does 
the retinal clock as a whole then maintain cell synchronization? One possibility is    
that the retina is normally exposed directly to the daily light–dark cycle, and this 
strong external synchronizing input is suffi cient to maintain rhythmic organization 
in the absence of strong cellular coupling mechanisms.  

5.3.2     Entrainment of the Retinal Clock Involves Intraretinal 
Signaling by Dopamine 

 While none of    the major neurotransmitters of the retina were found to be necessary 
for rhythms generation, two in particular did have striking effects on other funda-
mental properties of the retinal circadian clock-altering dopamine levels resets the 
retinal circadian clock, while altering GABA levels change the amplitude of the 
clock gene oscillations. Dopamine is secreted in the retina with a circadian rhythm, 
with elevated levels in the daytime portion of the circadian cycle, and it is released 
in the retina in response to light in both mammalian and nonmammalian retinas. 
The sole source of dopamine in the retina is the dopaminergic amacrine cells of the 
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inner nuclear layer, which receive light input from rods and cones through bipolar 
cells and from ipRGCs through retrograde intraretinal transmission [ 81 ,  82 ] 
(Fig.  5.3 ). Dopamine released from amacrine cells has widespread effects through-
out the entire retina—with dopaminergic cells in many species elaborating 
 interplexiform processes that innervate horizontal cells, bipolar cells, and photore-
ceptor terminals and evidence for volume transmission of dopamine by diffusion 
as well [ 83 ].

   The receptors for dopamine are also widespread in retinal circuits—of particular 
relevance here is the expression of D2 family dopamine receptors (D2 or D4) on 
cone photoreceptors in a range of species [ 84 ,  85 ]. A role for retinal dopamine in 
light resetting of the retinal clock was fi rst shown in  Xenopus , in which blockade of 
dopaminergic transmission through D2-like receptors was shown to block light- 
induced phase shifts of melatonin secretion [ 85 ]. Since melatonin is primarily syn-
thesized in the photoreceptors, this suggests a somewhat puzzling mechanism in 
which the clock within photoreceptors is not reset directly by the light signal trans-
duced by the photoreceptors, but indirectly by feedback from dopaminergic 
 amacrine cells. Indeed, light-induced dopamine release causes the induction of 
the  Period2  clock gene in Xenopus photoreceptors [ 41 ]. Similarly, in the mouse 
retina, blockade of dopaminergic signaling blunts light effects on circadian gene 
cycling, but in this species, D1 dopamine receptors play a more prominent role [ 27 ]. 

  Fig. 5.3    Proposed circuitry for dopamine release mediating light entrainment. Cone and/or rod 
input is mediated through synaptic contacts of ON bipolar cells with dopaminergic amacrine cells, 
while the input of intrinsically photoreceptive ganglion cells to DA neurons takes place at apposi-
tions of these cells.  Lightning  symbols indicate cells transducing light signals. Abbreviations as in 
   Fig.  5.2        
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In addition, light-induced dopamine acutely stimulates the expression of  Period  
clock genes in the retina, an effect that is blunted by knockout of D2 receptors [ 86 ]. 

 Although it seems odd that rod and cone photoreceptors might, in a sense, ignore 
their own phototransduction for resetting of their clocks, one speculation is that the 
retrograde drive of the ipRGCs on dopamine cells [ 81 ,  82 ], which provides a much 
more sustained drive to dopamine neurons than rod/cone input, is a key factor in 
circadian entrainment of the retinal clock. This speculation is attractive as the 
ipRGCs would then serve entrainment of both the retinal and brain clocks, ensuring 
synchronization of these two neural oscillators [ 82 ]. Indeed, light-induced dopa-
mine responses and dopamine rhythms have generally been found to be preserved 
in rod/cone degenerate retinas in which melanopsin ganglion cells could serve as 
the remaining photoreceptors [ 76 ,  87 ,  88 ], presumably due to melanopsin ipRGC 
drive to dopaminergic neurons (but see [ 89 ]). In any case, though the precise cir-
cuitry remains to be established, it is clear that dopamine acts as a critical input to 
the clock neurons in the retina, mediating the effects of light on clock phase.  

5.3.3     GABA Signaling Infl uences the Amplitude of Retinal 
Circadian Rhythms 

 GABA is the principal fast inhibitory neurotransmitter in the retina, and the primary 
sources of GABA secretion are horizontal cells and amacrine cells. There are two 
major classes of GABA receptors: GABA A  receptors that are ionotropic Cl-ion 
channels and GABA B  receptors that are metabotropic g protein-coupled receptors. 
Isoforms of these two receptor classes are widely expressed in retinal circuits, and 
the retina is particularly rich in the rho isoform of GABA A  receptor subunits, which 
is sometimes called the GABA C  receptor [ 90 ]. GABA levels can fl uctuate in the 
retina in a circadian rhythm, with elevated levels in the night portion of the circadian 
cycle [ 23 ]. 

 Pharmacological blockade of GABA A  and GABA C , but not GABA B  receptors, 
signifi cantly increases the amplitude of PER2 bioluminescence rhythms by retinal 
explants, indicating that endogenous retinal GABA A  neurotransmission, including 
GABA A  rho-containing receptors, partially dampens the amplitude of gene cycling 
in the retinal circadian clock [ 27 ]. Indeed, increased stimulation of GABA A  recep-
tors with agonists greatly dampens the amplitude of the retinal circadian clock and 
at high doses actually stops the motion of the molecular clock. These effects can be 
partially reversed by counteracting the hyperpolarizing effects of GABA-induced 
Cl-fl ux on cell membrane potential and fully reversed when casein kinase epsilon 
(CKI e ), an enzyme that promotes the degradation of PERIOD proteins through reg-
ulating their phosphorylation, is also inhibited [ 27 ]. 

 The function of the GABAergic effects on retinal clock gene cycling is less clear 
than that of dopamine, but one speculation is that whereas dopamine is a circadian 
signal for the day phase in the retina, GABA may be a circadian signal that 
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reinforces the night phase. The nighttime peak in retinal GABA levels could be due 
to prolonged depolarization of GABA-secreting horizontal cells in the dark, result-
ing in prolonged secretion of GABA. Whereas, daytime circadian and light drive on 
dopamine secretion serve to reinforce the rise in the expression of  Period  clock 
genes during the day portion of the molecular circadian cycle, nighttime GABA- 
mediated stimulation of PERIOD protein degradation may reinforce the falling 
phase of the clock gene cycle that occurs at night, removing these negative feedback 
complexes and preparing retinal clock neurons for initiation of the next cycle of 
 Period  gene transcription at dawn. Interestingly, GABA A  receptors have been found 
to physically associate with CKI e  in SCN clock neurons, although no function has 
been ascribed [ 91 ]. Thus, elevated GABA A  signaling at night may reinforce the 
degradative portion of the Period clock gene cycle, in counter point to dopamine’s 
reinforcement of the synthetic portion of the cycle during the day.   

5.4     Outputs of the Retinal Circadian Clock 

5.4.1     The Retinal Clock Makes Both Intraretinal 
and Extraretinal Outputs 

 Let us now consider the outputs of the retinal clock, the hands, rather than the gears, 
substances, and mechanisms by which the clock signals and infl uences its circadian 
rhythm throughout the retina and into the rest of the brain.  

5.4.2     Melatonin 

 Primary among the output signals of the retinal clock is the neurohormone melato-
nin, the role of which is more fully elaborated elsewhere in this volume. Synthesized 
in photoreceptors, and secreted in the night phase of the retinal circadian cycle, 
melatonin is a key negative modulator of dopamine release [ 92 ]. It also contributes 
to regulation of retinal sensitivity as assayed by the ERG. Knockout of the MT1 
dopamine receptor disrupts the circadian regulation of the light-adapted ERG, even 
though in this case retinal dopamine rhythms may be present [ 68 ]. In addition, it is 
a key trophic signal enhancing the survival of photoreceptors and of ganglion cells 
[ 32 ]. Finally, it is interesting to note that melatonin, though a powerful and perva-
sive output signal of the retinal circadian clock, does not appear to feedback on 
 retinal rhythms generation. It is not necessary for molecular rhythms generation, 
nor does its application shift the phase of retinal rhythms [ 27 ]. It is a pure clock 
output signal.  
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5.4.3     Dopamine 

 In contrast, dopamine, which has clear input effects in that it can reset the retinal 
clock, also serves as an output, playing a complex dual role in retinal circadian orga-
nization. Retinal dopamine rhythms, which peak during the circadian day phase, 
have demonstrated effects on retinal cells and circuits, in particular through D2 
 family dopamine receptors. Mammalian cone photoreceptors express D4 dopamine 
receptors [ 84 ] with a circadian rhythm that peaks in the night phase [ 93 ]. At the level 
of the photoreceptors, dopamine acts to mediate light adaptation, decreasing the acti-
vation of adenyl cyclase type 1 and reducing levels of cAMP, as well as reducing the 
levels of the transduction modulating protein phosducin [ 94 – 97 ]. These effects are 
seen in response to light-adapted stimulation of dopamine release but are also driven 
by the intrinsic rhythms in dopamine signaling through D4-type dopamine receptors 
in the absence of light. Similarly, dopamine rhythms act on photoreceptor gap junc-
tions through D2 family receptors to modulate rod–cone coupling in a circadian 
manner [ 98 ]. The relative sensitivity of dopamine receptor subtypes provides a divid-
ing point between circadian and light-induced effects of dopamine. For example, 
whereas photoreceptor gap junction coupling is modulated through the more sensitive 
D2 family receptors in a circadian manner, horizontal cell gap junctions, which are 
modulated through less sensitive D1 type receptors, respond to the higher levels of 
dopamine achieved by light-induced dopamine release, but not to baseline circadian 
modulation [ 99 ,  100 ]. Thus, the D2 and D1 family receptors separate overall dopa-
mine signaling in the retina into circadian and light adaptation streams as has been 
demonstrated recently in retinal dopamine knockout mice [ 69 ].  

5.4.4     Gene Expression 

 One of the fundamental functions of the circadian clock gene network is to drive 
tissue-specifi c networks of clock-controlled genes to underpin circadian physiol-
ogy. Early work in the retina demonstrated light-induced as well as circadian clock 
control of opsin gene expression in the photoreceptors of nonmammalian verte-
brates [ 58 ,  101 ], and recently this issue has been examined on a genomic scale to 
defi ne the circadian transcriptome of the mammalian retina [ 7 ]. Using gene micro-
arrays to characterize retinal gene expression across multiple time points in light–
dark cycles (LD) and in constant darkness (DD), Storch et al. [ 7 ] found that ca. 
3,000 genes cycled in a light-driven manner in LD and ca. 300 retinal genes continued 
to cycle under clock control in DD. The clock-controlled retinal genes came from 
classes that contributed to many basic neural and cellular functions such as synaptic 
transmission, photoreceptor signaling, intercellular communication, and regulation 
of the cytoskeleton and chromatin. Thus, the transcriptional regulation of retinal 
gene expression by the retinal circadian clock is a critical mechanism for its 
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widespread control of retinal function and metabolism. Interestingly, the retinal 
clock mechanism also contributes to light regulation of gene expression, as knock-
out of the clock mechanism also disrupted rhythmic gene expression in LD cycles 
[ 7 ]. This widespread transcriptional control of retinal signaling and metabolism 
genes suggests that disruption of the retinal molecular clockworks is likely to con-
tribute to retinal disease and pathology.  

5.4.5     Signaling by the Retinal Clock to the Brain 

 The retina signals the daily light dark cycle to the hypothalamic SCN circadian 
clock through a specialized subset of retinal ganglion cells that express the phot-
opigment melanopsin [ 102 ]. However, in addition to these light-driven daily sig-
nals, there is evidence for purely circadian signals from the retina to the brain that 
occur without light stimulation. In constant darkness, there are subregions of the 
SCN clock nuclei that express retina-driven circadian rhythms [ 34 ]. The retinore-
cipient zone of the SCN clock in hamsters shows circadian rhythms in the phos-
phorylation of the signaling kinase ERK, a molecule normally activated by retinal 
ganglion cell input to the SCN during light resetting of the clock. These rhythms in 
DD are ablated upon enucleation, suggesting that they originate in the retina, rather 
than in the SCN itself, and are transmitted to the SCN via the ipRGCs. In addition, 
retinal signals in DD also contribute to the maturation and functional organization 
of the brain’s biological clock, as enucleation in DD during the fi rst few weeks of 
life causes changes in the free-running period of locomotor rhythms in hamsters 
[ 103 ]. Interestingly, ipRGCs have been shown to express clock genes [ 63 ], and their 
light responses are modulated with a circadian rhythm and by dopamine [ 74 ,  104 ], 
suggesting the possibility that the retina-driven rhythms observed in the SCN origi-
nate in the ipRGCs themselves, or in retinal neurons with synaptic input to the 
melanopsin-expressing ipRGCs (e.g., dopamine amacrine cells).   

5.5     The Retinal Clock’s Role in Vision 

 Animals in natural terrestrial and aquatic environments are exposed to a predictable 
daily cycle of visual conditions—alternating between photopic conditions in the 
daylight and scotopic conditions at night, with mesopic transitions. Although there 
are mechanisms at many levels of the retina that adapt the photoreceptors and cir-
cuits in reaction to prevailing lighting conditions, the widespread evolution of reti-
nal circadian clocks that match the solar day suggests that there is an advantage in 
tuning retinal function in anticipation of daily cycles in visual conditions. Indeed, 
for example, a circadian rhythm in tyrosine hydroxylase expression in retinal dopa-
mine cells may ensure the synthetic capacity for an enhanced burst of dopamine 
synthesis at light onset [ 105 ]. 
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 Moving beyond the effects of the clock on individual cells and synapses, overall 
then, what is the global effect of the retinal circadian clock on visual function? The 
most consistent fi ndings are that the retinal clock acts to bias the retina toward 
enhanced cone vision in the daytime and enhanced rod function in the nighttime. An 
extreme example of this effect that illustrates the more general point is the case of 
young zebrafi sh fry in which the cone synaptic ribbons are actually disassembled at 
night, preventing cone-mediated neurotransmission [ 106 ]. Since these newly 
hatched fi sh have not yet developed a signifi cant number of rod photoreceptors, they 
are functionally blind at night during the fi rst few days of free-swimming life. 
Synaptic transmission from their cones is turned off at night by circadian remodel-
ing to the transmitter release apparatus, and they do not yet have suffi cient function-
ing rods. Across a number of vertebrate species including fi sh, amphibians, birds, 
and mammals, the retinal circadian clock has been shown to drive shifts in the rod–
cone balance of vision such that cone vision is favored in the day phase and rod 
vision is favored at night [ 98 ,  105 ,  107 ,  108 ]. 

 Key to the circadian control of visual processing in the retina is circadian signal-
ing by dopamine through D2 family receptors. The elevated circadian levels of 
dopamine in the day enhance light-adapted function of cones [ 94 ,  97 ] and uncouple 
cones from rods (the secondary rod pathway) and AII amacrine cells (the primary 
rod pathway) to isolate cone signals from the saturated rod output [ 98 ,  109 ]. Indeed, 
genetic depletion of retinal dopamine, by retina-specifi c knockout of the key dopa-
mine synthesizing enzyme tyrosine hydroxylase (rTHKO), blunts the circadian 
rhythm in the light-adapted ERG, reducing the normal daytime elevation of this 
cone-driven response [ 69 ]. This effect is through D4 receptors, as it can be rescued 
by D4-specifi c agonists. Interestingly, a similar effect is observed on behaviorally 
measured contrast sensitivity in rTHKO mice, suggesting that this aspect of vision 
is likely under circadian control as well [ 96 ]. In these mice with greatly reduced 
retinal dopamine, the retina appears to be perpetually locked in the nighttime state 
(e.g., low amplitude photopic ERG and reduced contrast sensitivity). Human 
patients with parkinsonian degeneration of dopaminergic neurons exhibit similar 
visual defi cits in ERG and contrast sensitivity, suggesting that depletion of retinal 
dopamine may play a role in the visual symptoms of this neurodegenerative disease 
[ 110 – 112 ]. In the rTHKO model, dopamine-specifi c changes in the functional adap-
tation of retinal ganglion cells are now being explored, and initial results reveal that 
the adaptational state of transient ON and OFF type ganglion cells in particular is 
subject to dopamine signaling (Risner and McMahon unpublished). Thus, the over-
all retinal sensitivity to photopic light, contrast sensitivity, and the function of spe-
cifi c classes of ganglion cells is under circadian control by dopamine signaling. 

 While the rTHKO experiments were performed in mice lacking the ability to 
secrete melatonin, and therefore demonstrating a melatonin-independent effect of 
dopamine in regulating photopic vision, experiments in melatonin-profi cient mice 
demonstrated that signaling through the MT1 melatonin receptor is necessary for 
ERG rhythms, but not for dopamine rhythms [ 68 ]. In these mice, dopamine rhythms 
were not suffi cient to drive ERG rhythms in the absence of melatonin signaling. 
In addition, melatonin-defi cient mice lack circadian modulation on rod–cone 
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coupling, likely due to disrupted dopamine circadian rhythms [ 98 ]. Thus, dopamine 
and melatonin have parallel roles in conveying the circadian clock output to visual 
function. 

 Finally, it is useful to distinguish the clock-driven changes in visual function 
from light-driven changes. In particular, light adaptation during the day evokes 
additional elevation of dopamine levels that stimulates D1 dopamine receptors, par-
ticularly on retinal horizontal cells [ 99 ,  100 ]. This leads to uncoupling of horizontal 
cell gap junctions and likely to shrinkage of inhibitory receptive fi eld surrounds 
which may increase the spatial resolution of vision in bright light and high contrast. 
Indeed, in rTHKO mice, behaviorally measured visual acuity is decreased but can 
be rescued by D1-specifi c dopamine agonists. In addition, dopamine D1 stimulation 
of horizontal cells has been proposed to alter GABA release and enhance the 
 function of rod bipolar cells, extending the range of rod function in response to 
background illumination [ 113 ]. Neither the scotopic ERG nor visual acuity has 
demonstrated circadian rhythms however, likely because these effects can only be 
invoked at D1 receptors by the high levels of dopamine that result from combined 
circadian drive and light-mediated release by photopic backgrounds presented 
 during the day.  

5.6     The Retinal Clock’s Potential Role in Eye Disease 

 The widespread control of retinal signaling, metabolism, and gene expression 
exerted by the retinal circadian clock suggests that the retinal molecular clock-
works, or its output signals, may contribute to retinal disease and pathology, as 
well as normal retinal function. This is an area just beginning to be explored at the 
molecular level, but previous studies have shown that there is a circadian modula-
tion of photoreceptor vulnerability to light-induced degeneration [ 29 ], perhaps by 
maintenance of key K+ channel rhythms [ 114 ], and more recently, melatonin sig-
naling through MT1 melatonin receptors has been shown to maintain photorecep-
tor and ganglion cell populations during aging [ 32 ]. Trophic signaling by the 
retinal clock and its outputs may also play a role in the regulation of eye growth 
and refractive errors. Disruption of retinal dopamine rhythms causes myopic 
changes in the chicken eye [ 115 – 119 ], and similar dopamine-dependent eye growth 
regulatory mechanisms likely operate in the mammalian retina [ 120 ]. Finally, cir-
cadian clock genes have been shown to regulate vascular endothelial growth factor 
(VEGF) signaling in tumorigenesis [ 121 ,  122 ], dopamine modulates VEGF recep-
tor action on vascular endothelial cells [ 123 ,  124 ], and recent results that suggest 
that the  Period  genes may play a similar role in regulating vascularization signals 
in the retina in disease models of diabetic retinopathy [ 125 ]. Given that retinal 
clock gene expression is disrupted in proliferative neovascularizing diseases [ 126 ], 
this link may prove to be an important pathway for therapeutic intervention in these 
conditions.  
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5.7     Summary 

 The retina is unique among vertebrate neural circadian clocks in that it is both a 
primary sensory organ and a circadian pacemaker. It contains a complete circadian 
system—mechanisms for circadian phototransduction, rhythms generation, and 
rhythmic outputs to signal circadian time both within and downstream of the retina. 
Thus, the retina as an experimental system is highly suited to addressing fundamen-
tal questions of how neural circadian clocks are organized to generate and express 
circadian rhythms. 

 There are multiple sites within the retina of circadian rhythms generation 
(Fig.  5.3 ), with both the photoreceptor layers and inner retinal layers each shown 
capable of independently expressing circadian rhythms. The strength of circadian 
clock gene expression and the emphasis of rhythms expression are divergent across 
vertebrate retinas, with photoreceptors as the primary locus of rhythms generation 
in nonmammalian vertebrates, while in mammals, clock activity is most robust in 
the inner nuclear layer. Dopamine, secreted by amacrine cells in the inner nuclear 
layer, likely serves as an intraretinal signal from inner retinal clocks to the photore-
ceptors. On the cellular level, all the major retinal cell classes express circadian 
clock genes at some level, and the retinal rhythms are likely generated in a cell- 
autonomous fashion by cell populations throughout the retina. Cones and dopami-
nergic amacrine cells have robust and reproducible circadian rhythms in gene 
expression in the intact retina, while nonmammalian cones and mammalian Müller 
cells have been shown capable of circadian rhythmicity in isolation from other 
 retinal cell types. 

 Cellular communication through the major neurotransmitter systems is not nec-
essary for retinal rhythms generation; however, dopamine and GABA infl uence the 
phase and amplitude of retinal clock oscillations, respectively. Dopamine mediates 
in part the setting of the retinal clock by light, through positive induction of  Period  
clock genes, whereas GABA, secreted in the dark phase, acts to decrease PER2 
protein expression. These transmitter-driven infl uences on clock molecules appar-
ently reinforce the autonomous transcription–translation cycling of clock genes that 
sees Period gene expression rising in the day and falling at night. 

 With respect to molecular organization of the retinal clock, it is comprised of 
the canonical clock genes, yet is much more sensitive to genetic disruption that of 
the central brain clock, the SCN (Fig.  5.2 ). The central brain circadian clock can 
more readily compensate for loss of individual clock genes compared to peripheral 
tissue circadian oscillators (e.g., liver or fi broblast), possibly because of strong 
inter- neural communication and the expression of  NPAS2 , a  Clock  paralog [ 55 , 
 127 ]. In the SCN, the only single clock gene knockout able to ablate rhythmicity is 
 Bmal1 , whereas in peripheral tissue clocks, and in the retina  Bmal1 ,  Per1 ,  Cry1 , and 
 Clock  are all individually required for rhythms generation [ 7 ,  55 ,  128 ]. Thus, the 
retinal circadian clock is similar in its molecular constituents to other tissue circa-
dian clocks but lacks the genetic and cellular buffering against perturbation that is 
characteristic of the SCN brain clock. 
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 The retinal circadian clock is organized as apparently cell-autonomous clocks 
that are distributed among the retinal layers. It is likely that molecular rhythms gen-
eration occurs in multiple cell types, perhaps in subsets of each retinal cell type, and 
that retinal rhythms are primarily coordinated through common entrainment to the 
light cycle rather than through strong intercellular communication. The cell types 
that can serve as retinal clock cells remain to be defi ned, but retinal dopamine plays 
a unique role in that it is both an output of retinal circadian signals to retinal circuits 
and an intraretinal signal to reset the phase of the clock. Acting in large part through 
dopamine signaling, the retinal circadian clock reconfi gures retinal circuits to 
enhance light-adapted cone-mediated visual during the day and dark-adapted rod- 
mediated visual signaling at night to preadapt vision to the temporal alternation of 
photopic and scotopic conditions in the natural environment. The extensive impact 
of circadian gene and metabolic regulation also impacts eye disease as well as 
 normal visual function. 

 With multiple loci of rhythms generation and multiplex impacts on retinal func-
tion, the retinal circadian clock is a rich substrate for exploring the organization 
of neural circadian clocks. Key questions for the future include determining which of 
the several genetically competent cell populations in the retina are true clock cells, if 
and how their rhythms are coordinated, and the action of the circadian clock on spe-
cifi c retinal circuits and functional modules (e.g., ganglion cell subtypes), by which 
it modulates vision. Elucidation of these issues can shed light on the convergence of 
circadian and sensory function in the specialized senses of many organisms.     

   References 

    1.    Bassi CJ, Powers MK. Daily fl uctuations in the detectability of dim lights by humans. Physiol 
Behav. 1986;38(6):871–7.  

    2.    Lotze M, Treutwein B, Roenneberg T. Daily rhythm of vigilance assessed by temporal 
 resolution of the visual system. Vision Res. 2000;40(25):3467–73.  

    3.    Nozaki S, Wakakura M, Ishikawa S. Circadian rhythm of human electroretinogram. Jpn J 
Ophthalmol. 1983;27(2):346–52.  

    4.    Hankins MW, Jones RJ, Ruddock KH. Diurnal variation in the b-wave implicit time of the 
human electroretinogram. Vis Neurosci. 1998;15(1):55–67.  

    5.    Nordin S, Lötsch J, Murphy C, Hummel T, Kobal G. Circadian rhythm and desensitization 
in chemosensory event-related potentials in response to odorous and painful stimuli. 
Psychophysiology. 2003;40(4):612–9.  

    6.    Lotze M, Wittmann M, von Steinbüchel N, Pöppel E, Roenneberg T. Daily rhythm of tempo-
ral resolution in the auditory system. Cortex. 1999;35(1):89–100.  

           7.    Storch K-F, Paz C, Signorovitch J, Raviola E, Pawlyk B, Li T, et al. Intrinsic circadian clock 
of the mammalian retina: importance for retinal processing of visual information. Cell. 2007; 
130(4):730–41.  

     8.    Cameron MA, Barnard AR, Hut RA, Bonnefont X, van der Horst GT, Hankins MW, et al. 
Electroretinography of wild-type and Cry mutant mice reveals circadian tuning of photopic 
and mesopic retinal responses. J Biol Rhythms. 2008;23(6):489–501.  

    9.    Granados-Fuentes D, Tseng A, Herzog ED. A circadian clock in the olfactory bulb controls 
olfactory responsivity. J Neurosci. 2006;26(47):12219–25.  

D.G. McMahon



89

    10.    Krishnan B, Dryer SE, Hardin PE. Circadian rhythms in olfactory responses of Drosophila 
melanogaster. Nature. 1999;400(6742):375–8.  

    11.    Barlow Jr RB. Circadian rhythms in the Limulus visual system. J Neurosci. 1983;3(4): 
856–70.  

    12.    Page TL, Koelling E. Circadian rhythm in olfactory response in the antennae controlled by 
the optic lobe in the cockroach. J Insect Physiol. 2003;49(7):697–707.  

    13.    Tanoue S, Krishnan P, Krishnan B, Dryer SE, Hardin PE. Circadian clocks in antennal 
 neurons are necessary and suffi cient for olfaction rhythms in Drosophila. Curr Biol. 2004; 
14(8):638–49.  

    14.    Besharse JC, Iuvone PM. Circadian clock in Xenopus eye controlling retinal serotonin 
N-acetyltransferase. Nature. 1983;305(5930):133–5.  

      15.    Tosini G, Menaker M. Circadian rhythms in cultured mammalian retina. Science. 1996; 
272(5260):419–21.  

    16.    Tosini G, Menaker M. The clock in the mouse retina: melatonin synthesis and photoreceptor 
degeneration. Brain Res. 1998;789(2):221–8.  

    17.    Sakamoto K, Liu C, Tosini G. Circadian rhythms in the retina of rats with photoreceptor 
degeneration. J Neurochem. 2004;90(4):1019–24.  

    18.    Kaneko M, Hernandez-Borsetti N, Cahill GM. Diversity of zebrafi sh peripheral oscillators 
revealed by luciferase reporting. Proc Natl Acad Sci U S A. 2006;103(39):14614–9.  

   19.    Tosini G, Menaker M. Multioscillatory circadian organization in a vertebrate, Iguana iguana. 
J Neurosci. 1998;18(3):1105–14.  

    20.    Steele CT, Tosini G, Siopes T, Underwood H. Time keeping by the quail’s eye: circadian 
regulation of melatonin production. Gen Comp Endocrinol. 2006;145(3):232–6.  

      21.    Doyle SE, Grace MS, McIvor W, Menaker M. Circadian rhythms of dopamine in mouse 
retina: the role of melatonin. Vis Neurosci. 2002;19(5):593–601.  

    22.    Nir I, Haque R, Iuvone PM. Diurnal metabolism of dopamine in the mouse retina. Brain Res. 
2000;870(1–2):118–25.  

      23.    Jaliffa CO, Saenz D, Resnik E, Keller Sarmiento MI, Rosenstein RE. Circadian activity of the 
GABAergic system in the golden hamster retina. Brain Res. 2001;912(2):195–202.  

    24.    Dmitriev AV, Mangel SC. Circadian clock regulation of pH in the rabbit retina. J Neurosci. 
2001;21(8):2897–902.  

    25.    Teirstein PS, Goldman AI, O’Brien PJ. Evidence for both local and central regulation of rat 
rod outer segment disc shedding. Invest Ophthalmol Vis Sci. 1980;19(11):1268–73.  

    26.    Tosini G, Kasamatsu M, Sakamoto K. Clock gene expression in the rat retina: effects of light-
ing conditions and photoreceptor degeneration. Brain Res. 2007;1159:134–40.  

            27.    Ruan G-X, Allen GC, Yamazaki S, McMahon DG. An autonomous circadian clock in the 
inner mouse retina regulated by dopamine and GABA. PLoS Biol. 2008;6(10):e249.  

            28.    Ruan G-X, Zhang D-Q, Zhou T, Yamazaki S, McMahon DG. Circadian organization of the 
mammalian retina. Proc Natl Acad Sci U S A. 2006;103(25):9703–8.  

     29.    Organisciak DT, Darrow RM, Barsalou L, Kutty RK, Wiggert B. Circadian-dependent retinal 
light damage in rats. Invest Ophthalmol Vis Sci. 2000;41(12):3694–701.  

    30.      Grewal R, Organisciak D, Wong P. Factors underlying circadian dependent susceptibility to 
light induced retinal damage. Adv Exp Med Biol. 2006;572(3):411–6.  

    31.    Ogilvie JM, Speck JD. Dopamine has a critical role in photoreceptor degeneration in the rd 
mouse. Neurobiol Dis. 2002;10(1):33–40.  

      32.    Baba K, Pozdeyev N, Mazzoni F, Contreras-Alcantara S, Liu C, Kasamatsu M, et al. 
Melatonin modulates visual function and cell viability in the mouse retina via the MT1 mela-
tonin receptor. Proc Natl Acad Sci U S A. 2009;106(35):15043–8.  

    33.    Iuvone PM, Tigges M, Stone RA, Lambert S, Laties AM. Effects of apomorphine, a dopamine 
receptor agonist, on ocular refraction and axial elongation in a primate model of myopia. 
Invest Ophthalmol Vis Sci. 1991;32(5):1674–7.  

     34.    Lee HS, Nelms JL, Nguyen M, Silver R, Lehman MN. The eye is necessary for a circadian 
rhythm in the suprachiasmatic nucleus. Nat Neurosci. 2003;6(2):111–2.  

5 Circadian Organization of the Vertebrate Retina



90

      35.    Takahashi JS, Hong HK, Ko CH, McDearmon EL. The genetics of mammalian circadian 
order and disorder: implications for physiology and disease. Nat Rev Genet. 2008; 
9(10):764–75.  

    36.    Bae K, Jin X, Maywood ES, Hastings MH, Reppert SM, Weaver DR. Differential functions 
of mPer1, mPer2, and mPer3 in the SCN circadian clock. Neuron. 2001;30(2):525–36.  

   37.    Vitaterna MH, Selby CP, Todo T, Niwa H, Thompson C, Fruechte EM, et al. Differential 
regulation of mammalian period genes and circadian rhythmicity by cryptochromes 1 and 2. 
Proc Natl Acad Sci U S A. 1999;96(21):12114–9.  

   38.    van der Horst GT, Muijtjens M, Kobayashi K, Takano R, Kanno S, Takao M, et al. Mammalian 
Cry1 and Cry2 are essential for maintenance of circadian rhythms. Nature. 1999; 
398(6728):627–30.  

    39.    Bunger MK, Wilsbacher LD, Moran SM, Clendenin C, Radcliffe LA, Hogenesch JB, et al. 
Mop3 is an essential component of the master circadian pacemaker in mammals. Cell. 2000; 
103(7):1009–17.  

    40.    Zhu H, LaRue S, Whiteley A, Steeves TD, Takahashi JS, Green CB. The Xenopus clock gene 
is constitutively expressed in retinal photoreceptors. Brain Res Mol Brain Res. 2000; 
75(2):303–8.  

    41.    Besharse JC, Zhuang M, Freeman K, Fogerty J. Regulation of photoreceptor Per1 and Per2 
by light, dopamine and a circadian clock. Eur J Neurosci. 2004;20(1):167–74.  

   42.    Zhuang M, Wang Y, Steenhard BM, Besharse JC. Differential regulation of two period genes 
in the Xenopus eye. Brain Res Mol Brain Res. 2000;82(1–2):52–64.  

    43.    Zhu H, Green CB. Three cryptochromes are rhythmically expressed in Xenopus laevis retinal 
photoreceptors. Mol Vis. 2001;7:210–5.  

   44.    Bailey MJ, Chong NW, Xiong J, Cassone VM. Chickens’ Cry2: molecular analysis of an avian 
cryptochrome in retinal and pineal photoreceptors. FEBS Lett. 2002;513(2–3):169–74.  

    45.    Haque R, Chaurasia SS, Wessel 3rd JH, Iuvone PM. Dual regulation of cryptochrome 1 
mRNA expression in chicken retina by light and circadian oscillators. Neuroreport. 2002; 
13(17):2247–51.  

     46.    Gekakis N, Staknis D, Nguyen HB, Davis FC, Wilsbacher LD, King DP, et al. Role of the 
CLOCK protein in the mammalian circadian mechanism. Science. 1998;280(5369):1564–9.  

    47.    Miyamoto Y, Sancar A. Vitamin B2-based blue-light photoreceptors in the retinohypotha-
lamic tract as the photoactive pigments for setting the circadian clock in mammals. Proc Natl 
Acad Sci U S A. 1998;95(11):6097–102.  

    48.    Namihira M, Honma S, Abe H, Masubuchi S, Ikeda M, Honmaca K. Circadian pattern, light 
responsiveness and localization of rPer1 and rPer2 gene expression in the rat retina. 
Neuroreport. 2001;12(3):471–5.  

      49.    Witkovsky P, Veisenberger E, LeSauter J, Yan L, Johnson M, Zhang D-Q, et al. Cellular loca-
tion and circadian rhythm of expression of the biological clock gene Period 1 in the mouse 
retina. J Neurosci. 2003;23(20):7670–6.  

    50.    Thompson CL, Rickman CB, Shaw SJ, Ebright JN, Kelly U, Sancar A, et al. Expression of 
the blue-light receptor cryptochrome in the human retina. Invest Ophthalmol Vis Sci. 
2003;44(10):4515–21.  

    51.    Namihira M, Honma S, Abe H, Tanahashi Y, Ikeda M, Honma K. Circadian rhythms and light 
responsiveness of mammalian clock gene, Clock and BMAL1, transcripts in the rat retina. 
Neurosci Lett. 1999;271(1):1–4.  

    52.    Baba K, Sengupta A, Tosini M, Contreras-Alcantara S, Tosini G. Circadian regulation of 
the PERIOD 2::LUCIFERASE bioluminescence rhythm in the mouse retinal pigment 
 epithelium- choroid. Mol Vis. 2010;16:2605–11.  

    53.    Hastings MH, Reddy AB, McMahon DG, Maywood ES. Analysis of circadian mechanisms 
in the suprachiasmatic nucleus by transgenesis and biolistic transfection. Methods Enzymol. 
2005;393:579–92.  

     54.    Ruan G-X, Gamble KL, Risner ML, Young LA, McMahon DG. Divergent roles of clock 
genes in retinal and suprachiasmatic nucleus circadian oscillators. PLoS One. 2012; 
7(6):e38985.  

D.G. McMahon



91

       55.    Liu AC, Welsh DK, Ko CH, Tran HG, Zhang EE, Priest AA, et al. Intercellular coupling 
confers robustness against mutations in the SCN circadian clock network. Cell. 2007;129(3): 
605–16.  

     56.    Pendergast JS, Friday RC, Yamazaki S. Distinct functions of Period2 and Period3 in the 
mouse circadian system revealed by in vitro analysis. PLoS One. 2010;5(1):e8552.  

    57.    Cahill GM, Besharse JC. Circadian clock functions localized in Xenopus retinal photorecep-
tors. Neuron. 1993;10(4):573–7.  

     58.    Pierce ME, Sheshberadaran H, Zhang Z, Fox LE, Applebury ML, Takahashi JS. Circadian 
regulation of iodopsin gene expression in embryonic photoreceptors in retinal cell culture. 
Neuron. 1993;10(4):579–84.  

    59.    Ko GY, Ko ML, Dryer SE. Circadian regulation of cGMP-gated channels of vertebrate cone 
photoreceptors: role of cAMP and Ras. J Neurosci. 2004;24(6):1296–304.  

    60.    Hayasaka N, LaRue SI, Green CB. In vivo disruption of Xenopus CLOCK in the retinal 
photoreceptor cells abolishes circadian melatonin rhythmicity without affecting its produc-
tion levels. J Neurosci. 2002;22(5):1600–7.  

    61.    Hayasaka N, LaRue SI, Green CB. Differential contribution of rod and cone circadian clocks 
in driving retinal melatonin rhythms in Xenopus. PLoS One. 2010;5(12):e15599.  

    62.    Tosini G. Melatonin circadian rhythm in the retina of mammals. Chronobiol Int. 2000; 
17(5):599–612.  

          63.    Liu X, Zhang Z, Ribelayga CP. Heterogeneous expression of the core circadian clock proteins 
among neuronal cell types in mouse retina. PLoS One. 2012;7(11):e50602.  

      64.    Dorenbos R, Contini M, Hirasawa H, Gustincich S, Raviola E. Expression of circadian clock 
genes in retinal dopaminergic cells. Vis Neurosci. 2007;24(4):573–80.  

     65.    Tosini G, Davidson AJ, Fukuhara C, Kasamatsu M, Castanon-Cervantes O. Localization of a 
circadian clock in mammalian photoreceptors. FASEB J. 2007;21(14):3866–71.  

     66.    Sandu C, Hicks D, Felder-Schmittbuhl M-P. Rat photoreceptor circadian oscillator strongly 
relies on lighting conditions. Eur J Neurosci. 2011;34(3):507–16.  

    67.    Gustincich S, Contini M, Gariboldi M, Puopolo M, Kadota K, Bono H, et al. Gene discovery 
in genetically labeled single dopaminergic neurons of the retina. Proc Natl Acad Sci U S A. 
2004;101(14):5069–74.  

      68.    Sengupta A, Baba K, Mazzoni F, Pozdeyev NV, Strettoi E, Iuvone PM, et al. Localization of 
melatonin receptor 1 in mouse retina and its role in the circadian regulation of the electroret-
inogram and dopamine levels. PLoS One. 2011;6(9):e24483.  

      69.    Jackson CR, Ruan G-X, Aseem F, Abey J, Gamble K, Stanwood G, et al. Retinal dopamine 
mediates multiple dimensions of light-adapted vision. J Neurosci. 2012;32(27):9359–68.  

     70.    Zhang D-Q, Zhou T, Ruan G-X, McMahon DG. Circadian rhythm of Period1 clock gene 
expression in NOS amacrine cells of the mouse retina. Brain Res. 2005;1050(1–2):101–9.  

    71.    Sakamoto K, Liu C, Kasamatsu M, Pozdeyev NV, Iuvone PM, Tosini G. Dopamine regulates 
melanopsin mRNA expression in intrinsically photosensitive retinal ganglion cells. Eur J 
Neurosci. 2005;22(12):3129–36.  

   72.    Sakamoto K, Liu C, Tosini G. Classical photoreceptors regulate melanopsin mRNA levels in 
the rat retina. J Neurosci. 2004;24(43):9693–7.  

    73.    Mathes A, Engel L, Holthues H, Wolloscheck T, Spessert R. Daily profi le in melanopsin 
transcripts depends on seasonal lighting conditions in the rat retina. J Neuroendocrinol. 
2007;19(12):952–7.  

     74.    Weng S, Wong KY, Berson DM. Circadian modulation of melanopsin-driven light response 
in rat ganglion-cell photoreceptors. J Biol Rhythms. 2009;24(5):391–402.  

    75.    Zele AJ, Feigl B, Smith SS, Markwell EL. The circadian response of intrinsically photosensitive 
retinal ganglion cells. PLoS One. 2011;6(3):e17860.  

     76.    Doyle SE, McIvor WE, Menaker M. Circadian rhythmicity in dopamine content of mamma-
lian retina: role of the photoreceptors. J Neurochem. 2002;83(1):211–9.  

    77.    Block GD, McMahon DG. Cellular analysis of the Bulla ocular circadian pacemaker system 
III. Localization of the circadian pacemaker. J Comp Physiol A. 1984;155:387–95.  

5 Circadian Organization of the Vertebrate Retina



92

    78.    Yamaguchi S, Isejima H, Matsuo T, Okura R, Yagita K, Kobayashi M, et al. Synchronization 
of cellular clocks in the suprachiasmatic nucleus. Science. 2003;302(5649):1408–12.  

   79.    Aton SJ, Colwell CS, Harmar AJ, Waschek J, Herzog ED. Vasoactive intestinal polypeptide 
mediates circadian rhythmicity and synchrony in mammalian clock neurons. Nat Neurosci. 
2005;8(4):476–83.  

    80.    Maywood ES, Reddy AB, Wong GK, O’Neill JS, O’Brien JA, McMahon DG, et al. 
Synchronization and maintenance of timekeeping in suprachiasmatic circadian clock cells by 
neuropeptidergic signaling. Curr Biol. 2006;16(6):599–605.  

     81.    Zhang D-Q, Belenky MA, Sollars PJ, Pickard GE, McMahon DG. Melanopsin mediates 
 retrograde visual signaling in the retina. PLoS One. 2012;7(8):e42647.  

      82.    Zhang D-Q, Wong KY, Sollars PJ, Berson DM, Pickard GE, McMahon DG. Intraretinal 
 signaling by ganglion cell photoreceptors to dopaminergic amacrine neurons. Proc Natl Acad 
Sci U S A. 2008;105(37):14181–6.  

    83.    Witkovsky P. Dopamine and retinal function. Doc Ophthalmol. 2004;108(1):17–40.  
     84.    Cohen AI, Todd RD, Harmon S, O’Malley KL. Photoreceptors of mouse retinas possess D4 

receptors coupled to adenylate cyclase. Proc Natl Acad Sci U S A. 1992;89(24):12093–7.  
     85.    Cahill GM, Besharse JC. Resetting the circadian clock in cultured Xenopus eyecups: regula-

tion of retinal melatonin rhythms by light and D2 dopamine receptors. J Neurosci. 1991; 
11(10):2959–71.  

    86.    Yujnovsky I, Hirayama J, Doi M, Borrelli E, Sassone-Corsi P. Signaling mediated by the 
dopamine D2 receptor potentiates circadian regulation by CLOCK:BMAL1. Proc Natl Acad 
Sci U S A. 2006;103(16):6386–91.  

    87.    Morgan WW, Kamp CW. Dopaminergic amacrine neurons of rat retinas with photoreceptor 
degeneration continue to respond to light. Life Sci. 1980;26(19):1619–26.  

    88.    Vugler AA, Redgrave P, Hewson-Stoate NJ, Greenwood J, Coffey PJ. Constant illumination 
causes spatially discrete dopamine depletion in the normal and degenerate retina. J Chem 
Neuroanat. 2007;33(1):9–22.  

    89.    Cameron MA, Pozdeyev N, Vugler AA, Cooper H, Iuvone PM, Lucas RJ. Light regulation of 
retinal dopamine that is independent of melanopsin phototransduction. Eur J Neurosci. 
2009;29(4):761–7.  

    90.    Qian H, Dowling JE. Novel GABA responses from rod-driven retinal horizontal cells. Nature. 
1993;361(6408):162–4.  

    91.    Ning K, Li L, Liao M, Liu B, Mielke JG, Chen Y, et al. Circadian regulation of GABAA 
receptor function by CKI epsilon-CKI delta in the rat suprachiasmatic nuclei. Nat Neurosci. 
2004;7(5):489–90.  

    92.    Dubocovich ML. Melatonin is a potent modulator of dopamine release in the retina. Nature. 
1983;306(5945):782–4.  

    93.    Klitten LL, Rath MF, Coon SL, Kim J-S, Klein DC, Møller M. Localization and regulation 
of dopamine receptor D4 expression in the adult and developing rat retina. Exp Eye Res. 
2008;87(5):471–7.  

     94.    Nir I, Harrison JM, Haque R, Low MJ, Grandy DK, Rubinstein M, et al. Dysfunctional 
 light- evoked regulation of cAMP in photoreceptors and abnormal retinal adaptation in mice 
lacking dopamine D4 receptors. J Neurosci. 2002;22(6):2063–73.  

   95.    Pozdeyev N, Tosini G, Li L, Ali F, Rozov S, Lee RH, et al. Dopamine modulates diurnal and 
circadian rhythms of protein phosphorylation in photoreceptor cells of mouse retina. Eur J 
Neurosci. 2008;27(10):2691–700.  

    96.    Jackson CR, Chaurasia SS, Hwang CK, Iuvone PM. Dopamine D4 receptor activation 
 controls circadian timing of the adenylyl cyclase 1/cyclic AMP signaling system in mouse 
retina. Eur J Neurosci. 2011;34(1):57–64.  

     97.    Jackson CR, Chaurasia SS, Zhou H, Haque R, Storm DR, Iuvone PM. Essential roles of 
dopamine D4 receptors and the type 1 adenylyl cyclase in photic control of cyclic AMP in 
photoreceptor cells. J Neurochem. 2009;109(1):148–57.  

       98.    Ribelayga C, Cao Y, Mangel SC. The circadian clock in the retina controls rod-cone cou-
pling. Neuron. 2008;59(5):790–801.  

D.G. McMahon



93

     99.    Ribelayga C, Mangel SC. Absence of circadian clock regulation of horizontal cell gap junc-
tional coupling reveals two dopamine systems in the goldfi sh retina. J Comp Neurol. 2003; 
467(2):243–53.  

     100.    Ribelayga C, Mangel SC. Tracer coupling between fi sh rod horizontal cells: modulation by 
light and dopamine but not the retinal circadian clock. Vis Neurosci. 2007;24(3):333–44.  

    101.    Korenbrot JI, Fernald RD. Circadian rhythm and light regulate opsin mRNA in rod photore-
ceptors. Nature. 1989;337(6206):454–7.  

    102.    Berson DM. Strange vision: ganglion cells as circadian photoreceptors. Trends Neurosci. 
2003;26(6):314–20.  

    103.    Yamazaki S, Alones V, Menaker M. Interaction of the retina with suprachiasmatic pacemakers 
in the control of circadian behavior. J Biol Rhythms. 2002;17(4):315–29.  

    104.    Van Hook MJ, Wong KY, Berson DM. Dopaminergic modulation of ganglion-cell photore-
ceptors in rat. Eur J Neurosci. 2012;35(4):507–18.  

     105.    Manglapus MK, Iuvone PM, Underwood H, Pierce ME, Barlow RB. Dopamine mediates 
circadian rhythms of rod-cone dominance in the Japanese quail retina. J Neurosci. 1999; 
19(10):4132–41.  

    106.    Emran F, Rihel J, Adolph AR, Dowling JE. Zebrafi sh larvae lose vision at night. Proc Natl 
Acad Sci U S A. 2010;107(13):6034–9.  

    107.    Wang Y, Mangel SC. A circadian clock regulates rod and cone input to fi sh retinal cone 
 horizontal cells. Proc Natl Acad Sci U S A. 1996;93(10):4655–60.  

    108.    Krizaj D, Gabriel R, Owen WG, Witkovsky P. Dopamine D2 receptor-mediated modulation 
of rod-cone coupling in the Xenopus retina. J Comp Neurol. 1998;398(4):529–38.  

    109.    Hampson EC, Vaney DI, Weiler R. Dopaminergic modulation of gap junction permeability 
between amacrine cells in mammalian retina. J Neurosci. 1992;12(12):4911–22.  

    110.    Ingster-Moati I, Le Coz P, Albuisson E, Fromont G, Pierron C, Grall Y, et al. [Static contrast 
sensitivity in idiopathic Parkinson disease]. Rev Neurol (Paris). 1996;152(12):738–43.  

   111.    Haug BA, Trenkwalder C, Arden GB, Oertel WH, Paulus W. Visual thresholds to low- 
contrast pattern displacement, color contrast, and luminance contrast stimuli in Parkinson’s 
disease. Mov Disord. 1994;9(5):563–70.  

    112.    Ikeda H, Head GM, Ellis CJ. Electrophysiological signs of retinal dopamine defi ciency in 
recently diagnosed Parkinson’s disease and a follow up study. Vision Res. 1994;34(19): 
2629–38.  

    113.    Herrmann R, Hefl in SJ, Hammond T, Lee B, Wang J, Gainetdinov RR, et al. Rod vision is 
controlled by dopamine-dependent sensitization of rod bipolar cells by GABA. Neuron. 
2011;72(1):101–10.  

    114.    Hölter P, Kunst S, Wolloscheck T, Kelleher DK, Sticht C, Wolfrum U, et al. The retinal clock 
drives the expression of Kcnv2, a channel essential for visual function and cone survival. 
Invest Ophthalmol Vis Sci. 2012;53(11):6947–54.  

    115.    Bartmann M, Schaeffel F, Hagel G, Zrenner E. Constant light affects retinal dopamine levels 
and blocks deprivation myopia but not lens-induced refractive errors in chickens. Vis 
Neurosci. 1994;11(2):199–208.  

   116.    Feldkaemper M, Diether S, Kleine G, Schaeffel F. Interactions of spatial and luminance 
information in the retina of chickens during myopia development. Exp Eye Res. 1999; 
68(1):105–15.  

   117.    Guo SS, Sivak JG, Callender MG, Diehl-Jones B. Retinal dopamine and lens-induced 
 refractive errors in chicks. Curr Eye Res. 1995;14(5):385–9.  

   118.    Rohrer B, Spira AW, Stell WK. Apomorphine blocks form-deprivation myopia in chickens 
by a dopamine D2-receptor mechanism acting in retina or pigmented epithelium. Vis 
Neurosci. 1993;10(3):447–53.  

    119.    Weiss S, Schaeffel F. Diurnal growth rhythms in the chicken eye: relation to myopia develop-
ment and retinal dopamine levels. J Comp Physiol A. 1993;172(3):263–70.  

    120.    Stone RA, Pardue MT, Iuvone PM, Khurana TS. Pharmacology of myopia and potential role 
for intrinsic retinal circadian rhythms. Exp Eye Res. 2013;114:35–47.  

5 Circadian Organization of the Vertebrate Retina



94

    121.    Koyanagi S, Kuramoto Y, Nakagawa H, Aramaki H, Ohdo S, Soeda S, et al. A molecular 
mechanism regulating circadian expression of vascular endothelial growth factor in tumor 
cells. Cancer Res. 2003;63(21):7277–83.  

    122.    Chilov D, Hofer T, Bauer C, Wenger RH, Gassmann M. Hypoxia affects expression of circa-
dian genes PER1 and CLOCK in mouse brain. FASEB J. 2001;15(14):2613–22.  

    123.    Sarkar C, Chakroborty D, Mitra RB, Banerjee S, Dasgupta PS, Basu S. Dopamine in vivo 
inhibits VEGF-induced phosphorylation of VEGFR-2, MAPK, and focal adhesion kinase in 
endothelial cells. Am J Physiol Heart Circ Physiol. 2004;287(4):H1554–60.  

    124.    Sinha S, Vohra PK, Bhattacharya R, Dutta S, Sinha S, Mukhopadhyay D. Dopamine regulates 
phosphorylation of VEGF receptor 2 by engaging Src-homology-2-domain-containing 
 protein tyrosine phosphatase 2. J Cell Sci. 2009;122(Pt 18):3385–92.  

    125.    Bhatwadekar AD, Yan Y, Qi X, Thinschmidt JS, Neu MB, Li Calzi S, et al. Per2 mutation 
recapitulates the vascular phenotype of diabetes in the retina and bone marrow. Diabetes. 
2013;62(1):273–82.  

    126.    Busik JV, Tikhonenko M, Bhatwadekar A, Opreanu M, Yakubova N, Caballero S, et al. 
Diabetic retinopathy is associated with bone marrow neuropathy and a depressed peripheral 
clock. J Exp Med. 2009;206(13):2897–906.  

    127.    Debruyne JP, Noton E, Lambert CM, Maywood ES, Weaver DR, Reppert SM. A clock shock: 
mouse CLOCK is not required for circadian oscillator function. Neuron. 2006;50(3): 
465–77.  

    128.    DeBruyne JP, Weaver DR, Reppert SM. Peripheral circadian oscillators require CLOCK. 
Curr Biol. 2007;17(14):R538–9.    

D.G. McMahon



95

    Abstract     The retinal pigment epithelium (RPE) forms the outermost layer of the 
retina. Its interactions with outer segment portions of rod and cone photoreceptors 
are essential for vision. Among the many essential support functions of the RPE for 
photoreceptors, the contribution of the RPE in photoreceptor outer segment renewal 
is strictly rhythmic occurring once a day for both rods and cones. RPE cells contrib-
ute to shedding of distal outer segment tips of photoreceptors and are solely respon-
sible for the concomitant clearance of shed debris by phagocytosis. Here, we discuss 
current knowledge of how the diurnal rhythm is established and how the rhythm 
translates into synchronized activation of the phagocytic machinery of the RPE.  

  Keywords     Retinal pigment epithelium   •   Outer segment renewal   •   Shedding   • 
  Phagocytosis   •   Rhythmic clearance   •   Phosphatidylserine exposure  

     The intimate reciprocal relationship that exists between the neural retina and the 
underlying retinal pigment epithelium (RPE) in the vertebrate retina is crucial for 
vision. Specifi cally, photoreceptor neurons and RPE cells are so dependent upon 
each other that they can be considered as a single functional unit (Fig.  6.1 ). Their 
joint functions and interactions are strongly infl uenced by diurnal light–dark cycles 
and the circadian rhythm. Recent research suggests that diurnal rhythmicity of the 
RPE itself is critical for photoreceptor support and retinal function. Our knowledge 
to date of the molecular mechanisms governing RPE rhythmicity is the subject of 
this chapter.
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6.1       Maintenance of Retinal Health and Function 
by Activities of the RPE 

 Like the retinal neurons they serve, RPE cells are post-mitotic in the mammalian 
eye. They must therefore continue to fulfi ll each one of their support tasks for the 
retina effi ciently for sustained function. RPE cells form a polarized monolayer that 
lies adjacent to the rod and cone photoreceptors of the outer retina. At the apical 
surface, RPE cells extend highly elongated microvilli that reach into the subretinal 
spaces and ensheath the outer segment portions of rods and cones. Specifi c cell 
surface receptor proteins promote recognition, adhesion, and signaling of the RPE 
upon ligation by outer segment surface proteins or by extracellular glycoproteins 
residing in the interphotoreceptor matrix of the subretinal space. Tight junctions 
between RPE cells generate the outer blood–retinal barrier. Para- and transcellular 
transport across the RPE and trans-RPE cell migration are tightly regulated to main-
tain the subretinal space as an immune-privileged, avascular site. The basolateral 
plasma membrane of RPE cells faces Bruch’s membrane, which consists of fi ve 
layers of extracellular matrix with defi ned composition and elasticity and which 
separates the RPE from the choroidal vasculature. In addition to controlling access 
to the retina by way of barrier formation, RPE cells produce and release numerous 
trophic factors in a vectorial manner that are required for the survival and mainte-
nance of photoreceptors both during development and throughout the lifetime of an 
individual (reviewed by Strauss [ 1 ]). There are no published studies to date that 
address the question whether or not the barrier and trophic functions of the RPE 
vary in a circadian rhythm. 

 In contrast, the subcellular localization of cytoplasmic melanosome pigment 
granules varies with time of day in wild-type mice entrained to a 12 h light and 12 h 
dark (12:12 LD) cycle [ 2 ]. Melanin pigment functions to absorb light and dissipates 

  Fig. 6.1    The RPE forms the 
outermost layer of the retina. 
Each RPE cell extends apical 
microvillar processes (MV) 
into the interphotoreceptor 
matrix (IPM). These 
microvilli ensheath both cone 
and rod photoreceptor outer 
segments (C-OS, R-OS). At 
their basolateral surface, RPE 
cells interact with Bruch’s 
membrane (BM), which 
separates the RPE from the 
vascularized choroid (CH)       
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radical oxygen species thereby preventing photooxidative damage in the RPE [ 3 ]. 
Diurnal melanosome redistribution is modest in distance when compared to what is 
known from nonmammalian species such as teleosts but it is signifi cant and accom-
plished in an active process that depends on Rab27a GTPase regulation of myos-
inVa motor mobility along the F-actin cytoskeleton in apical microvilli. Whether or 
not diurnal organelle transport in the RPE is subject to circadian regulation has not 
yet been investigated. 

 Two major tasks of the RPE are essential to maintain photoreceptor phototrans-
duction activity. The fi rst function is the participation of RPE cells in the visual 
cycle of chromophore bleaching and regeneration as fi rst outlined in 1935 [ 4 ]. Rod 
and cone photoreceptor outer segments comprise stacks of membranous disks con-
taining high concentrations of the photopigments rhodopsin or cone opsins, respec-
tively. Light isomerizes the retinal chromophore of opsins from the 11-cis to the 
all-trans confi guration stimulating phototransduction. Bleached all-trans retinal 
must be re-isomerized in an enzymatic process for reuse. Bleached rhodopsin 
releases its chromophore for delivery by specialized binding proteins to the adjacent 
RPE, which possesses the RPE65 isomerase that regenerates 11-cis retinal for trans-
port back to rods and reassociation with opsin [ 5 ,  6 ]. Cone chromophore re- 
isomerization is less well understood but may utilize RPE65 in some species but 
non-RPE, non-RPE65 pathways have also been proposed (recently reviewed in [ 7 ]). 
Besides regenerating bleached retinal for recycling, RPE cells also take up vitamin 
A from the circulation and thus continuously replenish supplies for photoreceptors. 
RPE cells may store large amounts of retinylesters in specialized storage organelles 
[ 8 ]. The activity of the RPE in the visual cycle is not constant but necessarily varies 
with photoreceptor activity and therefore with light conditions. Circadian variation 
in any of the cycle’s components or activities or in vitamin A uptake and processing 
remains to be studied. 

 The second function through which RPE cells maintain photoreceptor outer seg-
ment functionality is their role in the process of outer segment renewal that was fi rst 
described in 1967–1968 [ 9 ,  10 ]. Photoreceptors constantly grow their outer segment 
portions by assembling new membrane disks at the proximal end of the outer seg-
ment. At the distal tip, they shed packets of disks yielding outer segment fragments 
that are about 1 μm in diameter in mouse retina. These photoreceptor outer segment 
fragments, referred to as “POS” from here on, are promptly removed from the retina 
by the RPE by phagocytosis, a three-phase mechanism that includes recognition, 
engulfment, and digestion. Shedding of POS is not entirely intrinsic to photorecep-
tors but a process to which RPE cells contribute: shed POS have never been observed 
unengulfed in between outer segments and RPE apical surface in the subretinal 
space [ 11 ]. Instead, disk packets have been found closely surrounded by apical RPE 
extensions, and interactions by RPE microvilli may aid in detaching POS. 
Furthermore, shedding is abnormal in rodent animal models with phagocytic defects 
of the RPE [ 12 – 14 ]. In the mammalian retina, the processes of POS shedding and 
phagocytosis are thus co-regulated and must be examined together. They occur in a 
strict diurnal rhythm that is infl uenced by the light–dark cycle and by circadian ele-
ments as follows.  

6 Rhythmicity of the Retinal Pigment Epithelium



98

6.2     A Conserved Role of the RPE in Outer Segment 
Renewal of Both Rods and Cones 

 While the precise contributions of rhythmic outer segment turnover to photoreceptor 
function in vision remain speculative, it is generally assumed that outer segment 
components become damaged and dysfunctional during normal levels of light expo-
sure and that routine turnover of the entire outer segment structure is an effi cient 
way of ensuring lifelong visual function [ 15 ]. This view is also supported by the fact 
that diurnal POS shedding and POS phagocytosis by the RPE are conserved across 
vertebrate species. Because of the prevalence of rod photoreceptors in common 
experimental animal models (97.2 % in mouse retina [ 16 ]) the majority of studies 
have examined rods and rod outer segment–RPE interactions. Pulse-chase experi-
ments fi rst demonstrated that radioactive amino acids were incorporated into the 
proximal end of the rod outer segment in the rat retina, then migrated to the photo-
receptor’s apical tip, and were eventually found in phagosomal and later phagolyso-
somal inclusion bodies in the RPE [ 17 ], thus elucidating the critical role of RPE 
cells in the renewal of rod outer segments. Later studies reported the same turnover 
process in mouse, cat, and frog retina. 

 When Young conducted his original studies on photoreceptor renewal, he did not 
observe the same synchronized turnover of radioactivity in cones that he observed 
in rods, leading him to conclude that cones do not regenerate their outer segments 
[ 18 ]. However, when studies on human fovea, a cone-rich region of the retina devoid 
of rod photoreceptors, showed the presence of phagosomes within the RPE, his 
theory was questioned [ 19 ]. It was also found that in cat and human retina, exten-
sions of the RPE’s apical membrane ensheathed cone outer segments [ 20 ]. This 
close proximity could allow for cone–RPE interactions, similar to those observed in 
rods. Further examination soon demonstrated the presence of phagosomes within 
these membranous extensions of the RPE, as well as within the RPE cell body, 
demonstrating that cones shed POS for subsequent phagocytosis by the RPE [ 21 ]. 
Additional studies in squirrels and rhesus monkeys confi rmed that mammalian 
cones, like rods, yield shed POS that are phagocytosed by the RPE [ 22 – 24 ]. Today, 
it is generally accepted that highly similar processes of rod and cone photoreceptor 
outer segment renewal, that involve phagocytosis by the RPE, take place in all ver-
tebrate species. However, rod and cone POS turnovers differ markedly in their diur-
nal rhythms.  

6.3     Distinct Diurnal Rhythms of RPE Phagocytosis 
of Rod and Cone POS 

 Rod POS shedding and RPE phagocytosis display a strict diurnal rhythm. In rats 
maintained on a light cycle of 12 h of light followed by 12 h of darkness (12:12 LD), 
phagosome numbers in the RPE are higher shortly after light onset than at all other 
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times of day that were tested [ 25 ]. Follow-up studies to this seminal observation 
determined this rhythm to be circadian. When rats are maintained in constant dark-
ness (DD), the rhythm in shedding/phagocytosis is sustained. The peak in phago-
some number displayed a period close to 24 h, suggesting that this rhythm is 
endogenous. Furthermore, entrainment of POS shedding and RPE phagocytosis 
occurs in rats shifted from one cyclic lighting regime to another. In these animals, 
the rhythm of POS phagocytosis shifts to coincide with the new lighting conditions, 
and the peak in RPE phagosome number occurs shortly after the new time of light 
onset. The circadian regulation of POS renewal has been further characterized by 
observing disk shedding/phagocytosis in animals maintained under altered lighting 
regimes. The initial studies demonstrating the persistence of POS renewal in DD 
were conducted on rats maintained in constant conditions for up to 3 days. 
Subsequent studies examined animals kept in DD for longer periods and showed 
that while the rhythm of shedding/phagocytosis is sustained after 12 days in DD, its 
period becomes slightly longer, and the timing of peak phagosome number within 
the RPE was broadened [ 26 ]. In contrast, in rats kept in constant light (LL), the 
rhythmic peak of shedding/phagocytosis is lost, suggesting that LL disturbs the 
regulation of the POS renewal rhythm. Transfer of animals from LL to LD can 
restore this rhythm [ 27 ]. Taken together, these studies conclusively demonstrate that 
the diurnal rhythm of rod POS shedding and RPE phagocytosis in rat retina is under 
circadian regulation. 

 In the cat, the rhythm of rod POS shedding and RPE phagocytosis is similar to 
that of rats and mice, peaking approximately 2 h after light onset [ 28 ]. In the frog 
 Rana pipiens , rod POS renewal peaks also occur 1–2 h after light onset but (unlike 
in  Xenopus laevis ) they do not persist in DD [ 29 ]. In chickens reared on a 12:12 LD 
cycle, POS are also shed and phagocytosed by the RPE during the early light phase 
[ 30 ]. In addition, diurnal rhythms have been observed in goldfi sh, with rod POS 
shedding/phagocytosis peaking 2–4 h into the light phase [ 31 ]. However, the 
rhythm of POS shedding and RPE phagocytosis in goldfi sh does not appear to be 
circadian as it is readily lost in DD. Taken together, in all species examined rod 
POS shedding and RPE phagocytosis occur in a diurnal burst shortly after light 
onset. Light and the dark/light transition as well as circadian mechanisms regulate 
this rhythm. The relative importance of light changes and circadian effects varies 
considerably by species.    

 While shedding of cones has been studied much less extensively than shedding 
of rods, cone POS shedding and RPE phagocytosis have proven diurnal in all 
instances studied. The generation and characterization of the neural retina leucine 
zipper gene (Nrl) knockout mouse has shown that this mouse provides a murine 
model useful in the study of cones [ 32 ]. Loss of the transcription factor Nrl in these 
mice precludes rod photoreceptor differentiation yielding an all-cone photoreceptor 
retina [ 33 ]. 

 When Nrl knockout mice are maintained on 12:12 LD, cone POS phagosome 
content in the RPE exhibits a peak 1 h after light onset. The rhythm was sustained 
when the mice were shifted to DD, suggesting circadian regulation, although the 
amplitude of the peak in phagosome number was reduced [ 34 ]. It is important to note, 
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however, that Nrl knockout retina shows obvious signs of pathology such as retinal 
rosettes at early ages. This raises concern that there may be abnormalities in retinal 
and photoreceptor physiology and that therefore experimental insight obtained from 
studying Nrl knockout cones may not be directly applicable to turnover of cones in 
general. The Nile rat,     Arvicanthis ansorgei , is a particularly exciting experimental 
model organism for the study of cone POS renewal. This rodent is active during the 
day, like humans but unlike mice and rats, and its retina by nature contains tenfold 
more cone photoreceptors than mice [ 35 ,  36 ]. When these rats are maintained in 
cyclic light, both rod and cone POS phagosome content of the RPE peaks approxi-
mately 1 h after light onset. In DD, these rhythms persist, suggesting that cone POS 
shedding and RPE phagocytosis are under circadian control [ 37 ]. Like the Nile rat, 
some other species shed and renew their cone POS with a rhythm similar to that of 
rods. In the cone-rich tree shrew, both cone POS shedding and RPE phagocytosis 
peak shortly after light onset [ 38 ]. In the cat, RPE cells possess peak numbers of 
cone phagosomes early during the light phase as well. Still other species, however, 
display different profi les of cone POS renewal. In lizards and chickens, RPE cells 
harbor the greatest number of cone POS phagosomes approximately 2 h after onset 
of darkness. In goldfi sh, RPE cells show peak cone POS phagosome load at approxi-
mately 4 h after onset of darkness [ 39 ]. In ground squirrels, cone POS shedding 
occurs even later during the dark phase, with maximum RPE phagosome content 
observed 7 h after dark onset [ 31 ,  40 ,  41 ]. Taken together, the timing of cone POS 
shedding and RPE phagocytosis varies widely among different species.  

6.4     Local and Central Mechanisms Controlling 
the Phagocytosis Rhythm of the RPE 

 Much evidence suggests both local regulation in the eye and central control in the 
brain of rhythmic POS renewal. In mammals, the brain clock is located in the supra-
chiasmatic nucleus (SCN) of the hypothalamus. Circadian rhythms are generated as 
a result of intrinsic physiological properties of SCN neurons. When isolated in cul-
ture or slice preparations, these cells display oscillations in fi ring rates that persist 
for several days ex vivo [ 42 ,  43 ]. The endogenous rhythmic activity of the SCN is 
generated by a feedback loop of clock gene expression in individual cells. Cells with 
clock gene activity are present in many if not most tissues and organs outside of the 
SCN as well, and these “peripheral clocks” display sustained oscillations when iso-
lated from the rest of the organism. Because rhythms in peripheral tissues may be 
out of phase with rhythms of the SCN, the SCN is believed to act as the “master 
clock” by using information from the environment to synchronize peripheral clocks 
within the organism (reviewed in [ 44 ]). Light input from the retina is the most potent 
entraining stimulus for the circadian clock in mammals. Retinal projections to the 
brain via the optic nerve allow for synchronization of the neuronal activity of SCN 
cells [ 45 ]. Outputs of the SCN, in turn, project to other parts of the hypothalamus, 
where they induce rhythms by releasing signaling molecules and by producing 
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rhythmic fi ring patterns [ 46 – 48 ]. Once the cells of the SCN are synchronized with 
environmental light changes, photoentrainment of physiological rhythms is 
established. 

 The mammalian retina displays persistent rhythmic activity even when isolated 
from the brain. POS shedding and RPE phagocytosis in rats with transected nerves 
continue diurnally despite loss of synaptic connections between the eye and the 
brain, suggesting that this rhythm is generated and controlled locally in the eye [ 49 ]. 
However, this rhythm cannot be reset by light unless the optic nerve remains 
intact [ 50 ]. Thus, the circadian renewal of POS involves both local control within 
the retina and central regulation by the brain. 

 The circadian mechanisms operating in the retina and RPE are complex. Both 
retinal neurons and RPE cells display clock activity when isolated from the brain. It 
remains unclear as to whether rhythms regulating POS shedding and RPE phagocy-
tosis are generated within retinal neurons, RPE cells, or both. Clock activity within 
retinal photoreceptors is responsible for controlling retinal melatonin synthesis in 
mammals [ 51 – 53 ]. Clock genes, such as period-2, have proven to be useful markers 
for tracking rhythmic cell activity. In cultured mouse retina lacking photoreceptors 
but expressing a period-2-luciferase (PER2-LUC) fusion protein, a circadian rhythm 
in PER2-LUC activity is present, lending support to clock activity of inner retinal 
cells [ 54 ,  55 ]. The RPE has also been reported to express clock genes and exhibits 
circadian rhythms in adenylyl cyclase activity and in Bmal1-luciferase expression 
[ 56 ,  57 ]. Moreover, Period-2 mRNA is cyclic in mouse RPE in vivo and a circadian 
rhythm in PER2-LUC bioluminescence can be recorded from cultured RPE cells. 
Further in vitro studies demonstrate that the PER2-LUC rhythm bioluminescence in 
the retina can be phase-shifted by light [ 58 ]. However, light does not phase-shift the 
rhythm in the RPE, suggesting that the RPE cannot respond to photic input directly 
but rather depends on input from the retina [ 59 ]. 

 Researchers have postulated that melatonin and/or dopamine may be involved in 
the control of circadian POS shedding and RPE phagocytosis. Production and 
release of melatonin and dopamine, two regulatory signals of great importance in 
retinal physiology, are under circadian control in the retina [ 60 – 64 ]. The activity 
and expression profi les of dopamine and melatonin suggest that these molecules 
serve as chemical analogs of day and night, respectively. Retinal dopamine levels 
are highest during the light phase in contrast to melatonin whose levels peak during 
the dark period. Dopamine secretion from amacrine cells of the inner retina inhibits 
the production and release of retinal melatonin from photoreceptors. Melatonin, 
conversely, inhibits dopamine release [ 65 – 67 ]. In vitro studies on  Xenopus  eyecups 
have shown that application of exogenous melatonin stimulates a burst of POS 
shedding [ 68 ]. However, rhythmic disk shedding and RPE phagocytosis was 
observed in mice incapable of melatonin production, suggesting that this rhythm 
does not strictly require melatonin action in vivo [ 69 ]. 

 Besides melatonin and dopamine ligands for G-protein-coupled receptors, a 
number of other molecules and signaling pathways have been implicated in the 
control of the rhythm of POS renewal. Experiments studying  Xenopus  eyecups have 
shown that application of the excitatory amino acids  l -aspartate,  l -glutamate, and 
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kainic acid, potassium chloride, or ouabain can induce rod disk shedding [ 70 ]. 
While these compounds were only tested on isolated frog retina, they provide valu-
able hints into the potential mechanisms underlying the circadian regulation of POS 
renewal. Taken together, the mechanisms underlying the circadian and non- circadian 
regulation of the diurnal rhythm of POS shedding and RPE phagocytosis are com-
plex. Future research is needed to fully understand them and to tease apart central 
and local, retinal and RPE contributions.  

6.5     The Molecular Mechanisms Governing Rhythmic 
RPE Phagocytosis 

 The cell and molecular mechanisms underlying circadian regulation of shedding/
phagocytosis are complex. However, cell culture models of polarized RPE that 
retains phagocytic activity and the availability of genetically modifi ed animals have 
enabled the identifi cation of key molecules and signaling pathways. RPE cells uti-
lize a molecular mechanism for POS phagocytosis that is similar to the mechanism 
for uptake of apoptotic cells used by other professional phagocytic cell types like 
macrophages and dendritic cells. Indeed, POS and apoptotic cells compete for rec-
ognition by both RPE and macrophages in culture [ 71 ]. 

 Phagocytosis of spent POS by RPE cells is a relatively slow process that occurs 
in distinct phases: recognition of and binding to POS by RPE cells, engulfment of 
shed POS, and lysosomal digestion of spent POS. Binding to POS occurs via a satu-
rable, receptor-mediated recognition and attachment event [ 72 ] and is governed by 
αvβ5 integrin, the only integrin receptor expressed at the apical surface of RPE cells 
[ 73 ]. Complex formation at the cell surface with the tetraspanin CD81 enhances 
integrin binding activity toward POS that are opsonized with integrin ligand [ 74 ]. 
The secreted glycoprotein Milk Fat Globule-E8 (MFG-E8) is the physiological 
ligand for αvβ5 integrin during retinal phagocytosis [ 75 ]. MFG-E8 is expressed in 
the retina and RPE of mouse and rat, and it binds αvβ5 integrin via an RGD motif 
[ 75 – 77 ]. Studies of knockout mice lacking either αvβ5 integrin receptors (β5 −/−  
mice) or MFG-E8 (MFG-E8 −/−  mice) have revealed that this receptor–ligand pair is 
essential for the diurnal rhythm of POS uptake. If maintained in 12:12 LD, both 
β5 −/−  and MFG-E8 −/−  mice lack the rhythmic peak in shedding and RPE phagocyto-
sis after light onset that is characteristic to wild-type animals [ 14 ,  75 ]. Rather, these 
animals showed a constant load of POS phagosomes in the RPE at all times tested 
throughout the 24 h time period. These data imply that αvβ5 integrin ligation syn-
chronizes RPE phagocytosis with environmental lighting conditions. Studies on the 
trigger of integrin activation after light onset remain largely obscure. We recently 
found that at the whole retina level, MFG-E8 protein levels are signifi cantly higher 
around light onset as compared to several hours later when phagocytosis has stopped 
(Fig.  6.2 ). We speculate that the light cycle and/or circadian rhythm triggered molec-
ular pathways that govern MFG-E8 synthesis and that this plays a role in rhythmic 
integrin activation after light onset. As αvβ5 integrin is expressed exclusively on the 

L. Ruggiero and S.C. Finnemann



103

  Fig. 6.2    The diurnal rhythm of RPE phagocytosis involves a daily burst of FAK and MerTK sig-
naling after light onset and depends on αvβ5 integrin. ( a ) β5 −/−  mouse retina lacks the characteristic 
rhythm of RPE phagocytosis that follows light onset in wild-type mouse retina.  Bars  represent 
mean numbers of phagosomes ±SD ( n  = 3). ( b ) Increased tyrosine phosphorylation of FAK and 
MerTK coincides with the rhythm of RPE phagocytosis while protein levels remain constant. 
© Nandrot et al., 2004. Originally published in J Exp Med. 200:1539–45 [ 14 ]       
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apical surface of RPE cells and is absent from retinal neurons, these fi ndings suggest 
that rhythmic POS shedding and RPE phagocytosis are not intrinsic mechanisms 
controlled by photoreceptors. Rather, the RPE also plays a role in this process and 
its regulation. Mechanistically, engagement of αvβ5 receptors by MFG-E8-POS 
stimulates at least two intracellular signaling pathways in the RPE that both follow 
a diurnal rhythm and are required for POS uptake [ 1 ]. Cytosolic focal adhesion 
kinase (FAK) in a complex with αvβ5 becomes enzymatically active after ligation of 
αvβ5 and dissociates from the receptor complex ultimately causing a peak in tyro-
sine phosphorylation and likely activation of Mer tyrosine kinase (MerTK) [ 78 ]. 
Both FAK and MerTK in retina of wild-type mice in 12:12 LD display brief bursts 
of activity shortly after light onset [ 14 ] (Fig.  6.3 ). The diurnal variation of kinase 
phosphorylation and function is abolished in the retina of β5 −/−  and MFG-E8 −/−  mice 
[ 2 ]. Like MerTK and FAK, activation of the RhoA family GTPase Rac1 peaks 
shortly after light onset in mouse and rat RPE in vivo in an αvβ5 integrin-dependent 
manner. However, activation of Rac1 by POS-αvβ5 is independent of MerTK and 
FAK activation as inhibition of Rac1 has no effect on FAK and MerTK and inhibi-
tion of tyrosine kinases has no effect on Rac1 activation [ 79 ]. Rac1 activation ulti-
mately targets the F-actin cytoskeleton, which assembles in a special phagocytic cup 
structure beneath POS that are tethered to αvβ5 at the apical surface of the RPE [ 80 ]. 
F-actin recruitment beneath bound POS is also regulated by additional cytosolic 
signaling proteins including PI3kinase and AKT, which have both shared and dis-
tinct functions in phagocytic cup assembly [ 81 ]. AKT affects not only F-actin but 
also recruitment of the F-actin-binding protein and molecular motor myosin-II to 
the phagocytic cup. Myosin-II motor activity is required for POS engulfment [ 82 ]. 

  Fig. 6.3    Increased MFG-E8 levels in the retina coincide with the rhythmic phagocytic function of 
RPE cells. ( a ,  b ) Levels of MFG-E8 peak shortly after light onset in mouse retina while levels of 
vitronectin do not change at time points tested. Both MFG-E8 and vitronectin are capable of bind-
ing αvβ5 integrin in vitro but only MFG-E8 is a physiological ligand for αvβ5 receptors at the 
apical surface of the RPE, where it initiates rhythmic signaling and POS clearance       
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The rhythmicity of PI3kinase and AKT signaling is currently under investigation. 
Another actin-binding protein, annexin-2, shows an increase in phosphorylation 
shortly after light onset, suggesting a diurnal rhythm in its activity that coincides 
with peak phagocytic activity by the RPE [ 83 ]. Notably, AKT increases levels of 
F-actin and myosin-2 but not of annexin-2 in phagocytic cups. Lack of annexin-2 in 
mice does not eliminate the rhythm of POS shedding and RPE phagocytosis. Rather, 
POS processing is delayed possibly related to a shift in peak phosphorylation of 
FAK. One can thus speculate that annexin-2 activities may affect the rhythm gener-
ated by the MFG-E8-αvβ5 signaling pathways.

    Engulfment of POS is followed by lysosomal degradation of spent photoreceptor 
disks within the RPE. This process relies on the activity of lysosomal digestive 
enzymes, such as the protease cathepsin D. Cathepsin D is specifi cally required for 
the cleavage of the rod photopigment rhodopsin by far the most abundant protein 
component of rod POS [ 84 ,  85 ]. Interestingly, in rabbits maintained in LD, a diurnal 
rhythm in cathepsin D activity peaks 1.5 h after light onset, at the same time as peak 
numbers of undigested POS phagosomes reside in the RPE [ 86 ]. Electron microscopy 
studies showed diurnal changes in cathepsin D also in rat retina [ 87 ]. In the RPE of 
entrained rats, opsin may be immunolabeled in early phagosomes that are devoid of 
cathepsin D. However, shortly after cathepsin D is detected in maturing phagosomes, 
opsin levels sharply decline suggesting that cathepsin D delivery to POS phagosomes 
is synchronized to cause a burst of opsin degradation in RPE phagolysosomes. 

 Taken together, numerous proteins that play a role in RPE phagocytosis of shed 
POS change activity or in their level of expression to coincide with the uptake 
rhythm. The ligation of the integrin receptor αvβ5 by its ligand MFG-E8 is required 
for the rhythm itself and responsible for inducing rhythmic tyrosine kinase signal-
ing. Elevated MFG-E8 levels in the retina at the time of phagocytosis may contrib-
ute to the synchronized ligation and signaling of αvβ5. Other studies on the 
regulatory elements upstream of integrin ligation and the photoreceptor contribu-
tion to synchronized shedding and POS clearance will be facilitated by the avail-
ability of new methodology that can image shedding rod tips in live mouse retina 
within minutes of dissection as discussed next.  

6.6     Dependence of the Rhythm of POS Shedding 
on the Rhythm of RPE Phagocytosis 

 MFG-E8 is a globular protein with several conserved functional domains. Besides 
an RGD motif for integrin ligation, MFG-E8 also possesses a binding site for 
anionic phospholipids. The best characterized “eat-me” signal of apoptotic cells 
that triggers opsonization and clearance phagocytosis via integrins among other 
pathways is the exposure of phosphatidylserine (PS). In cells in the early stages of 
apoptosis, PS, which resides in the inner leafl et of the plasma membrane in healthy 
cells, is actively externalized to the outer leafl et. Apoptotic cells and POS compete 
for binding to RPE cells in culture, which use αvβ5 for particle binding. It had thus 
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long been proposed that the PS serves as an “eat-me” signal for POS as well. 
However, as shedding cannot be mimicked ex vivo, it remained unclear if outer seg-
ments expose PS in the intact retina to initiate diurnal RPE phagocytosis. 

 Using a novel fl uorescent biosensor for PS, we recently demonstrated that rod 
outer segment tips externalize PS exclusively at their distal tips with discrete 
boundaries [ 88 ]. Frequency of these PS-marked tips is strictly rhythmic in mice 
in 12:12 LD with highest numbers immediately after light onset (Fig.  6.4 ). 

  Fig. 6.4    The diurnal rhythm in frequency of PS-marked rod outer segment tips requires αvβ5 
integrin.  Scale bar , 10 μm. © Ruggiero et al., 2012. Originally published in Proc Natl Acad Sci U 
S A. 109(21):8145–8 [ 88 ]       
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Moreover, PS-marked tips elongate signifi cantly at light onset. Interestingly, β5 −/−  
and MFG- E8  −/−  mice do not show this daily rhythm of tip formation and elonga-
tion in accordance with their loss of phagocytic rhythm. It is our interpretation 
that PS externalization serves as an “eat-me” signal on rod tips at light onset and 
triggers POS shedding and RPE phagocytosis. In mice lacking the integrin-depen-
dent phagocytosis rhythm of the RPE, the rhythm of PS exposure is lost indicating 
that the diurnal rhythm of shedding and RPE phagocytosis is not intrinsic to rod 
photoreceptors but requires activities of the RPE as well.

6.7        Importance of the Diurnal RPE Phagocytic Rhythm 
for Retinal Health 

 Lack of POS phagocytosis or digestion leads to photoreceptor dystrophy and blind-
ness. The lack of engulfment activity of the RPE in rats defi cient in MerTK causes 
dramatic and early onset retinal degeneration [ 25 ]. Mutations in the MERTK gene 
have been identifi ed as the cause of retinitis pigmentosa in human patients [ 89 – 91 ]. 
Mice lacking the lysosomal protease cathepsin D develop postnatal retinal atrophy 
[ 92 ], and transgenic mice expressing a mutant variant of cathepsin D exhibit grad-
ual debris accumulation, age-related RPE atrophy, and photoreceptor degeneration 
[ 85 ,  93 ]. Unlike for loss-of-phagocytosis models, it is not immediately intuitive 
that lack of a daily rhythm of POS shedding and RPE phagocytosis must impair 
retinal or RPE functions. Indeed, β5 −/−  RPE and retina are morphologically normal 
and electroretinogram recordings show no abnormalities until animals are ~4 
months of age. Thus, the lack of diurnal rhythm of POS turnover does not impair 
retinal function in the short term. However, mice lose cone and rod photoreceptor 
function starting in middle age, at ~6 months of age. By 12 months of age, rod and 
cone functions are severely diminished. In aged animals, we also observe accumu-
lation of lipofuscin- like autofl uorescent material in RPE lysosomes [ 14 ]. As lipo-
fuscin in the human eye has been shown to contain oxidized lipids and to act as a 
photooxidizer, we examined the oxidative burden of β5 −/−  retina and RPE with age 
[ 94 ]. Strikingly, β5 −/−  RPE cells, but not retinal neurons, increasingly accumulate 
oxidized proteins and lipids, which destabilizes the F-actin cytoskeleton. Thus, loss 
of rhythmicity of RPE phagocytosis, the primary defect in β5 −/−  mice, leads to ele-
vated oxidative stress and damage with age.    Dietary enrichment with natural anti-
oxidants is suffi cient to prevent oxidative damage and lipofuscin accumulation, and 
maintains photoreceptor function, but has no effect on the phagocytosis rhythm of 
the RPE. We, therefore, conclude that the rhythm of RPE phagocytosis that depends 
on αvβ5 integrin is important for retinal health. More studies are needed to under-
stand its molecular regulation upstream of MFG-E8 and how rhythmicity prevents 
oxidative damage.  
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6.8     Summary 

 The strict diurnal rhythm of RPE phagocytosis is highly conserved among vertebrates. 
Its regulation varies depending on species. In mammals, the phagocytosis rhythm is 
responsive to light changes and controlled by clock mechanisms both locally in the 
retina and centrally in the brain. Synchronization of RPE phagocytosis in the retina 
fails to take place if the RPE lacks the integrin receptor αvβ5 or its ligand MFG-E8, 
which opsonizes shedding outer segment tips exposing PS. How clock mechanisms 
target the integrin receptor pathway remains to be studied. 

 To date, our understanding of the role of rhythmicity in RPE activities is largely 
restricted to the RPE’s function in photoreceptor outer segment renewal. In the 
future, greater availability of experimental models and more sensitive methodology 
will increasingly allow examining RPE functionality in situ. We anticipate that such 
studies will uncover roles for synchronization and rhythmicity in additional RPE 
activities other than phagocytosis.     
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    Abstract     Light levels can change by up to ten orders of magnitude between midday 
and midnight. As a result, the visual system is faced with a large diurnal variation in 
functional demands. Two mechanisms exist to allow the retina to function under 
such varied conditions: adaptation and circadian rhythmicity. Adaptation occurs in 
response to the presenting light conditions and circadian rhythmicity allows the tis-
sue to anticipate those light conditions. Circadian rhythmicity has been described at 
many points along the visual projection from its photoreceptive origins to the high-
est levels of visual processing. Electroretinography has proved a very useful tool 
in the assessment of retinal rhythms. It offers a noninvasive and quantitative assess-
ment of the activity of fi rst- and second-order cells in the retina and has been used 
by a number of researchers to describe diurnal and/or circadian rhythms and probe 
their mechanistic origins in several mammalian species. Here we review the various 
attempts to investigate these retinal rhythms, predominately by use of the electroret-
inogram, in several mammalian species.  

  Keywords     Electroretinogram   •   Circadian   •   Retina   •   Mammalian   •   Adaptation  

     Light levels can change by up to ten orders of magnitude between midday and 
 midnight. As a result, the visual system is faced with a diurnal variation in func-
tional demands at least as great as any other physiological system. It is perhaps 
unsurprising then that daily variations in structure, biochemistry, and function have 
been described at many points along the visual projection from its photoreceptive 
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origins to the highest levels of visual processing [ 1 – 5 ]. These diurnal rhythms 
refl ect, in part, direct responses to the changing environmental illuminant (light 
adaptation), but are also infl uenced by endogenous circadian clocks. The inclusion 
of such circadian control has an important functional benefi t—by providing a sense 
of time it allows elements of the visual system to change in advance of predicted 
alterations in illuminance. 

 Other chapters in this volume address rhythms in retinal anatomy, biochemistry, 
and physiology in a variety of vertebrate species. Here we concentrate upon systems 
level investigations in mammals, with a primary focus on data obtained using the 
electroretinogram (ERG). Electroretinography has proved a very useful tool in the 
assessment of retinal rhythms. It offers a noninvasive and quantitative assessment of 
the activity of fi rst- and second-order cells in the retina and has been used by a num-
ber of researchers to describe diurnal and/or circadian rhythms and probe their 
mechanistic origins in several mammalian species. The ERG, however, cannot 
reveal the ultimate output of the retina—the pattern of action potentials produced by 
retinal ganglion cells (RGCs) and sent to the brain. We aim also to review the rather 
few attempts that have been made to describe rhythmicity in this visual code by 
recording the activity of either RGCs or retinorecipient nuclei in the brain. 

7.1     Electroretinography 

 The ERG is a graphical representation of fi eld potential changes across the eye elicited 
by a light stimulus. It is often used clinically as a diagnostic tool to assess the physio-
logical integrity of the retina. However, it is also widely used for research purposes in 
both human and animal subjects. The process of recording an ERG is relatively 
straightforward and noninvasive, making it an attractive research tool for recording 
from laboratory animals. An active electrode is placed on, or near, the cornea and a 
reference electrode is applied elsewhere on the body. Field potential changes are then 
recorded that are associated with extracellular currents in the retina elicited by a visual 
stimulus. The visual stimuli used can vary depending on the response required, and will 
be discussed later. The most commonly used technique is the full-fi eld ERG, where a 
brief fl ash (usually <10 ms) is presented to the retina and the combined response of all 
cells recorded. However, the development of the multifocal ERG by Erich Sutter 20 
years ago allowed for assessment of ERG activity in small, focal, areas of retina in 
response to the same visual stimuli [ 6 ]. This technique was invaluable for detecting 
local areas of dysfunction in human retina such as macular degeneration or small sco-
tomas. For most assessments of circadian rhythmicity, however, the full-fi eld ERG has 
been utilized, as circadian regulation is assumed to impact all areas of the retina. 

 The full-fi eld ERG response to a brief fl ash of light gives a trace similar to that 
shown in Fig.  7.1 . This trace is a composite waveform to which several defi ned, and 
likely some undefi ned, physiological events contribute [ 7 ]. Nevertheless, it is com-
monly described in terms of three major components, each of which is attributed to 
a specifi c event in the transfer of visual information through the retina. These can 
have one of two notations. Ragnar Granit (1933) designated the different 
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components in the sequence of their disappearance following anesthesia as PI, PII, 
and PIII. Those experiments emphasized that the ERG waveform is in fact the sum 
of several separable physiological events. The relative amplitude and latency of these 
components determines qualitative and quantitative aspects of the ERG waveform. 
Although the PI–PIII notations are still used today, the more common component 
names are described below, along with their relationship to Granit’s notations.

7.1.1       a-Wave 

 The earliest component (and most resistant to anesthesia) is a negative defl ection 
(corneal negative potential) termed the a-wave. The a-wave refl ects the fi rst physi-
ological event in visual transduction, activation of rod and cone photoreceptors by 
light, and is a refl ection of Granit’s PIII component [ 8 ]. When assessing the a-wave 
empirically, the convention is to measure the amplitude from the baseline (pre- 
stimulus) to the trough of the transient a-wave (see Fig.  7.1 ). Additionally, the 
latency of this wave, the so-called implicit time, can be measured as the time from 
the onset of the light fl ash to the trough of the a-wave. These measurements can then 

  Fig. 7.1    Schematic representation of a fl ash ERG and the retinal events contributing to it. A rep-
resentative ERG trace is shown in  gray  ( x -axis: time;  y -axis: voltage; arbitrary units), and  yellow 
arrow  shows time of fl ash. The earliest element of the ERG is a negative defl ection (the a-wave) 
originating from photoreceptor activation. The next step in signal transfer is activation of ON 
bipolar cells (the origin of the b-wave, the large slow positive defl ection). Subsequently, bipolar 
cells activate retinal ganglion cells which pass the light signal down the optic nerve. Horizontal and 
amacrine cells modulate the signal fl ow through the retina and it is thought that the amacrine cells 
and/or the retinal ganglion cells contribute to oscillatory potentials (OPs; high frequency wavelets 
superimposed on the b-wave)       
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be compared over the course of the circadian day. The a-wave therefore gives the 
potential to reveal circadian rhythmicity in the earliest steps of vision.  

7.1.2     b-Wave 

 The a-wave is curtailed by appearance of a corneal positive defl ection (Granit’s PII 
component) which is apparent in the integrated waveform as the b-wave. The 
b-wave is thought to originate with the activity of second-order neurons, specifi cally 
ON bipolar cells [ 9 ]. Both rod and cone activation can give rise to the b-wave as all 
rod bipolar cells and several cone bipolar cells are ON-type [ 10 ]. Hyperpolarizing 
(OFF) bipolar cells and horizontal cells also contribute to shape of this wave by 
causing repolarization of the ERG response after the b-wave peak [ 11 ]. The b-wave 
can be measured in a similar way to the a-wave: amplitude is measured from the 
trough of the a-wave, to the positive peak of the b-wave; and the implicit time from 
the fl ash onset, to the peak of the b-wave (see Fig.  7.1 ). There is a strong correlation 
between the latency and amplitude of a- and b-waves and the magnitude of the light 
stimulus and, consequently, the visual response. Dim fl ashes are associated with 
small amplitudes and long implicit times, and increasing the fl ash intensity corre-
lates with increasing amplitude and decreasing implicit times. Additionally, light 
adaptation state of the retina can play a role in the magnitude of these components 
with adaptation to a background light correlated with an increase in the amplitude 
and decrease in the implicit time of a- and b-waves [ 12 ].  

7.1.3     Oscillatory Potentials 

 High frequency wavelets, termed oscillatory potentials, frequently appear superim-
posed on the b-wave of the ERG (shown in Fig.  7.1 ). Although their cellular origin 
remains controversial, it is generally accepted that they refl ect third-order neural 
events (activation of amacrine and/or ganglion cells; [ 13 ,  14 ]).  

7.1.4     Other Components 

 Other components of the ERG (that, for simplicity, have not been annotated in 
Fig.  7.1 ) may appear depending on the stimulus and recording conditions such as a 
slow corneal positive “c-wave” (corresponding to Granit’s PI), and a “d-wave” that 
is sometimes observed at the cessation of the stimulus. The c-wave is thought to 
result from an increase in the transepithelial potential of the retinal pigment epithe-
lium caused by electrical separation of the basal and apical membranes by tight 
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junctions [ 15 ]. Multiple cellular events are thought to defi ne the d-wave, but the 
largest contribution is from OFF bipolar cells [ 9 ,  16 – 18 ].  

7.1.5     Separating Rod and Cone Responses 

 Given the shift in reliance from rod- to cone-based vision and back again over the 
natural diurnal cycle, it is important that assessments of retinal rhythmicity target 
visual events from both outer-retinal photoreceptor types. As discussed above, dif-
ferent recording conditions can bias the ERG to reveal responses originating from 
either rod or cone photoreceptors. However, it is important to remember that rod and 
cone signals are mixed at all steps in information transfer [ 19 ], including at the level 
of the photoreceptors themselves. As a result, even if an ERG waveform is elicited 
by selective activation of cones, its characteristics will be impacted also by 
the physiological state of rods and the retinal pathways downstream of them (and 
vice versa). 

 The species under investigation and the type of recording condition can alter the 
balance of rod and cone input to the a-wave. Nocturnal species, e.g., mice, contain 
so few cones that only a minimal cone a-wave can be recorded, while species with 
more cone-rich retinae (including humans) display large cone a-waves. Mammalian 
rod-dominated retinas usually all show large rod-driven a-wave responses. The easi-
est way to separate these responses is to take advantage of the fact that, under dark- 
adapted conditions, rods are roughly 1,000 times more sensitive than cones [ 20 ]. 
Consequently, using dim stimuli, it is possible to isolate rod-dependent (scotopic) 
responses. At absolute threshold for the ERG response, the waveform can take on a 
different shape comprising simply a small corneal negative potential (scotopic 
threshold response), the cellular origin of which is not entirely clear [ 21 ,  22 ]. 
However, at slightly higher fl ash intensities a classical rod-dependent b-wave 
appears. The b-wave can be recorded at lower intensities than the a-wave, likely 
refl ecting substantial amplifi cation of the initial response when passed to the second- 
order cells. 

 The difference in absolute sensitivity between rod and cone photoreceptors 
unfortunately cannot be easily used to isolate cone pathways as brighter fl ash stim-
uli under dark-adapted conditions activate both cones and rods. Strategies to isolate 
a purely cone-dependent (photopic) ERG usually involve eliminating rod infl uence 
by saturating them with bright light. A cone ERG may therefore be elicited by a 
very bright fl ash presented against a constant background light of suffi cient inten-
sity to saturate the rod light response. The rod infl uence can also be eliminated using 
the “paired-fl ash” protocol where a cone ERG can be recorded by a probe fl ash 
presented shortly after a very bright fl ash that saturates rods [ 23 ]. Temporal response 
differences between rods and cones can also be exploited, as cones possess superior 
temporal resolution compared to rods. The frequency at which a fl ickering light 
stimulus is perceived as a constant light (critical fusion frequency) is much higher 
for cones than rods. Therefore, using a fl icker that is above the rod critical fl icker 
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fusion can isolate cone responses [ 24 ]. Finally, in some species there is a clear 
 difference in spectral sensitivity of rod and cone photoreceptors, allowing judicious 
use of different wavelengths to bias stimuli towards targeting one or other receptor 
class. While all these cone-isolating techniques exclude the rod response to the 
presenting fl ash stimuli, it must be noted that rods are of course “activated” in all 
these protocols. Assessing the activity of cones without activating rods is thus only 
possible using transgenic models that permanently remove or inactivate rod 
responses [ 25 ,  26 ].   

7.2     Rhythmicity of the ERG 

 There are many advantages of using a technique such as the ERG to examine retinal 
rhythms. The noninvasive nature of the technique allows many different species to 
be assessed (including humans), with relative ease and speed. It is also possible to 
record responses over the course of the circadian day from the same animal, instead 
of using cross-sectional experimental design. The ERG has therefore been used 
extensively to study circadian control of the retina at a systems level. 

 The difference between diurnal and circadian rhythms has likely been exten-
sively reviewed in previous chapters, but we would like to emphasize this distinc-
tion before reviewing the ERG literature, particularly because light adaptation is 
such a ubiquitous feature of visual processes. Even in the absence of endogenous 
circadian clocks therefore, strong 24 h rhythms in retinal function would be expected 
under the natural light:dark cycle. In order to determine the extent to which diurnal 
rhythms refl ect circadian control, as opposed to such direct effects of light exposure, 
experiments should include an assessment under constant lighting conditions (usu-
ally constant darkness (DD)). 

7.2.1     Local Versus Central Clocks 

 A second important variable to consider when assessing retinal rhythms, diurnal or 
circadian, is the infl uence of the central circadian pacemaker, the suprachiasmatic 
nucleus (SCN) of the hypothalamus, versus endogenous circadian clocks in the 
retina itself. The existence of local clocks within the retina was fi rst revealed by 
Besharse and Iuvone [ 27 ] in the retina of the  Xenopus laevis  30 years ago [ 27 ]. They 
reported a circadian rhythm in activity of the enzyme serotonin  N -acetyltransferase 
in isolated eye-cups in vitro and this rhythm was able to be entrained to exactly 24 h 
by administration of a 12:12 h light/dark (LD) cycle. Since then, autonomous local 
retinal circadian clocks have been reported in many other vertebrates, including 
mammals [ 28 ]. This provides clear evidence that the retina contains autonomous 
circadian clocks, but, in vivo, it does receive innervation and hormonal inputs from 
the brain, and SCN itself, providing an opportunity for central clocks to exert an 
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infl uence [ 29 – 32 ]. The question of which exerts the predominate infl uence was 
elegantly addressed by White and Hock in 1992, who examined a daily suppression 
in the dark-adapted (scotopic) ERG around the time of rod outer segment disk shed-
ding [ 33 ]. Rabbits were entrained to a high amplitude 12:12 h LD cycle for 3 weeks 
and then one eye was sutured shut and patched to occlude light input. Scotopic 
ERGs were measured after 12 h in the dark, and the time at which a drop in the 
amplitude of the b-wave was observed was noted. For the unpatched eye, this always 
occurred ~30 min after subjective dawn, but for the patched eye the drop in b-wave 
amplitude occurred earlier as the days progressed. After 4 days of continuous DD 
for the patched eye, the b-wave reduction, and histological disk shedding correlates, 
occurred 10 min prior to subjective dawn, ~40 min earlier than the unpatched eye. 
This corresponded to a “free-running” circadian rhythm of ~23 h 50 min, and pro-
vides support for the notion that, even in an intact in vivo system, retinal clocks are 
the predominate timekeeper in the mammalian retina. Further evidence for this was 
reported recently in the mouse retina. Storch et al. [ 34 ] used a constitutive retinal 
knockout of  Bmal1  (an essential component of the molecular circadian clock) to 
display loss of circadian rhythmicity of the light-adapted (photopic) ERG in ani-
mals possessing a functional SCN [ 34 ]. It is therefore clear that circadian rhythmic-
ity of the retina likely depends largely on intrinsic clocks located within this tissue. 
This raises a number of supplementary questions including how these local clocks 
regulate retinal physiology and how they retain synchrony with external time—are 
they reset by local photoreceptors or do they rely upon a synchronizing signal from 
the central hypothalamic oscillator (as is the case with other non-SCN clocks)?  

7.2.2     ERG Rhythms in Human and Mouse 

 As previously stated, the noninvasive nature of the ERG technique means it can eas-
ily be used to assess rhythms in human retinal function. However, due to the some-
what tedious and impractical nature of circadian experiments that must be conducted 
in constant conditions (usually DD), most human studies have concentrated on diur-
nal retinal rhythms. Several studies correlated a change in the scotopic ERG b-wave 
amplitude (usually a drop) shortly after dawn [ 35 – 37 ], with rod disk shedding and 
subsequent phagocytosis thought to happen around this time. In fact, disk shedding, 
and scotopic b-wave amplitude and threshold sensitivity reduction, is highly corre-
lated in both rabbit and rats [ 33 ,  38 ,  39 ]. However, this reduction in sensitivity could 
not be entirely accounted for by the shortening of rod outer segments, suggesting 
the infl uence of other circadian processes [ 39 ]. Studies on photopic ERGs in humans 
have generally reported alteration of the implicit time of the b-wave, and addition-
ally the d-wave, with longer implicit times exhibited at night [ 40 – 42 ]. 

 More recently, this analysis has been extended to mice, due to the vast opportu-
nity for genetic manipulation in these animals. In C57BL/6 mice we have previ-
ously reported a marked rhythm in the amplitude and implicit time of the 
cone-isolated photopic ERG recorded against a rod saturating background light, 
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with smaller, longer latency responses recorded during the subjective night [ 43 ]. 
Dark-adapted ERGs also showed circadian rhythmicity but only at fl ash intensities 
high enough to refl ect mixed activation of both rods and cones. This observation 
was also repeated in sighted C3H f+/+  mice that can synthesize the circadian “neuro-
hormone” melatonin, indicating that in wild-type mice, it is primarily retinal 
responses to bright stimuli that are subject to circadian regulation [ 44 ]. Some 
aspects of these fi ndings may refl ect the nocturnal temporal niche, and underground 
burrowing system utilized by rodents. Under these conditions, rod vision could be 
useful at all diurnal phases and therefore should be maintained across the circadian 
cycle. On the other hand, irrespective of such considerations, cone vision should be 
a feature only of “daytime,” and therefore could benefi t from being under circadian 
control.   

7.3     Mechanisms Underlying ERG Rhythmicity 

 A variety of pharmacological and genetic approaches have been used to probe the 
mechanisms responsible for the ERG rhythmicity. 

7.3.1     Rod/Cone Pathway Balance 

 As rod and cone pathways are intrinsically shared in the mammalian retina [ 19 ], the 
segregation of these two pathways, possibly though modulation of gap-junction 
coupling, appeared an attractive candidate to explain the enhancement of photopic 
b-wave amplitude and implicit time in the subjective day. We employed the  Gnat1   −/−   
mouse that lacks normal rod phototransduction (although morphologically intact 
rods remain [ 25 ]) to assess the infl uence of rod phototransduction on cone ERG 
rhythmicity [ 45 ]. However, these animals retained large amplitude circadian 
rhythms in the ERG b-wave, and instead showed specifi c defi cits in light adaptation 
[ 45 ]. Nonetheless, as rods are morphologically still intact in these animals, it is pos-
sible that circadian rhythmicity of gap-junctions connecting rod and cone pathways 
remains intact.  

7.3.2     Melanopsin-Containing RGCs 

 The recently discovered melanopsin-containing retinal ganglion cells (mRGCs) are 
generally known to be responsible for non-image forming vision, providing light 
information to the SCN for the entrainment of circadian rhythms, the olivary pretec-
tal nuclei (OPN) for the pupil light refl ex (PLR), and several other higher brain areas 
[ 46 – 49 ]. In addition to these higher inputs we have shown that mRGCs perform a 
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local modulatory function within the retina. Although, mRGCs probably do not 
make a direct contribution to the ERG waveform, ERG studies in humans and mice 
have revealed the infl uence of these photoreceptors on ERG rhythmicity. In the case 
of humans, mRGCs appear to be responsible for some aspects of long-term light 
adaptation. The nocturnal increase in cone b-wave implicit time (discussed above) 
can be reversed by acute bright light stimulation. The action spectrum for this effect 
( λ  max  = 483 nm) matches the reported spectral sensitivity of mRGCs [ 50 ]. The role of 
mRGCs in the diurnal and circadian modulation of the ERG was further investi-
gated in melanopsin-defi cient mice ( Opn4   −/−  ), which lack mRGC photosensitivity 
[ 51 ].    Circadian rhythmicity of the cone-isolated photopic ERG (described above) 
was lost in these animals with ERGs resembling a middle ground between “day-
time”- and “night-time”-like [ 52 ]. This suggests that mRGCs are required to 
 maintain ERG rhythmicity under circadian conditions, perhaps by retaining the 
 synchrony of local clocks.  

7.3.3     Melatonin 

 The so-called circadian neurohormone melatonin plays a widespread role in the 
temporal regulation of many aspects of physiology [ 53 ]. Its infl uence is no less 
important in the retina, with several studies assessing the impact of systemic and/or 
local release of melatonin on retinal function [ 53 ]. Retinal melatonin is synthesized 
in photoreceptors under the direct control of a circadian clock [ 54 ,  55 ], where levels 
are high during the night and low during the day. Similar to centrally released mela-
tonin from the pineal gland, the synthesis of melatonin can also be suppressed by 
light stimulation [ 56 ]. For this reason, it is thought to provide a night-time cue to 
infl uence retinal physiology by playing a role in both diurnal and circadian modula-
tion. Exogenous melatonin administration appears to have a differential effect in 
humans and rodents, possibly refl ecting the difference in ecological niche. In 
humans, high salivary melatonin was correlated with the low photopic ERG b-wave 
amplitudes under diurnal conditions [ 57 ] and oral dosing with melatonin caused a 
reduction in the amplitude of the b-wave under both scotopic and photopic condi-
tions [ 58 ]. However, other studies in humans have produced varied results 
[ 59 – 61 ]. 

 In mice, studies involving melatonin have been limited, due to the rarity of mouse 
strains available that are capable of synthesizing the hormone [ 62 ,  63 ]. The C3H 
mouse does produce melatonin, but is often coupled with the  rd1  mutation that 
causes rapid photoreceptor degeneration in these animals. Baba et al. (2009) recently 
crossed C3Hf +/+  mice lacking the  rd1  mutation with mice containing a targeted dele-
tion of the melatonin 1 receptor (MT1 −/− ) to allow further insight into the function 
of melatonin in the mouse retina [ 64 ]. The MT1 receptor is localized on photorecep-
tors, inner retinal neurons, and ganglion cells providing several loci for melatonin 
to exert an infl uence. C3Hf +/+ MT1 −/−  mice lack both diurnal and circadian rhythmic-
ity of the photopic ERG with overall suppressed responses, showing a similar 
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phenotype to the  Opn4   −/−   animals [ 44 ,  64 ]. Injection of melatonin in the day in 
C3Hf +/+  decreased the scotopic response threshold and increased a- and b-wave 
amplitudes, but not in C3Hf +/+ MT1 −/−  animals. Interestingly, circadian dopamine 
metabolism, thought to exert a strong infl uence on ERG rhythmicity (see below), 
was normal in the retinae of C3Hf +/+ MT1 −/−  animals, indicating that the circadian 
rhythm in dopamine release is not suffi cient to drive circadian rhythmicity of the 
photopic ERG [ 44 ].  

7.3.4     Dopamine 

 Dopamine plays an important role in the nervous system where it functions both 
as a neurotransmitter and neuromodulator acting on two subfamilies of dopamine 
receptor. D1-like receptors (D1 and D5) couple positively to adenylyl cyclase and 
D2-like (D2–D4) negatively to produce opposing responses based on cellular 
receptor expression. Dopamine release in the retina is strongly light-dependent 
[ 65 – 68 ] and modulated by a circadian clock [ 69 ] with greater release in the sub-
jective day. Many aspects of retinal physiology are thought to be affected by light 
and/or circadian- induced changes in dopamine release, including gap-junction 
coupling, melatonin synthesis, disk shedding, and growth and development [ 70 ]. 
It is therefore unsurprising that dopamine plays a role in the rhythmicity of the 
ERG. Dopamine is solely produced in dopaminergic (DA) amacrine cells within 
the retina that are identifi able due to high expression levels of the rate-limiting 
enzyme in dopamine metabolism, tyrosine hydroxylase (TH). Jackson et al. have 
recently published an extensive report on the infl uence of dopamine on the mouse 
ERG, using retina-specifi c dopamine-defi cient mice (rTHKO) and selective dopa-
mine receptor subtype knockouts (D1RKO, D4RKO, D5RKO) [ 71 ]. In agreement 
with previous work, a circadian rhythm in the mouse scotopic ERG was not 
observed; therefore, the authors focused their efforts on the photopic light-adapted 
ERG using the rod saturating background protocol developed in our laboratory 
[ 43 ]. Mice lacking dopamine in the retina showed abolishment of photopic ERG 
rhythmicity after 2 days in DD with reduced cone ERG amplitudes in comparison 
to wild-types. In contrast to the  Gnat1   −/−   mice, surprisingly, adaptation (growth of 
the b-wave in response to background illumination) was unaffected in these ani-
mals. Furthermore, circadian rhythmicity of  Per2  (an integral clock gene) was 
maintained, suggesting the retinal clock remains fully functional in these animals. 
As these animals display a similar phenotype to the  Opn4   −/−   it could be postulated 
that the loss of melanopsin abolishes the rhythmic release of dopamine in the 
retina, possibly through a desynchrony of the DA amacrines. We have shown 
that mRGCs are not suffi cient to elicit a global change in dopamine [ 72 ], but an 
excitatory input from mRGCs to DA amacrines has been identifi ed [ 73 ] which 
may play a large role in synchronizing the circadian release of dopamine from 
these cells. 
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 Jackson et al. expanded their study by examining dopamine receptor-specifi c 
knockouts. Their main fi ndings implicated D1 and D4 receptors in the regulation of 
the ERG (and also higher visual function). D4RKOs displayed similar responses to 
the rTHKO with the abolishment of circadian rhythmicity after 2 days in DD sug-
gesting this receptor may infl uence circadian rhythmicity through rhythmical dopa-
mine release. D1RKOs, interestingly, showed defi cits in light adaptation of the ERG 
but intact circadian rhythms. The mechanism of action for this result is unclear, 
especially due to the lack of adaptation phenotype in the rTHKO animals. However, 
it could indicate that rapid changes in D1-receptor expression levels underlie the 
adaptation seen in the wild-type ERG, rather than in dopamine release per se. 

7.3.4.1     Importance of Retinal Clocks for General Retinal Function 

 When considering the prevalence of physiological processes within the retina that 
are affected by the circadian clock, it has been hypothesized that this circadian 
modulation is vital to retinal function [ 5 ]. This hypothesis has been addressed by 
studying ERGs in animals lacking integral components of the molecular circadian 
clock,  Cry1   −/−   Cry2   −/−   mice [ 43 ]. These animals lack behavioral circadian rhythms, 
showing highly disrupted wheel-running rhythms in constant conditions. They do, 
however, show “normal” diurnal wheel-running behavior when exposed to 12:12 
LD cycles, active in the dark and inactive in the light [ 74 ]. Whether this refl ects 
actual diurnal rhythmicity or not is still a matter for discussion, but does indicate 
that some manner of visual function in these animals remains intact. When analyz-
ing the ERG, we observed that, as may have been expected, circadian rhythmicity 
was abolished in these animals. However, surprisingly, ERG b-wave amplitudes 
were constitutively enhanced under both scotopic and photopic conditions indicat-
ing that clocks are certainly dispensable for general retinal health, at least under 
laboratory conditions. In another study, Storch et al. [ 34 ] also examined ERGs in 
animals bearing either a retina-specifi c or whole animal lesion of the circadian 
clockwork, namely the core clock gene  Bmal1  [ 34 ]. Again, loss of circadian rhyth-
micity of the photopic ERG was apparent. However, in contrast to our data from the 
 Cry1   −/−   Cry2   −/−   mice, modest decreases in b-wave amplitude of cone and mixed 
rod + cone ERGs were observed. When this data is taken together with our 
 Cry1   −/−   Cry2   −/−   fi ndings, it appears likely that this reduction in ERG amplitude is 
attributed to the loss of circadian regulation of retinal pathways rather than 
any generalized pathology. Indeed, the difference between the ERG phenotype 
of  Bmal1   −/−   and  Cry1   −/−   Cry2   −/−   mice is intriguing. One possible explanation is 
that because  Bmal1  and  Cry1/2  are active at different phases of the molecular oscil-
lation,  Bmal1  is a transcriptional promoter and  Cry1/2  are transcriptional repres-
sors, these two lesions stop the clock in a different state. This could explain why 
 Bmal1   −/−   ERGs are constitutively suppressed (equivalent to the wild-type response 
at night) and  Cry1   −/−   Cry2   −/−   ERGs are constitutively enhanced (equivalent to the 
wild-type response during the day).    
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7.4     Ganglion Cell Rhythmicity 

 All light signals elicited in the retina, if they are to be passed to higher visual areas 
in the brain, must pass through RGCs. As the ERG is generally used to refl ect the 
function of photoreceptors and bipolar cells in the retina, it is important to discuss 
circadian rhythmicity in the cells that actually carry the ultimate output signals from 
the retina. Of course, any rhythmicity arising in these cells could come from presyn-
aptic origins so it is diffi cult to assign the loci of circadian regulation by recording 
from these cells alone. However, as previously discussed, mRGCs act as photore-
ceptors and it is possible to identify intrinsic circadian rhythmicity in these cells 
using the relevant light stimulation techniques. Often referred to as the “circadian 
photoreceptor,” relating to their light input into the central circadian pacemaker, 
could circadian control mechanisms intrinsic to these cells contribute to the time-of- 
day dependence observed in the SCN light response [ 75 ]? 

 Core molecular clock components have been localized to the majority of cell 
types in the mammalian retina [ 76 ]; however, a large heterogeneity exists between 
cell type in the level and rhythmical occurrence of clock protein expression [ 77 ]. 
mRGCs themselves exhibit all six of the “core” clock proteins, making it likely that 
these cells are capable of autonomous circadian rhythm generation [ 77 ]. Certainly, 
a circadian variation in melanopsin mRNA levels has been observed in these cells 
[ 78 ,  79 ]; however, this rhythm is abolished after degeneration of rods and cones 
[ 80 ]. Weng et al. [ 81 ] addressed circadian rhythmicity of mRGCs using multielec-
trode array recordings of rat mRGCs pharmacologically isolated from synaptic 
inputs. They found that although mRGCs did exhibit an increase in response gain of 
mRGC phototransduction (increased fi ring rate) in the subjective night, no signifi -
cant circadian rhythmicity in light sensitivity was observed [ 81 ]. In some respects, 
these results make sense for an input to the circadian clock that must retain sus-
tained irradiance-coding for accurate relay of the presenting light conditions to the 
central circadian clock. 

 The circadian rhythmicity of mRGCs could contribute to time-of-day depen-
dence in central light responses. The SCN circadian clock itself shows a strong 
rhythmicity in photosensitivity, with light adjusting clock phase only when pre-
sented during the subjective night [ 82 ]. Many individual SCN neurons remain pho-
toresponsive during the day, indicating that retinal afferents are active at all circadian 
phases. However, electrophysiological recordings indicate that SCN light responses 
are qualitatively and quantitatively different across the circadian cycle [ 75 ,  83 ], rais-
ing the possibility that some of the variation in clock photosensitivity could origi-
nate in the retina. Another mRGC-driven response to show strong circadian variation 
is the PLR. The PLR, although driven by all three types of photoreceptor [ 84 ], relies 
solely on the output of mRGCs [ 85 ]. Zele et al. analyzed the post-illumination pupil 
light response (PIPR), sustained pupilloconstriction after light cessation that is 
thought to represent activation of melanopsin specifi cally [ 86 ]. They found that the 
PIPR did display a circadian rhythm with a minimum post-illumination pupil 
response occurring in the subjective evening ~1.31 h after melatonin onset [ 87 ]. 
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This circadian change was effected via altered redilation kinetics observed at this 
time of day. It is certainly possible that these results could refl ect central circadian 
modulation at the level of the OPN where the PLR is controlled, but also could sug-
gest that the mRGC input could vary over the course of the circadian day.  

7.5     Conclusions 

 The ERG represents an attractive technique for studying circadian control of the 
retina. It can be applied to both laboratory animals and human subjects, using com-
parable protocols, facilitating translation of basic physiological insights into an 
understanding of human biology and pathophysiology. Moreover, because the ERG 
waveform refl ects the integrated response of the retina to a visual stimulus, it reveals 
circadian regulation at the systems level, in a way that targeted recordings of 
 individual retinal cells cannot. Finally, repeated recordings can be taken from the 
same individual, raising the possibility of tracking rhythmic changes within a single 
subject. 

 The ERG has therefore proved a very good method of describing retinal circa-
dian rhythmicity. Its capacity to determine the physiological origins of such rhyth-
micity has been less widely exploited. Because the ERG waveform is a composite 
of multiple physiological events, it is often not possible to assign an alteration in a 
given ERG parameter to a particular change in the behavior of the retinal circuitry. 
Thus, for example, reduced a-wave could refl ect changes in photoreceptor physiol-
ogy (e.g., rod:cone coupling), or a reduction in b-wave latency indicative of altera-
tions in ON bipolar cell activity. Combining ERG recordings with intravitreal 
injections of pharmacological agents can be a good way of bridging this gap, as can 
the use of genetically modifi ed organisms. Viral gene targeting methods and RNA 
silencing methods are also increasingly applied to the retina and will surely be 
incorporated into circadian ERG studies in future.     
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    Abstract     Light-induced retinal damage has long served as a model of retinal 
 dysfunction and visual cell loss arising from inherited disease or caused by oxida-
tive stress. Its utility resides in the fact that nearly the entire complement of retinal 
photoreceptors is simultaneously involved in a now well-defi ned progression of cel-
lular degeneration and active cell death. Numerous extrinsic factors are known to 
infl uence the extent of visual cell loss, including previous light-rearing history, light 
intensity and duration, and diet. However, visual cell damage is also impacted by 
intrinsic factors such as circadian rhythms. These endogenous rhythms are known 
to affect the cellular machinery involved with light reception and metabolism, 
receptor function and signaling, and the cascade of apoptotic cell death. Herein we 
describe the progression of light-induced oxidative damage and visual cell death in 
retina and how circadian-dependent gene expression affects the process. The time 
course of retinal gene expression and light damage susceptibility has been com-
pared at various times of the day or night. In addition to genes known to exhibit a 
circadian profi le of regulation, we also describe a number of genes previously not 
recognized as affecting the progression of visual cell damage and loss.  
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8.1         Introduction 

 Photoreceptor cells are differentiated postmitotic retinal neurons that function over 
a wide range of ambient light conditions for the effi cient capture of photons and 
initiation of visual transduction. Because of these functions and their anatomical 
location between the inner nuclear layers in retina and the retinal pigment epithe-
lium (RPE), photoreceptors are normally subjected to high levels of incident light 
while being maintained in an oxygen-rich environment. Given the high photon fl ux 
and oxygen tension in the outer retina and the high levels of polyunsaturated fatty 
acids present in rod outer segment (ROS) membranes, the potential for visual cell 
injury is great. In most species prolonged intense visible light exposure can lead to 
photoreceptor cell damage, while in nocturnal animals the light intensity required 
need only be 2–3 times above normal room lighting. The extent of retinal light damage 
is modulated by light intensity and the duration of exposure [ 1 ,  2 ], the wavelengths of 
light used [ 2 – 4 ], diet, age, and genetic factors (see [ 5 – 7 ] for reviews). Long-term 
adaptive processes regulated by different light-rearing intensities [ 8 ,  9 ], or by dark 
rearing [ 10 ,  11 ], are additional extrinsic factors that alter the susceptibility of visual 
cells to light-mediated damage. The current discussion focuses on the fact that sus-
ceptibility to retinal damage is also a circadian-dependent process that relies on 
endogenous factors [ 12 – 15 ]. Intense light or even physiological levels of light can 
establish and regulate the near 24 h cycles of synthetic and catabolic processes, 
which in turn can impact both visual cell responses and visual cell damage. Herein, 
we review the current light damage literature; we then take a systems biology 
approach to describe circadian factors that can affect retinal gene expression and 
that may lead to photoreceptor cell resistance or susceptibility to the toxic actions of 
light.  

8.2     Retinal Morphology and Apoptotic Cell Death 
Following Light Exposure 

 Albino rats exposed to bright light or to continuous illumination exhibit photorecep-
tor damage and loss that is characterized by morphological changes. Histologically, 
the outer retinal layers appear swollen and pyknotic following intense light  exposure 
[ 16 – 19 ], ROS become distorted with the formation of sacs or whorls containing 
elongated tubules [ 20 ,  21 ], and rod inner segments (RIS), nuclei, and synaptic ter-
minals become vacuolated [ 20 ]. ROS also become increasingly disorganized, until 
they are phagocytized by the RPE or ingested by invading macrophages. The mor-
phology of the retina after exposure to high intensity light is consistent with a tissue 
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undergoing classical programmed cell death [ 22 ,  23 ]. Analysis of retinal DNA after 
intense light exposure reveals an electrophoretic pattern of fragmentation contain-
ing a 200 base pair DNA ladder, along with TUNEL reactivity localized within the 
ONL [ 24 – 26 ]. Furthermore, after some debate, it has become clear that light-
induced retinal degeneration in rats involves a caspase-mediated apoptotic pathway 
[ 27 ,  28 ]. Caspases defi ne a family of cysteine aspartate-specifi c proteases that coor-
dinate and execute the process of programmed cell death [ 29 – 31 ]. These enzymes 
are initially synthesized as inactive zymogens and become activated by proteolytic 
cleavage [ 32 ,  33 ]; see Fig.  8.1 . Two major caspase-mediated pathways, leading to 

  Fig. 8.1     Panel a : Dark-reared adult male albino rats (p60), treated or untreated with DMTU, were 
exposed to intense light for 0–24 h. The rats were killed in a saturated CO 2  chamber in dim red 
light and retinas excised and then used for either Northern (panel a), Western (panel b), or DNA 
analysis (panel d) as described [ 36 ]. In panel a Northern analysis for gene markers of the visual 
cascade ( Rho  rhodopsin,  Rbp3  retinol-binding protein 3,  Sag  rod arrestin,  Rcvn  recoverin) and cell 
stress ( Sod-1  superoxide dismutase 1,  Cryaa  crystallin alpha A,  Cryab  crystalline alpha B, 
 Hsp90aa  heat shock protein 90 kDa alpha (cytosolic) class A member 1,  Hspaa  heat shock 70 kDa 
protein 4,  Hmox-1  heme oxygenase-1) is shown.  Panel b : Western analyses to detect processed (P) 
and unprocessed forms (UP) of various caspases and other components of the apoptotic cell death 
cascade.  Panel c : Schematic showing known caspase-mediated pathways.  Panel d : Analysis of 
retinal DNA after intense light exposure reveals an electrophoretic pattern of fragmentation con-
taining a 200 base pair DNA ladder. Pretreatment with the antioxidant DMTU both delays and 
reduces DNA fragmentation, suggesting that light-induced photoreceptor cell death is in part 
mediated by oxidative stress       
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the degradation of key survival proteins [ 34 ], have been elucidated: an extrinsic 
pathway initiated by ligand binding to a death receptor on the plasma membrane 
and an intrinsic pathway involving release of cytochrome C from the mitochondrial 
intermembrane space into the cytosol [ 35 ].

   In adult male Sprague–Dawley rats exposed to intense green light, we fi nd that a 
4 h exposure results in retinal damage and degeneration, an alteration in expression 
of visual transduction genes and the induction of a specifi c subset of stress genes 
[ 36 ] (Fig.  8.1 , panel a). Moreover, Western analysis reveals activation of a number 
of different caspases, implying that both the extrinsic and intrinsic pathways are 
activated (Fig.  8.1 , panel b). The terminal step in apoptosis is progression to DNA 
fragmentation. With respect to the apoptotic cascade, caspase 6 or caspase 3 can 
inactivate poly (ADP-ribose) polymerase (PARP) in the nucleus. Since the normal 
function of PARP is DNA repair, without this activity extensive DNA fragmentation 
occurs, leading to cellular death. Electrophoretic analysis of retinal DNA in our 
light-treated animals presents with an endonuclease-mediated DNA ladder clearly 
detectable 12 h after the onset of illumination, whereas pretreatment with the anti-
oxidant dimethylthiourea (DMTU) both delays and reduces DNA fragmentation 
(Fig.  8.1 , panel d). This suggests that the process of light-induced photoreceptor cell 
death is at least in part mediated by oxidative stress.  

8.3     Rhodopsin and Light-Induced Retinal Degeneration 

 Central to all light damage hypotheses is the importance of rhodopsin as the trigger 
for photoreceptor cell damage [ 2 ,  37 ,  38 ]. First described almost 50 years ago [ 1 ,  2 ], 
retinal light damage has long served as a model of retinal degenerations arising 
from genetic inheritance and environmental or toxic insult. Its utility as a model 
resides in the near synchronous involvement of the entire complement of rod photo-
receptors and, depending on exposure conditions, damage in the adjacent RPE. By 
careful experimental manipulation of prior light-rearing conditions, light intensity 
and duration, or diet, we know that retinal light damage begins within ROS with the 
bleaching of rhodopsin. Genetic manipulation of retinal proteins also points to a 
central role for rhodopsin bleaching, as rhodopsin knockout (KO) and RPE-65 KO 
mice are protected against retinal light damage [ 37 – 40 ]. Because opsin, but not 
rhodopsin, is present in RPE-65 KO mice and rhodopsin KO mice lack the protein 
altogether, this implicates rhodopsin regeneration in addition to its bleaching. In 
arrestin or rhodopsin kinase KO mice, retinal light damage occurs under ordinary 
room lighting, while dark rearing prevents damage [ 41 ,  42 ]. As these proteins act to 
attenuate the light-driven photo-response, this implicates visual transduction as well 
in the mechanism of damage. Other genetic evidence suggests that two distinct 
pathways of light damage may exist, one involving bright light and activator pro-
tein- 1 (AP-1) and a low light apoptotic pathway primarily involving activated 
 transducin [ 43 ].  
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8.4    Light-Induced Visual Cell Damage is Species-Dependent 

 Arrestin and transducin each exhibit light-driven translocation into or out of ROS 
[ 44 ], and their relative expression [ 11 ] and protein levels [ 10 ] have been found to 
correlate with retinal light damage susceptibility. Conversely, RPE-65 gene expres-
sion and its protein levels do not correlate with retinal light damage in rats [ 45 ], or 
with their enhanced susceptibility to damage at night [ 46 ]. Inhibition of the visual 
cycle with 13- cis  retinoic acid, however, does lead to a reduction in the extent of 
light-induced photoreceptor cell loss [ 47 ]. Accordingly, although species differ-
ences do exist, rhodopsin regeneration can impact retinal light damage in both mice 
and rats. Similarly, an action spectrum for retinal light    damage that has been reported 
for rats is nearly identical to the rhodopsin absorption spectrum [ 2 ,  3 ]. Other evi-
dence points to a peak for photodamage in the near UV, possibly due to free all- trans    
retinal (reviewed in [ 48 ]). Unexplained at this time is how extensive bleaching of 
rhodopsin in rod photoreceptors during the bright light conditions that exist through-
out the day can occur without extensive damage in most species. Likewise, we do 
not yet understand how identical levels of rhodopsin bleaching and regeneration 
during the day or at night [ 14 ,  46 ] can lead to such remarkable differences in photo-
receptor damage. We sought to address some of these questions by profi ling retinal 
gene expression as a function of time of day to identify genes as potential endoge-
nous effectors of visual cell damage.  

8.5    Intense Light Induces Oxidative Stress in the Retina 

 Traditional antioxidants prevent retinal light damage and photoreceptor cell loss. 
These include the natural  l -stereoisomer of ascorbic acid as well as  d -ascorbate, 
which is also an antioxidant but not an enzymatic cofactor for collagen synthesis 
and wound repair [ 49 ,  50 ]. Synthetic antioxidants, including the radioprotective dye 
WR-77913, which quenches singlet oxygen [ 51 ],  N -acetyl cysteine [ 52 ], and 
phenyl- N   - tert -butylnitrone [ 53 ], are also known to prevent retinal light damage. 
Similarly, DMTU, a quencher of hydroxyl radical formation [ 54 ,  55 ], effectively 
protects against the light-induced loss of visual cells [ 56 ]. It also prevents the loss 
of retinol dehydrogenase activity, which has been shown to decrease during intense 
light exposure [ 57 ]. Irrespective of their natural or synthetic origins, most antioxi-
dants are only effective when given before the onset of light, suggesting that oxida-
tion is a relatively early event in the damage process. Evidence for the rapid 
formation of light-induced retinal hydroperoxides has been reported for an oxida-
tively susceptible rat model of Smith–Lemli–Opitz syndrome [ 58 ]. In vitro evi-
dence also supports the early onset of oxidation. In isolated photoreceptors, 
Demontis et al. [ 59 ] found that light-induced oxidation within the ROS and RIS 
correlated with the time course of rhodopsin photo-bleaching and metabolic changes 
in mitochondria, respectively. Similarly, Yang et al. [ 60 ] found rapid light-induced 
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changes in fl uorescent dyes indicative of increased reactive oxygen species in the 
photoreceptor cell-mitochondria-rich ellipsoid region. 

 A unifying factor in photoreceptor/RPE damage appears to be light-induced 
reactive oxygen species generated by rhodopsin bleaching or by photosensitive 
compounds such as A2E [ 61 ]. Because of their intimate metabolic and morphologic 
relationship, their high oxygen tension, and the high rate and duration of photon 
fl ux, damage in either the retina or RPE can lead to degeneration in the other [ 62 ]. 
One outcome of intense light exposure is its effects on the omega-3 polyunsaturated 
fatty acid docosahexaenoic acid (DHA). Intermediates of DHA oxidation have been 
found in lipid extracts of retina after only 1–4 h of light exposure [ 63 ], and carboxy-
ethylpyrrole (CEP) protein adducts, involving a DHA oxidation fragment, have 
been detected after light treatment [ 64 ]. Other evidence indicates that neuroprotec-
tin D1 (NPD1), a lipoxygenase-mediated epoxide of DHA, is formed in RPE and 
that it protects against apoptotic cell death [ 65 ]. Accordingly, both physiological 
and pathological products of DHA oxidation can be formed in ocular tissues and a 
balance between the two may normally exist. Whether the formation of CEP lipid–
protein adducts and NPD1 synthesis are primarily tissue specifi c or whether their 
formation also occurs in a circadian fashion is currently unknown.  

8.6     Crystallins in the Retina and RPE Are Protective 

 Postmitotic tissues like the retina contain α-, β-, and γ-crystallins [ 66 – 68 ]. Among 
these, α-crystallins are members of a superfamily of small heat shock proteins 
(HSP) that share considerable amino acid homology and molecular chaperone prop-
erties with other HSPs [ 67 – 70 ]; for a recent review see [ 71 ]. They also undergo 
posttranslational modifi cations [ 67 ], many of which are present in aging retina [ 72 ] 
or in genetically induced retinal degenerations [ 73 ]. Alpha B-crystallin is known to 
aggregate upon cellular stress and to redistribute from the cytoplasm to the perinu-
clear region, a process reversed during recovery [ 74 ,  75 ]. Intense light-induced oxi-
dative stress leads to higher αB-crystallin levels in ROS and to increases in all three 
classes of crystallins in retina [ 76 ]. Alpha B-crystallin is also constitutively 
expressed in RPE, and its expression increases during oxidative stress [ 77 ]. RPE 
cells transfected with an αB-crystallin gene are resistant to apoptosis [ 77 ], possibly 
from binding with proapoptotic members of the Bcl family [ 78 ,  79 ] or by binding 
with and preventing caspase activation [ 80 ,  81 ]. The β- and γ-crystallins contain 
amino acid homologies to enzymes such as lactate dehydrogenase and aldose reduc-
tase [ 82 ] and have about 50 % sequence homology with a γN-crystallin ancestor 
[ 83 ]. Six γ-crystallins are expressed in mouse retina [ 84 ,  85 ] where they may serve 
a protective role analogous to that of αB-crystallin [ 84 ]. Gamma-crystallin mRNA 
levels can be upregulated by intense light beginning at 1 am [ 86 ] and are normally 
downregulated by the high melatonin levels at night [ 87 ]. We now know that both 
α- and γ-crystallins can translocate into and out of ROS in a light-independent 
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 circadian manner [ 86 ], a process that differs from the strictly light-driven process 
affecting visual cell arrestin and transducin migration [ 44 ].  

8.7     Circadian Rhythms and Retinal Light Damage 

 Compelling evidence exists that the retina possesses a circadian oscillator indepen-
dent of the master pacemaker located in the suprachiasmatic nucleus (SCN). Synthesis 
of a number of visual cell transduction proteins and phagocytosis by RPE are either light 
entrained or expressed in a circadian fashion [ 88 – 93 ]. Likewise, expression of the reti-
nal transcription factors c-fos and c-jun is light entrained [ 94 ,  95 ], and cone cell sur-
vival appears to depend on the expression of a circadian-driven voltage-gated 
potassium channel [ 96 ]. Intense light exposure causes an increase in retinal heme 
oxygenase-1 (Hmox-1) message and a simultaneous reduction in interphotoreceptor 
cell retinol-binding protein (IRBP) mRNA [ 14 ], changes which are otherwise circa-
dian-dependent Hmox-1 is a 32 kDa inducible stress protein that catalyzes conver-
sion of the prooxidant heme to biliverdin, which is subsequently converted to the 
antioxidant bilirubin [ 97 ]. IRBP is synthesized in photoreceptor cells and is a useful 
marker of visual cell function following damage [ 14 ]. Retinal glutathione peroxidase 
is also induced by photic injury [ 98 ] or by bright light-rearing conditions [ 99 ], and 
neuroprotective peptides are known to be upregulated in bright light [ 100 ,  101 ]. Thus, 
intense light can change the expression of potentially protective proteins or processes 
that appear to be enhanced or repressed by the time of day of light exposure. More 
recent evidence indicates that melanopsin, a photopigment located in a subset of reti-
nal ganglion cells, serves as a retinal circadian irradiance detector [ 102 – 104 ]. 
Cryptochromes are also known to be present in the retina as well as in peripheral 
tissues [ 105 ]. In melanopsin KO mice, circadian- related behavior and phase resetting 
were attenuated but still present [ 106 ,  107 ]. Although melanopsin may function as a 
photoreceptive pigment, it is not thought to mediate photic damage because the inner 
retinal layers are not normally destroyed by intense visible light [ 2 ]. 

 Repeated nighttime exposures of rats to intense visible light or repeated treatments 
with melatonin enhance retinal light damage [ 12 ,  13 ,  108 – 110 ], whereas the melato-
nin receptor antagonist luzindole prevents light damage [ 111 ]. This implicates mela-
tonin as an effector, not a photosensitizer, in light-induced photoreceptor cell damage. 
Because melatonin levels are elevated at night and because it enhances susceptibility 
to retinal light damage ([ 108 – 110 ]; reviewed in [ 112 ]), we studied the effects of a 
single, relatively brief period, of intense visible light starting at various times in the 
circadian cycle. Visual cell loss was enhanced 2–3-fold by light exposure at 1 am 
compared to identical light treatment beginning at 9 am or 5 pm [ 14 ]. Figure  8.2  panel 
a shows that both cyclic light- and dark-reared rats are susceptible to light damage at 
1 am and least vulnerable at 5 pm. Light exposure starting at 9 am, however, results 
in a major difference; cyclic light-reared rats are resistant to visual cell loss, while 
dark-reared animals remain susceptible to light damage. This difference is nicely 
demonstrated by the appearance of retinal histology 2 weeks after light exposure [ 15 ]. 
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  Fig. 8.2     Panel a : Schematic showing the relative retinal susceptibility of dim cyclic light-reared 
rats (20 lx, 12 h per day; lights on at 8 am) and littermates dark maintained for 40 days before 
intense light exposure beginning at 1 am, 9 am, or 5 pm. All rats were dark adapted for 16 h before 
intense light treatment. As determined by retinal rhodopsin measurements and retinal DNA, both 
cyclic light- and dark-reared animals are highly susceptible to light damage at 1 am and both are 
resistant to exposure beginning at 5 pm. Dark-reared rats retain their retinal light damage suscep-
tibility for light treatment beginning at 9 am, whereas cyclic light rats are largely resistant to dam-
age at that time.  Panel b : Retinal histology 2 weeks after intense light exposure of male albino rats 
(P60) exposed to light for either 8 h (cyclic light-reared) or 3 h (dark-reared) starting at 9 am, 5 pm, 
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As shown in Fig.  8.2  panel b, intense light exposure starting at 9 am resulted in little 
visible effect in the ONL, ROS, and RIS of cyclic light-reared animals but massive 
photoreceptor cell damage and loss along with the loss of nuclei from the ONL in 
dark-reared rats. Light damage was also seen in dark-reared rats exposed at 5 pm, but 
it was much reduced from the pattern seen for the 9 am light treatment. Intense light 
exposure at 1 am, however, resulted in substantial losses of photoreceptor cells in 
both the cyclic light- and dark-reared animals. Few visual cell nuclei remain in the 
ONL, with nuclei from the INL now present in the area normally occupied by photo-
receptor cells. Some nuclei appear to be those of remnant cones (arrows) that have 
also been retained in the severely damaged ONL. To determine if cones actually sur-
vived in these light-damaged retinas, we used Western analysis to detect cone cell 
opsin and arrestin (mCAR). Figure  8.2  panel c shows that cone cell opsin and mCAR 
are present in rat retina at all times of the day and night. Their levels are reduced by 
light treatment, compared with those found in retinal extracts from unexposed ani-
mals, and light exposure at 1 am appears to induce the greatest loss of both cone opsin 
and mCAR. As expected, 5 pm retinas exhibit the highest levels of cone cell markers 
in rats treated with intense light.

   Circadian, light-induced visual cell death proceeds by an apoptotic process that is 
enhanced by light exposure at 1 am and preventable by antioxidant treatment [ 14 ,  15 ]. 
Circadian rhythms are also normally retained when animals from a diurnal light 
cycle are dark adapted for several days and reversed when the normal light–dark 
cycles are reversed [ 113 ]. In this regard, light damage susceptibility was also retained 
in cyclic light rats that had been dark adapted for as long as 3 days and reversed in 
those phase-shifted to reset their circadian clock [ 14 ]. Because rhodopsin bleaching 
and/or regeneration triggers light-induced retinal damage and rhodopsin mutations 
can lead to an accelerated rate of photoreceptor cell loss [ 114 ], we studied the pro-
fi les of retinal degeneration in transgenic animals expressing mutations at either the 
n-terminal (P23H) or c-terminal (S334ter) region of rhodopsin. Both transgenic 

Fig. 8.2 (continued) or 1 am, as described [ 15 ]. In these representative sections, dramatic differ-
ences in the ONL can be seen in dark-reared animals exposed to light at 9 am versus their cyclic 
light counterparts. Photoreceptor cell damage was much reduced or absent when light exposures 
began at 5 pm, with extensive damage in both types of rats induced by intense light starting at 
1 am. Arrows point to remnant cone nuclei in the ONL, magnifi cation bar = 20 μm (Figure adapted 
from Vaughan et al. [ 15 ] with permission).  Panel c : Cyclic light-reared male albino rats ( n  = 4) 
were acclimated to hyperthermia at 97 °C for 2 h in darkness and then exposed to intense visible 
light or maintained in darkness for 2 additional hours [ 2 ]. Following light treatment the animals 
were placed into darkness at room temperature for 2 days. The rats were killed in a saturated CO 2  
chamber in dim red light and retinas excised and used for Western analysis, as described [ 64 ]. 
Cone opsin staining was detected with an antibody from Millipore (Temecula, CA), diluted 
1:1,000. Anti-cone arrestin antibody (mCAR) was generously supplied by Dr. Cheryl Craft, USC, 
Los Angeles, CA, and used at a 1:2,000 dilution. The levels of immuno-reactive cone opsin and 
mCAR were decreased by light exposure, especially for light exposure beginning at 1 am. The 
cone cell marker proteins were highest in the unexposed and light exposed rats at 5 pm, with inter-
mediate levels at 9 am. SDS gel electrophoresis was run with 20 μg of retinal protein per lane       
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animal models were found to exhibit circadian-dependent retinal light damage, with 
greatest susceptibility at 1 am, and to undergo apoptotic visual cell loss [ 115 ,  116 ]. 
The extent and rate of photoreceptor cell degeneration was also infl uenced by envi-
ronmental light-rearing conditions and transgene expression levels. Although the 
P23H and S334ter rhodopsin mutations resulted in greater susceptibility to light 
damage than normal, and rhodopsin kinase and opsin have both been detected in the 
pineal gland [ 117 ,  118 ], their photoreceptor cell degenerations do not appear to arise 
from a uniformly enhanced circadian susceptibility to light damage.  

8.8     Retinal Gene Expression Profi les and Analysis 

 Toward an understanding of light-induced oxidation and damage in retina and RPE 
are questions about the relationships between the time course of susceptibility and 
the nature of any time-dependent endogenous factors that can initiate or maintain 
visual cell damage. With this in mind, we undertook a study of gene expression 
profi les in the retinas of rats sacrifi ced at various times of the day and night (9 am, 
5 pm, and 1 am). These studies have dovetailed nicely with the pursuit of putative 
circadian-regulated retinal expressed genes and circadian effects on susceptibility 
and resistance to light-induced retinal degeneration. 

 The molecular basis of the circadian clock consists of transcriptional–transla-
tional feedback loops involving a group of genes known collectively as “clock 
genes” (reviewed in [ 119 ,  120 ]). Results of mining the NCBI Gene Database for 
specifi c terms suggest that there are at least 38 genes that can be considered under 
the category of rat circadian clock genes and as many as 260 genes that may be 
circadian related. In our current discussion we will confi ne our descriptions to 14 
specifi c clock genes (Fig.  8.2 ). 

 Core genes within this network include Clock, Arntl (Bmal1), and Npas2. In the 
fi rst major feedback loop, these three genes form heterodimers that bind to the 
E-box elements in promoters of period genes (Per 1, Per 2), cryptochromes (Cry1, 
Cry2), and Nr1d1 to induce transcriptional activation. Eventually built up Per pro-
teins will complex with Cry proteins (as well as others) and the complex will repress 
their own expression by blocking Clock- and Bmal1-mediated transactivation. 
A second functional loop involves the transactivation of Nr1d1 and Rora genes by 
Clock/Arntl. Nr1d1 and Rora proteins in turn competitively bind to RRE (also 
known as RORE) elements in the promoters of Arntl, thus driving a daily rhythm of 
Arntl expression. The third gene loop that defi nes the core clock network involves 
the transactivation of gene expression through the D-box element by hepatic leuke-
mia factor (HLF), thyrotroph embryonic factor (TEF), and D-site-binding protein 
(DBP) (Fig.  8.3 ). Dbp, Tef, and Hlf are under the direct control of the core circula-
tory loop and form the clock-controlled output genes [ 121 ]. Posttranslational regu-
lation (acetylation, degradation phosphorylation, ubiquitination, and sumoylation) 
is also important in regulating circadian oscillation. In addition to controlling the 
expression of components within the immediate clock network, the core clock 
 network also sets into motion a host of circadian clock-regulated genes that may 
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underlie the changes in biological processes that occur on a daily basis. This core 
system is entrained to the light–dark cycle with Clock: Bmal1 mRNA being high 
during the light period and Per:Cry mRNA being high during the dark period in the 
SCN regardless of whether the animal is diurnal or nocturnal (reviewed in [ 122 ]).

   The central “master” clock is located in the SCN (reviewed in [ 123 ]) and regu-
lates the timing of most circadian rhythms in mammals. Many organs and tissues of 
the body, including the retina, can however generate circadian rhythms indepen-
dently of the SCN. Tosini et al. [ 124 ] fi rst demonstrated that cultured mammalian 
retinal cells release melatonin in a circadian pattern. The circadian profi le of mela-
tonin release free-ran in constant darkness was entrained by light in vitro and was 
temperature-compensated, thus fulfi lling the three fundamental properties that 
defi ne a circadian rhythm [ 124 ,  125 ]. It is widely agreed that retinal photoreceptors 
play a key role in the circadian organization of the whole organism because they are 
the only source of photic input to the SCN [ 126 ]. Injection of Royal College of 
Surgeons (RCS) rats with kainic acid (which destroys the inner nuclear layer but 
spares photoreceptor cells) was found to repress the circadian rhythms of Aanat 
mRNA in RCS rats with no photoreceptors but not in the congenic wild-type ani-
mals. The conclusion from this observation is that there were at least two indepen-
dent circadian clocks within the retina, one in the photoreceptor cell and one in the 
inner nuclear layer [ 127 ,  128 ]. In the mouse, multiple core circadian clock proteins 
have been observed in cone photoreceptors; horizontal, bipolar, dopaminergic ama-
crine cells; catecholaminergic amacrines; and melanopsin expressing intrinsically 
photosensitive ganglion cells [ 129 ,  130 ]. Core clock proteins are expressed in most 
mouse retinal neurons with a large degree of homogeneity within the same cell type 
and a heterogeneous expression profi le (expression levels and circadian profi le) 
between cell types, inferring a unique circadian clock in each cell population [ 130 ]. 
This disparity in clock protein profi les suggests that the perceived circadian profi les 
observed are built upon distinct subpopulations of neuronal cellular clocks. It is 
therefore unlikely that measuring mRNA levels from the whole retina will provide 
useful information about the functional characteristics of retinal circadian clocks 
[ 119 ]. We agree with this; however, in our opinion we see the system as a model to 
identify additional circadian-regulated genes. There is already suffi cient evidence 
that there is more than one retinal clock to consider and that the goal of each clock 

  Fig. 8.3    Core clock genes and their mechanism to mediate gene expression       
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is to moderate the expression of its agenda of circadian clock-regulated genes. If the 
expression of these said genes is at high enough levels and if they change markedly 
over the course of the day, they should be detectable. A major issue, however, is how 
to theoretically relate them back to a circadian clock network.  

8.9     Circadian Microarray Analysis 

 Gene profi les were generated for both dark-reared and cyclic light-reared animals 
using standard methodologies (Fig.  8.4 ). In each case retinal tissues taken at 1 am, 
9 am, and 5 pm were analyzed. For dark-reared animals 1 am and 9 am defi ne a 
light-induced damage-susceptible period, while 5 pm defi nes a light-induced 
damage- resistant period. In the case of cyclic light-reared animals, 1 am defi nes a 

  Fig. 8.4    Summary of gene profi ling analyses: Retinas from dark- and cyclic light-reared animals 
(P60) were obtained at 1 am, 9 am, and 5 pm. Tissue was obtained from three different animals to 
defi ne a single tissue sample, and three independent tissue samples were collected for each time 
point. Total RNA was extracted with Trizol reagent using the supplier’s protocol (Invitrogen, 
Carlsbad, CA) and further purifi ed through an RNA easy column (Qiagen, Germantown, MD). The 
integrity of the RNA was assayed using an Agilent 2100 BioAnalyzer NanoChip (Agilent 
Technologies, Santa Clara, CA). Each RNA sample was run three times on three different arrays. 
For a single gene profi ling experiment (1 am, 9 am, 5 pm), a total of 27 microarrays were run. In 
the case of dark-reared animals, gene profi les were run on Illumina rat arrays [ 140 – 142 ], as well 
as on Affymetrix rat arrays. In each case a different set of samples was run on each array type. The 
computer software used to process the array data is as shown       
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light-induced damage-susceptible period, while 9 am and 5 pm defi ne light damage- 
resistant periods.

   Differential comparisons were run for the collective arrays defi ning 9 am versus 
1 am (to defi ne the progression of 1 am to 9 am), 5 pm versus 9 am (to defi ne the 
progression of 9 am to 5 pm), and 1 am versus 5 pm (to defi ne the progression of 
5 pm to 1 am). Fold changes (FC) in gene expression and the adjusted p-value 
(adjusted for multiple testing) for the FC were estimated; an adjusted p-value of less 
than 0.05 was used as the cut-off to defi ne the threshold at which a transcript was 
considered statistically signifi cantly differentially expressed. 

 In each gene profi ling study (dark-reared retinal profi les on Illumina arrays, 
dark-reared retinal profi les on Affymetrix arrays, or cyclic light-reared retinal pro-
fi les on Affymetrix arrays), if the FC for a given gene (gene marker) had an adjusted 
 p -value of <0.05 for any successive pair of time points during the day, the FC at the 
other comparisons (regardless of the adjusted p-value) were also pulled and anno-
tated so that the progression in changes in gene expression throughout the day could 
be viewed. Likewise the data for a gene with a signifi cant FC in one study were also 
pulled and annotated for the other studies so that a match set of data was generated. 
In total 410 gene expression FC profi les were generated for each profi ling study, and 
using the progressive FC values, relative expression levels could be estimated for 
each time point and an expression trend could be established (Fig.  8.5 ). Goodness 
of fi t testing was applied and those profi les with insignifi cant variation were dis-
carded from further analysis, leaving a fi nal list of 137 gene markers defi ning 120 
genes and their “circadian” expression profi le trends (Tables  8.1 ,  8.2 , and  8.3 ). In 
total we screened 38,448 unique gene markers to identify 137 (roughly 0.35 %) 
gene markers of interest. Expression profi les for 20 of these genes were confi rmed 
by qRT-PCR using independent RNA sample sets. Moreover, 55 of our selected 
genes had the same 1 am, 9 am, and 5 pm FC trends on both Illumina and Affymetrix 
arrays (roughly 67 % of genes detected on both arrays).

8.10           Relating Selected Retinal Genes to the Circadian Clock 

 In the list of genes identifi ed as putative circadian clock-regulated retinal genes, we 
reidentifi ed several known circadian clock-regulated retinal genes (Fos, Jun, Kcnv2, 
Irbp, and seven different crystallin genes), validation for the approach. Moreover, 
given that the core circadian clock network is an intricate network of transcription 
regulators and transcription modifi ers, we examined our 120 genes (defi ned by 137 
gene markers) for E-box, D-box, and RRE promoter elements, the three promoter 
elements characteristic of core clock protein genes [ 131 ]. We were able to retrieve 
20 kb of promoter sequence for 99 of the 120 genes. Fuzznuc (Emboss) was used to 
analyze promoter sequences [ 131 ]. Eighty-eight of the genes had at least one E-box 
(89 %), 25 genes had at least one RRE site (25 %), and 13 had at least one D-box 
element within their promoter regions (10 %). In the 14 core circadian clock genes 
(Fig.  8.3 ), 8 have at least one E-box site in the promoter (57 %), 5 had at least one 
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  Fig. 8.5     Panel a : Retinal gene expression profi les established from microarray studies or qRT- 
PCR.  Panel b : Extrapolation of gene profi ling data to generate a circadian expression profi le. 
In total six different expression trends were observed.  Panel c : Distribution of expression 
trends in each of the three gene profi ling studies (dark-reared retinal profi les on Illumina arrays, 
dark-reared retinal profi les on Affymetrix arrays, or cyclic light-reared retinal profi les on 
Affymetrix arrays)       
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   Table 8.1      Dark Reared Retinal gene profi les-Illumina arrays            

(continued)
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Table 8.1 (continued)

(continued)
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Table 8.1 (continued)

(continued)
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D-Box element (36 %), and 5 genes had at least one RRE site in their promoter 
regions (36 %) (reviewed in 120). 

 Moreover, Ak4, Csnkie, JunB, Nr2c1, Rcvrn, Pcp2, Mt1e, ActB, Jun, Rorb, and 
Fos, from our circadian clock-regulated retinal expressed gene list (~10 %), have 
known direct interactions with one or more of the 14 core clock proteins shown in 
Fig.  8.3 . Because of the nature of the circadian clock to coordinate and control com-
plex biological events, systematic control of gene expression should manifest in the 
eventual generation and modifi cation of functional protein networks. An unknown 
variable is the degree at which a set of circadian core genes can mediate an effect 
and of course how to get a measure of this. Most known clock-controlled genes lack 
the E-box response elements which are necessary for a direct regulation by the cir-
cadian pacemaker (reviewed in [ 132 ]). This suggests that a good part of circadian 
control is indirect. In the genes that we isolated, the presence of E-box response 
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   Table 8.2    Dark Reared Retinal gene profi les-Affymetrix arrays             

(continued)
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(continued)

Table 8.2 (continued)
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elements is very high, suggesting that we may have isolated a group of genes fairly 
close functionally to elements of the pacemaker. In order to examine this possibility, 
we generated a functional walk from the 14 core circadian clock genes (Fig.  8.3 ) 
toward our putative circadian clock-regulated retinal expressed genes (120 genes). 
Our approach was to interrogate the Ingenuity gene database to fi nd proteins with 
known direct functional interactions (protein to protein interactions or protein to 
DNA interactions) with any one of the core clock genes in question. We subse-
quently then defi ned which of these second generation clock-related genes/proteins 
had known direct functional interactions with the genes/proteins in the retinal circa-
dian clock-regulated gene list. In total, 71 of the retinal circadian clock-regulated 
genes/proteins (~60 %) were found to have known direct interactions with 158 of 
the proteins defi ning generation 2 core clock-related genes. The analysis relating the 
circadian core clock to our circadian core clock-regulated retinal expressed genes is 
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   Table 8.3    Cylic Light Reared Retinal gene profi les-Affymetrix arrays             
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8 Circadian Effects on Retinal Light Damage



154

(continued)

Table 8.3 (continued)

P. Wong et al.



155

(continued)

Table 8.3 (continued)

8 Circadian Effects on Retinal Light Damage



156

summarized in Table  8.4 . Arntl seems to be the circadian clock protein that has the 
most infl uence with our circadian clock-regulated retinal expressed genes/proteins. 
With respect to the retinal expressed genes/proteins, COL1A2 has the most core 
clock interactions of extracellular proteins. ACTB has the most core clock interac-
tions of cytoplasmic proteins, ANXA1 has the most core clock interactions of 
plasma membrane proteins, and FOS and JUN have the most interactions with 
respect to nuclear proteins. Overall most interactions mediated by the core clock 
candidates target proteins within the nucleus.
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8.11        Susceptibility and Resistance to Light-Induced Damage 

 Biological factors that infl uence the progression of light-induced damage have 
already been discussed. There is currently limited information at the molecular level 
that defi nes light damage-susceptible and light damage-resistant factors. However, 
light damage studies using genetically modifi ed mice have demonstrated that c-Fos 
ablation and erythropoietin overexpression protect against light-induced retinal 
damage [ 133 – 135 ]. Similar studies using other KO mouse models have shown that 
ablation of p53 and JunD does not prevent light damage [ 136 ,  137 ] and rd mice still 
undergo retinal degeneration in the absence of c-Fos [ 138 ]. Although the mouse KO 
studies are compelling, comparable genetic studies in rat models remain elusive. We 
have made a start by characterizing circadian changes in gene expression in the rat 
model of light-induced retinal degeneration. Integration of these gene expression 
results in different rodent models will require additional time and experimentation. 

 In this study two different biological paradigms were examined, retina that is 
more susceptible to light-induced damage (dark-reared retina at 1 am and 9 am, 
cyclic light-reared retina at 1 am) and retina that is more resistant to light-induced 
damage (dark-reared retina at 5 pm and cyclic light-reared retina at 9 am and 5 pm). 
We took a comparative analysis to screen for changes at the level of gene expression 
to see if there were any conserved events between light damage resistance and sus-
ceptibility. For each profi ling study (dark-reared retinal profi les on Illumina arrays, 
dark-reared retinal profi les on Affymetrix arrays, or cyclic light-reared retinal pro-
fi les on Affymetrix arrays), two comparisons could be made. These results in turn 
were compared from one profi ling study to the other to examine for consistencies in 
FC changes (Table  8.5 ). Thirteen genes (Table  8.5A ) were found to be consistently 
repressed during the light-induced damage-susceptible state as compared to the 
resistant state. Seventeen genes (Table  8.5B ) were found to be consistently elevated 
during the light-induced damage-susceptible state as compared to the resistant state. 
We regard these 30 genes as those that putatively defi ne retinal susceptibility/resis-
tance to light-induced damage (LID susceptibility/resistance genes). The remainder 
of the genes had contradictions either within a specifi c profi ling study (Table  8.5C , 
Cryab), between different profi ling studies (Table  8.5C , Nr4a1 and Anaxa1), or 
genes that were not tested in up to two of the three profi ling studies (examples are 
shown in Table  8.5C    ).

   In order to interrogate the collection of 30 LID susceptibility/resistance genes 
and their gene products for similarities and associations, we submitted the list of 
genes to Ingenuity Pathway Analysis. Of the LID susceptibility/resistance genes 
listed, nine genes (Adi1, Dusp1, Ell2, Nr2c1, Rorb, Ccng1, Pbra1, Pbx3, Rbm3) 
code for nuclear proteins. Of the examples of suggestive genes, Cryab, Nr4a1, and 
Csnk1e all code for nuclear proteins. In the context of the core circadian clock net-
work, Rorb is a paralog of Nr1d1. Rors (retinoic acid-related orphan receptors) are 
transcriptionally controlled by the same mechanism as that of Per and Cry genes. 
While NR1D1 negatively regulates the gene expression of Bmal1, RORs positively 
regulate the expression. Although these transcription factors are not involved in 

8 Circadian Effects on Retinal Light Damage
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rhythm generation, they are important in controlling the phase and the amplitude of 
gene expression [ 139 ]. Moreover, casein kinase 1 epsilon (CSNK1E) phosphory-
lates PER proteins and tags them for degradation and can positively regulate 
BMAL1 activity by phosphorylation (reviewed in [ 122 ]). 

 With respect to gene ontology, 12 genes are associated with the process of cell 
death and survival (Actb, Adi1, Adra1b, Bcl2l10, Ccng1, Cd24a, Dusp1, Nr2c1, 
Pbx3, Ppp2r2b, Rbm3, Stxbp1), and 11 genes are associated with the process of 
cellular development (Actb, Adra1b, Bcl2l10, Ccng1, Cd24a, Dusp1, Glmn, Hook, 
Pbrn1, Pbx3, and Rbm3). Because most gene products are multifunctional, eight of 
the genes listed above are associated with both the processes of cell death and sur-
vival as well as cellular development. 

 Gene products for 15 of the 30 LID susceptibility/resistance genes fall into a 
single functional protein network (Fig.  8.6 ). Interactions were limited to direct 
protein to protein or protein to DNA interactions. Each protein in the network 
was limited to being a maximum of one protein away from another protein stem-
ming from the list of LID susceptibility/resistance genes. Associated with the HTT 
(the huntingtin gene product) node is DRD4, the functional product of the dopa-
mine receptor D4 gene (Drd4). In mice with a disruption of the  Drd4 gene , cyclic 
AMP levels in the dark-adapted retina are signifi cantly lower compared to wild-
type retina, unresponsive to light, and therefore resistant to light-induced damage 
(Dr. M. Iuvone, Emory University, personal communication, 2013). In our hands 
Drd4 was selected as a circadian-regulated gene; further network analysis sug-
gests that Drd4 can in turn mediate a feedback loop that affects the core clock 
circuit. DRD4 can directly bind with the G-protein-coupled receptor adrenoceptor 
alpha 1B (ADRA1B). ADRA1B, in turn, has an indirect infl uence on the expression 

  Fig. 8.6    LID susceptibility/
resistance protein network. 
Full names for LID 
susceptibility/resistance 
factors are given in Table  8.5  
and highlighted in grey. 
Proteins incorporated into the 
network but not identifi ed as 
LID susceptibility/resistance 
factors are as follows: 
amyloid beta (A4), precursor 
protein (APP), catenin 
(cadherin-associated protein), 
beta 1 (CTNNB1), HNF1 
homeobox A (HNF1A), 
huntingtin (HTT), nuclear 
transcription factor Y, beta 
(NFYB), and retinoblastoma 
1 (RB1).  Solid lines  indicate 
direct protein to protein or 
protein to DNA interactions       
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of Dusp1 mRNA, a transcript that codes for a nuclear dual specifi city phosphatase. 
Overexpression of Dusp1 mRNA is associated with decreased activation of 
NF-kappaB complexes, which in turn can affect the biology of core Clock genes 
Nr1d1 and Dbp. In addition, Dusp1 is a negative regulator of mitogen-activated 
protein kinase (MAPK)-mediated signal transduction; increased Dusp1 levels can 
indirectly affect the expression or function of core clock genes/gene products Dbp, 
Arntl, Per1, and Per2.

8.12        Final Thoughts 

 Our gene array data is consistent with the thought that numerous genetically based 
circadian signals are generated in the retina. In total we identifi ed 120 circadian- 
driven differentially expressed genes (as defi ned by gene expression at 1 am, 9 am, 
and 5 pm). With respect to retinal susceptibility/resistance to light damage, we have 
found consistent changes in 30 genes. The specifi c retinal cell types affected by 
each of these circadian signals remain to be sorted out. Moreover, how these signals 
are normally integrated into a unifi ed retinal response and how interruption of this 
time-dependent symphony of signals impacts light-induced retinal degeneration 
remains an open question which will require additional research.     
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    Abstract     Zebrafi sh (Danio rerio) offer many advantages for studying vertebrate 
vision and circadian rhythmicity. They are amenable to high-throughput genetic and 
behavioral experiments, and the zebrafi sh retina is similar in structure and function 
to other vertebrates including mammals. Our goals here are to review some of the 
advances in our understanding of retinal circadian rhythm phenomena in zebrafi sh. 
We emphasize morphological and physiological rhythms, as well as circadian-reg-
ulated gene expression of the retina.  
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  dpf    Days postfertilization   
  ERG    Electroretinogram   
  hpf    Hours postfertilization   
  IRBP    Interphotoreceptor retinoid binding protein   
  lag dg2     lager and lime   
  LC opsin    Long-wavelength opsin   
  MAPK    Mitogen-activated kinases   
  mPer    Mouse Period   
  mCry    Mouse Cryptochrome   
  nbb    night blindness b   
  OKR    Optokinetic refl ex   
  Per    Period   
  PKA    Protein kinase A   
  RPE    Retinal pigment epithelium   
  VMR    Visual-motor response   

9.1          Introduction 

 Zebrafi sh (Danio rerio) offer many advantages for studying vertebrate vision and 
circadian rhythmicity. They are amenable to high-throughput genetic and behavioral 
experiments, and the zebrafi sh retina is similar in structure and function to other 
vertebrates including mammals. Zebrafi sh have excellent color vision with red-, 
green-, blue-, and ultraviolet-sensitive cones as well as abundant rods. Embryonic 
development is rapid and in many respects synchronous within populations of 
embryos [ 1 ]: eggs are laid and fertilized at dawn, and by 24-h postfertilization (hpf), 
all the major organ systems have formed. Hatching takes place on the third day, and 
larvae begin coordinated swimming and feeding by 4–5 days of age. Key events 
in retinal differentiation occur at 48–50 hpf; photoreceptors fi rst begin to express 
photoreceptor-specifi c markers including the expression of visual pigments. By 60 
hpf outer segments and the adult cone mosaic have formed [ 2 ]. At this stage, zebraf-
ish also exhibit light responses, and by day 4, the retina is functional [ 3 ]. 

 One of the pioneers in promoting zebrafi sh as a useful model system for the 
genetic analysis of vertebrate circadian clock mechanisms was Gregory Cahill. 
He initially investigated the development of melatonin rhythmicity, one of the 
most studied manifestations of the circadian clock, in the embryonic zebrafi sh [ 4 ]. 
These studies revealed that a circadian oscillator that regulates melatonin synthe-
sis becomes functional and responsive to light between 20 and 26 hpf [ 5 ]. Although 
both the retina and pineal contain circadian oscillators that drive rhythms in mela-
tonin synthesis, as well as phototransduction mechanisms for entrainment of the 
oscillator, only the pineal photoreceptors have begun to differentiate at 20–26 hpf, 
suggesting that the fi rst circadian melatonin rhythms are of pineal origin [ 4 ,  6 ]. 
Studies on cultured zebrafi sh pineals and retinas have shown that the pineal pho-
toreceptors are capable of maintaining a robust circadian rhythm of melatonin 
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release with precise timing in constant darkness for 7 days. However, the retinal 
melatonin rhythm dampens out after a few cycles in constant darkness, indicating 
that retinal melatonin synthesis is regulated by a damped circadian oscillator [ 4 ]. 
This suggests that cellular signals from the pineal gland, which has been shown to 
drive rhythms of melatonin independent of any neuronal input or other master 
clock structure [ 7 ], may be essential for maintaining circadian rhythmicity in the 
retina [ 8 ].  

9.2    Morphological Rhythms 

9.2.1    Photoreceptor Disc Shedding 

 A fundamental characteristic of photoreceptor cells in all vertebrates is the continuous 
renewal of their outer segments. The basic mechanism of this process consists of 
formation of new membrane discs at the base of the outer segments and the shed-
ding of old discs from their tips [ 9 ,  10 ]. The adjacent retinal pigment epithelial cells, 
which envelop the ends of the outer segments, ingest and degrade the detached 
membranes [ 9 ]. The shedding component of this renewal process follows a daily 
rhythm [ 11 – 13 ]. Groups of older rod membranes, assayed by an increase in the 
number of phagosomes in the retinal pigment epithelium (RPE), are shed early in 
the morning, shortly after light onset. Cone shedding also occurs in the morning in 
some species, but in others, cone shedding occurs after light offset. Disc shedding 
has not been studied in zebrafi sh, but studies in goldfi sh suggest that rods shed their 
membranes early in the light period, whereas cones shed membranes early in the 
dark period [ 14 ].  

9.2.2    Retinomotor Movements 

 Since most fi sh lack strong pupillary refl exes to control the amount of light entering 
the retina, they rely on other mechanisms to adapt to changes in lighting conditions. 
Retinomotor movement is one such a mechanism, and it evolved early in the evolu-
tion of vertebrates. In fi sh and some lower vertebrates, photoreceptor inner seg-
ments elongate and contract according to changes in ambient lighting and the 
circadian cycle. Pigment granules in the RPE, found in fi ngerlike processes that 
surround photoreceptor outer segments, also disperse and aggregate in response to 
light and dark. These morphological movements in the photoreceptor layer are col-
lectively known as retinomotor movements (see Fig.  9.1 ). Cone and rods display a 
reverse pattern of movements [ 15 – 18 ]. During the day or light adaptation, cones 
contract, rods elongate, and the pigment granules migrate to the apical part of the 
RPE and into the processes that surround the cone outer segments. This process 
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allows the cone outer segments to be fi rst in line for light absorption and shades the 
rod outer segments from excessive light exposure. In contrast, during the night or 
dark adaptation, cones elongate, rods contract, and pigment granules migrate to 
condense in the basal part of the RPE. This arrangement, in turn, leads to optimal 
light exposure for rod outer segments [ 19 ]. Elongation and contraction are mediated 
in the myoid region of the inner segments between the nucleus and the inner–outer 
segment boundary of the photoreceptor and are mediated by contractile mecha-
nisms of microtubules and actin.

   How these different types of movements (rods, cones, and pigment granules) are 
regulated by endogenous circadian oscillators and by light-dependent mechanisms 
vary among teleost species [ 16 – 18 ,  20 ]. In zebrafi sh, retinomotor movements fol-
low a clear diurnal rhythm under normal light–dark cycles [ 21 ]. Rod inner segments 
elongate fully within 1 h after light onset, and all cones elongate maximally within 
the fi rst hour after light offset. Both long single and double cones (blue- and red-, 
green-sensitive cones, respectively) remain elongated throughout the night until 
light onset, whereas short single (UV-sensitive) cones begin to contract during the 
last half of the night. Under continuous light conditions, retinomotor movements 
generally do not differ from those observed during the objective day, suggesting that 
light exposure overrides the endogenous circadian cycle. Under constant darkness, 
retinomotor movements of RPE pigment granules, long single and double cones 

  Fig. 9.1    Schematic drawing of retinomotor movements of cone and rod photoreceptors and 
 pigment granules in the retinal pigment epithelium (RPE). Cone and rods display a reverse pattern 
of movements. During the day, cones contract, rods elongate, and the pigment granules migrate to 
the apical part of the RPE. This process allows the cone outer segments to be fi rst in line for light 
absorption and shades the rod outer segments from excessive light exposure. In contrast, during the 
night or dark adaptation, cones elongate, rods contract, and pigment granules migrate to condense 
in the basal part of the RPE. This arrangement, in turn, leads to optimal light exposure for rod outer 
segments       
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persist in the absence of light, suggesting that these types of movements are 
 regulated by an internal circadian oscillator [ 21 ]. Also, double cones migrate 
quickly with the migration fully completed in 10–20 min in continuous darkness, 
whereas RPE pigment granules migrate relatively slowly (1 h) [ 22 ]. 

 The circadian morphological changes in the retina are induced by the neuro-
modulators melatonin and dopamine. Both neuromodulators are synthesized and 
released rhythmically, and the interplay between them results in two rhythms in 
counterphase: melatonin release is high during the night, and dopamine release is 
high during the day [ 23 – 26 ]. Melatonin acts to suppress dopamine release, whereas 
dopamine acts to inhibit melatonin production in photoreceptor cells [ 27 ]. In the 
fi sh retina, dopamine is released by interplexiform cells, which receive synaptic 
input from amacrine and bipolar cells in the inner plexiform layer and make synap-
tic contacts onto horizontal and bipolar cells in the outer plexiform layer [ 28 ,  29 ]. 
Dopamine receptors are G-protein-coupled receptors and are grouped into two fam-
ilies, D 1 - and D 2 -like receptors. The main functional difference between the two 
groups is based on their effects on cyclic AMP (cAMP) production [ 27 ]. Upon 
activation, the D 1  receptor family stimulates adenylate cyclase leading to an increase 
in cAMP, whereas the D 2  family inhibits adenylate cyclase leading to a decrease in 
cAMP production. 

 Myoid motility of the inner segment of photoreceptors is triggered by cAMP or 
calcium [ 30 ]. Earlier studies on teleost fi sh, such as the green sunfi sh, suggested that 
an increase of cAMP in exposed retinas or isolated cones induces cones to elongate 
[ 31 ,  32 ], whereas an increase in dopamine induces cones to contract [ 33 ,  34 ]. Thus, 
dopamine was proposed to mimic the effect of light. Studies on the blue acara, how-
ever, indicate that dopamine-depleted retinas (treated with 6-hydroxydopamine to 
selectively destroy dopaminergic cells) show no signifi cant changes in rod retino-
motor movements [ 35 ]. Similarly, studies on another fi sh, Aequidens pulcher, indi-
cate that intraocular injections of dopamine have no signifi cant effect on triggering 
retinomotor movements of the cones or RPE [ 17 ]. In  Xenopus laevis , melatonin has 
been shown to mimic darkness by causing cone elongation under photic conditions, 
but this effect is blocked by an increase in exogenous dopamine concentration [ 36 ]. 
Thus, dopaminergic mechanisms appear to be involved in controlling the light- 
induced retinomotor migration in many animals; however, it is likely that additional 
control mechanisms are also involved.  

9.2.3    Photoreceptor Synaptic Ribbons 

 After the discovery of retinomotor responses in fi sh, it was speculated that other 
structural changes seen in rods and cones might correlate with changes in their 
activity. Ultrastructural studies of cone photoreceptors in the cichlid fi sh revealed 
that the length of synaptic ribbons correlated with different degrees of light and dark 
adaptation [ 37 ]. Synaptic ribbons are electron-dense bars that are anchored at the 
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synaptic terminal base by a structure called the arciform density to form a special 
type of synapse called the ribbon synapse [ 38 ,  39 ]. In the fi sh retina, bipolar and 
horizontal cell processes extend into a single invagination in rod and cone terminals 
in a tight bundle to make two types of junctions: ribbon synapses and fl at contacts, 
also known as basal junctions (see Fig.  9.2 ). Ribbon synapses are made onto ON 
bipolar cell dendrites, whereas fl at contacts are made onto OFF bipolar cell den-
drites and are found between the ribbon synapses in fi sh. Cone pedicles typically 
contain several synaptic ribbons, whereas rod terminals usually contain just one or 
two. In many fi sh, synaptic ribbons completely disassemble at night and reform in 
the morning [ 37 ,  40 ]. Indeed, electron microscopic studies on larval zebrafi sh reti-
nas demonstrated that the plasticity of synaptic ribbons in cone pedicles is a circa-
dian phenomenon [ 41 ]. That is, whereas synaptic ribbons assemble and are more 
numerous during the day and disaggregate at night, this dynamic process of assem-
bly and disassembly persists in constant darkness [ 41 ,  42 ]. How the ribbons are 
degraded is not well understood, but small round densities observed in the terminals 
at night suggest that ribbons are formed from an aggregation of subunits [ 41 ].

  Fig. 9.2    Diagram of photoreceptor terminals in zebrafi sh larvae at 5 dpf. Bipolar and horizontal 
cell processes invaginate into the pedicle in a tight bundle to make two types of junctions: ribbon 
synapses (B1) and fl at contacts (B2). Ribbon synapses are made onto presumed ON bipolar (B1) 
and horizontal (H) cell dendrites, whereas fl at contacts are made onto OFF bipolar cells (B2). 
Synaptic vesicles surround the synaptic ribbon. Flat contacts are found between the ribbon 
 synapses and have dense cytoplasmic material on both sides of the junction. This drawing was 
modifi ed from [ 123 ] Emran et al. 2007.  PNAS , 104(48):19126–31       
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9.2.4       Spinule Formation in Horizontal Cells 

 In fi sh, such as the Aequidens pulcher, structural changes of synaptic ribbons on the 
presynaptic side in cone pedicles are correlated with changes on the postsynaptic 
side in horizontal cells. As mentioned above, horizontal and bipolar cells send their 
dendritic processes into the photoreceptor terminals to form synapses. In the fi sh 
retina, two distinct types of horizontal cells are observed, either cone or rod specifi c 
[ 43 – 46 ]. Dendrites of cone horizontal cells display numerous fi ngerlike projections, 
called spinules in the day. These spinules undergo rhythmic morphological changes: 
they extend during the day, but retract at dusk. Formation and disappearance of spi-
nules takes about an hour and is circadian related [ 40 ]. Studies in goldfi sh revealed 
that both light-evoked and circadian-regulated cone spinule formation is dependent 
on dopamine [ 47 ]. When fi sh were treated with 6-hydroxydopamine (6-OHDA) to 
selectively destroy the dopaminergic neurons in the retina, formation of spinules was 
severely suppressed in the light. Thus, spinule formation in cone horizontal cells 
appears to be regulated by rhythmic exogenous dopamine levels in the retina [ 17 ]. 
As yet, spinule formation and disassembly have not been studied in zebrafi sh.   

9.3    Physiological Rhythms 

9.3.1    Behavioral Rhythms in Zebrafi sh 

 Another reason why zebrafi sh is a good model system to study not only vision but 
also circadian rhythms is their amenability for behavioral assays. For example, 
Cahill and colleagues examined circadian regulation of gross locomotor activity in 
adult and larval zebrafi sh [ 48 ,  49 ]. These authors automated the continuous record-
ing of swimming movements in individual fi sh by using either infrared motion 
detectors for adult fi sh or video image analysis for larval fi sh. Locomotor activity 
rhythms in adult zebrafi sh are somewhat variable with about 70 % of fi sh showing 
strong activity patterns, with a characteristic diurnal activity profi le; adult fi sh are 
more active during the light phase of the cycle than the dark cycle. Under constant 
conditions, such as continuous dark or light, circadian rhythmicity in locomotor 
activity continues for up to 10 days. Together these data suggest that zebrafi sh loco-
motor activity is regulated by a circadian clock [ 48 ]. 

 The locomotor activity of larval zebrafi sh (5–18 days) is even more consistent, 
with over 95 % of larvae exhibiting a clear circadian rhythm. Similar to adult fi sh, 
larval zebrafi sh are more active during the subjective day and display a periodicity 
of about 25 h under dark-adapted conditions [ 49 ]. Cahill and colleagues used 
these behavioral rhythms as an assay to screen for mutants that display altered gross 
locomotor activity patterns. One such mutant is the lager and lime (lag dg2 ) mutant, 
and its circadian periodicity is shortened by 0.7 h in heterozygotes and by 1.3 h in 
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homozygotes [ 50 ]. The clock1 (clk dg3 ) mutant, which has a mutation in the PAS 
domain of the Clock1 protein, also displays a shortened biological clock [ 51 ]. 

 Behavioral assays designed to screen for defi cits in the visual system of larval 
zebrafi sh include the optokinetic refl ex (OKR) and the visual-motor response 
(VMR) assays [ 42 ,  52 ]. The OKR is a stereotyped eye movement, exhibited by all 
vertebrates in response to objects in motion when the head remains stationary. 
When zebrafi sh larvae are placed inside a rotating drum with alternating black and 
white bars moving in either direction, the animals move their eyes with a smooth 
pursuit until the bar moves out of the fi eld of vision at which point their eyes rapidly 
move back to the starting position. The latter eye movement is called a saccade. In 
humans this refl ex can be tested in newborns but in larval zebrafi sh as early as 4-day 
postfertilization (dpf). The use of this behavioral assay in large-scale genetic screens 
has led to the isolation of many mutant strains with specifi c defects in the visual 
pathway [ 52 ]. An especially interesting example is the belladonna mutation, where 
an axonal misrouting effect at the optic chiasm leads to a reversed OKR [ 53 ]. 

 The VMR is a behavioral assay that is based on the ON and OFF responses of 
larval zebrafi sh in response to changes in illumination. Similar to the locomotor 
behavioral assay used to study circadian rhythms, zebrafi sh larvae are placed indi-
vidually in 96 well plates and the motion of each fi sh recorded. However, instead of 
measuring gross locomotor activity, this assay measures the rate at which larval fi sh 
moves in each well with the use of a high-speed camera. The ON responses, i.e., the 
change in motor activity in response to lights on, consist of a sharp and robust 
increase of motor activity for the fi rst 20–30 s after the start of the light stimulus. 
After the initial ON response, the larvae reduce their activity levels dramatically and 
show a partial freeze response, slowly returning to baseline activity levels within a 
few minutes. The OFF response, which is elicited by switching the lights off, is also 
characterized by a sharp and robust increase of motor activity that follows immedi-
ately after the illumination change. After the initial sharp OFF response, the animals 
reduce their activity to an intermediate level, and it typically takes 10–15 min to 
return to baseline levels [ 42 ]. Thus, the VMR ON and OFF responses consist of 
sharp increases in motor activity immediately after light increments or decrements. 
There are also small, slow changes in activity that occur, especially after light 
extinction, that do not appear retinal related. As expected baseline activity levels are 
higher during the subjective day than during the subjective night [ 54 ].  

9.3.2     Visual Function and ERG Light Sensitivity in Adult 
Zebrafi sh 

 Do circadian rhythms infl uence visual function in adult zebrafi sh? To address this 
question, a behavioral assay based on the escape response of fi sh to avoid predators 
was developed [ 55 ]. Normally adult zebrafi sh swim around slowly when confi ned 
in a container that contains a post in its middle. However, when a threatening object 
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comes into view (i.e., a black segment on a rotating drum), the fi sh immediately turn 
and rapidly swim away to hide behind the post. Using this vision-mediated refl ex of 
zebrafi sh, cone and rod light sensitivity was determined under both cyclic and con-
stant lighting conditions [ 55 ]. Under a normal light–dark cycle, the visual system is 
strongly infl uenced by the circadian clock such that it is most sensitive in the late 
afternoon and least sensitive in the early morning hours. Over the course of 24 h, the 
threshold of light intensity shone on the drum required to elicit a positive response to 
the visual stimulus fl uctuated by about 1.4 log units for cones and about 2.2 log 
units for rods (see Fig.  9.3a ). This rhythm persisted in animals maintained in con-
stant darkness for several days and could be phase shifted by light pulses (see 
Fig.  9.3b ). Also, when fi sh are kept under constant darkness, the electroretinogram 
(ERG), a fi eld potential generated primarily in the outer retina by photoreceptor and 
bipolar cells, shows similar changes in visual sensitivity as a function of time. 
However, the ERG visual sensitivity changes are about one log unit smaller than the 
visual changes measured behaviorally. Hence, not all aspects of visual sensitivity 
rhythmicity are refl ected by changes in the outer retina, suggesting circadian regula-
tion of the inner retina and/or higher visual centers is involved as well [ 55 ]. To study 
how dopamine affects visual sensitivity, Li and Dowling depleted the zebrafi sh ret-
ina of dopaminergic neurons (i.e., the interplexiform cells) by 6-OHDA treatment. 
Under dark-adapted conditions, only cone system function was observed, indicating 
that dopamine depletion leads to a loss of rod function as measured behaviorally. 

  Fig. 9.3    Visual sensitivity of adult zebrafi sh. ( a ) Dark adaptation curves determined at 4 a.m. 
( circles ) and 6 p.m. ( squares ) of cone and rod systems in adult zebrafi sh maintained in normal LD 
cycle.  Dashed lines  represent cone function;  continuous lines  represent rod function. Note that 
both cone and rod thresholds were signifi cantly higher at 4 a.m. as compared to 6 p.m. ( b ) The 
variation of visual sensitivity during a 24-h period of constant darkness (DD) in control ( closed 
circles ) and test animals ( open circles ). In the control animals, thresholds were highest in the early 
morning hours (~4 a.m.) and lowest in the late afternoon hours (~6 p.m.). In the test animals, the 
rhythm was shifted forward by about 4 h by an early morning 1-h pulse; thresholds were highest at 
midnight and lowest at about 2 p.m. The  black bars  at the top of the panel represent the subjective 
night, and the  hatched bars  represent the subjective day. The small  white bar indicates  the 1-h light 
pulse given between 4 and 5 a.m. to the test animals. Data represents the means ± S.D. Modifi ed 
from [ 55 ] Li and Dowling, 1998.  Visual Neuroscience , 15(5):851–7. Copyright © 1998 Cambridge 
University Press       
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However, ERG recordings were not affected, suggesting that rod photoreceptors are 
fully functional and transmit electrical signals to ON bipolar cells (as judged by the 
b-wave). Recordings of the ganglion cell discharges in dopamine-depleted retinas 
point to some inner retinal circuit dysfunction, such that rod signals are blocked in 
the inner plexiform layer [ 56 ]. Together, the results described above indicate that 
behavioral visual sensitivity is regulated by a circadian clock and that dopamine 
plays a crucial role in regulating the rhythmicity in both the inner and outer retina.

   One of the major benefi ts of working on the zebrafi sh system is the relative ease 
of isolating mutants. For example, Li and Dowling identifi ed a dominant mutation 
called night blindness b (nbb) that causes a disruption of the olfactoretinal centrifu-
gal pathway and reduces the number of dopaminergic interplexiform cells in the 
retina [ 57 ]. After prolonged dark adaptation, this mutant displays fl uctuations in its 
visual sensitivity by 2–3 log units from day to day. In contrast, wild-type fi sh main-
tain a constant level of visual sensitivity when measured at the same time on differ-
ent days. ERG recordings indicate that outer retinal function is normal, whereas 
ganglion cell discharges suggest that the visual defi cit relates to abnormalities in the 
inner retina. Also, ablation of    the olfactory epithelium and olfactory bulb in wild- 
type fi sh phenocopy the visual abnormalities seen in the nbb mutant [ 57 ]. Thus, it is 
fair to conclude that dopaminergic interplexiform cells and the olfactoretinal effer-
ents that innervate them are crucial in modulating circadian rhythmicity of the 
visual system.  

9.3.3     Visual Responses and Light Sensitivity in Larval 
Zebrafi sh 

 To determine whether vision in larval zebrafi sh is regulated by a circadian clock, 
Emran et al. measured the OKR and VMR responses of 5–6-day-old zebrafi sh lar-
vae at several time points during the day and at night [ 42 ]. During the day, fi sh 
respond normally in these behavioral tests, whereas during the night, fi sh display 
neither OKR nor VMR responses (see Fig.  9.4a ). ERG responses recorded during 
the day and at night substantiated these results; responses were normal in amplitude 
throughout the day but were almost absent at night, suggesting that vision is severely 
reduced at night (see Fig.  9.4b ). This phenomenon is largely circadian driven as fi sh 
show similar dramatic changes in visual responsiveness when raised in constant 
darkness from 4 to 7 dpf. However, light exposure at night partially restores the 
responses. Two mechanisms by which visual responsiveness might be decreased 
were examined: (1) photoreceptor outer segment activity was reduced at night as 
judged by a decrease in the ERG a-wave, and (2) synaptic ribbons in cone pedicles 
disassembled at night [ 42 ]. It should be pointed out that in this study mainly cone- 
mediated vision was examined during the day and at night, as rod responses are 
minimal in 5–6-day-old larvae. It is possible that rod vision is still present at night 
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and is not under the infl uence of the circadian clock, but rod vision does not become 
prominent until zebrafi sh are 2–3 weeks old.

   Why do larval zebrafi sh turn off their retinas at night? It may be to save energy. 
The retina is extraordinarily active metabolically at night, because the photorecep-
tors are maximally active at night. A single dark-adapted mouse rod consumes 10 8  
ATP molecules per second, and retinas contain thousands to millions of photorecep-
tors [ 58 ]. At 5–6 days of age, zebrafi sh have used up much of their yolk and are not 

  Fig. 9.4       Larval zebrafi sh exhibit a day/night cycle of visual responsiveness sensitivity. 
( a ) Representative ERG recordings to a 0.5-s white light stimulus are shown at four different time 
points: at 9:00 a.m., when the ambient lights are turned ON; 11:00 p.m., shortly before the lights 
are turned OFF; 2:00 a.m., after the lights have been OFF for 3 h; and at 9:00 a.m. the next morn-
ing, after the lights are turned ON again. Note the large reduction of ERG amplitudes at 2:00 a.m. 
( b ) Larval zebrafi sh exhibit a robust OKR at 11:00 a.m. and 11:00 p.m. (shortly before the lights 
are turned OFF at night) but not at 2 a.m. (3 h after the lights were turned OFF). ( c ) Larval zebraf-
ish display ON and OFF visual-motor responses (VMR) during the day but fail to exhibit transient 
startle responses at night (each trace represents an average of 240 responses from 80 individual 
fi sh). During the daytime, motor output increased in response to a 5-min light off stimulus with 
prominent OFF and ON responses (fi rst stimulus was introduced at 2:00 p.m.). ( d ) At night, the 
VMR responses to a 5-min light stimulus were abolished (fi rst stimulus was introduced at 
2:00 a.m.). Modifi ed from [ 42 ] Emran et al., 2010.  PNAS , 107(13):6034–9       
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yet very robust feeders. Thus saving energy, especially at night when they are not 
using vision, may be essential for them to survive.  

9.3.4    Circadian Rhythms in Horizontal Cells 

 Horizontal cells are electrically coupled to one another through gap junctions and 
form an extensive electrical network that dramatically increases the receptive fi eld 
size of the cells [ 59 ]. Neuromodulators, such as dopamine, decrease horizontal cell 
receptive fi eld size by triggering the uncoupling of gap junction channels [ 60 ,  61 ]. 
Work on zebrafi sh horizontal cells suggests that dopamine’s main effect on gap 
junction channels is to modulate their spontaneous gating kinetics by reducing both 
the frequency and the duration of single channel openings. Thus on average, chan-
nels spend less time in the open state and, therefore, conduct less current as a popu-
lation [ 62 ]. Electrophysiological recordings from single cells in intact fi sh retinas 
reveal that uncoupling of horizontal cells leads to an increase in response amplitude 
to small spots of light (because of reduced current shunting between the recorded 
and surrounding cells) as well as a decrease in the responses to annular stimulation, 
indicating that the size of the receptive fi eld is reduced [ 61 ,  63 ]. Light adaptation of 
the retina, both fl icker and sustained light stimulation, decreases horizontal cell 
receptive fi eld size and gap junction coupling. However, only fl icker- induced but 
not sustained light-induced uncoupling leads to an increase in dopamine levels in 
the retina [ 64 ,  65 ]. Recent work indicates that other neuromodulators, nitric oxide, 
retinoic acid, and zinc are also involved in the regulation of horizontal cell receptive 
fi eld size [ 66 – 68 ]. 

 The receptive fi eld size of fi sh horizontal cells is altered by activation of dopami-
nergic receptors. As mentioned earlier, D 1  and D 2  are G-protein-coupled receptors 
that are classifi ed based on their effects on cAMP production. Recordings from 
pairs of perch and catfi sh horizontal cells in culture showed that the electrical con-
ductance across these cells is decreased by exogenous application of dopamine or 
by a D 1  agonist. This decrease in cell to cell communication is also observed when 
cAMP or agents such as forskolin, which increase the activity of adenylyl cyclase, 
are applied. Application of protein kinase A (PKA) blockers reverses the action of 
forskolin suggesting that dopamine uncouples horizontal cells by raising cyclic 
AMP levels and thereby activating PKA [ 61 ,  69 ]. Thus, dopamine activates D 1  
receptors on fi sh horizontal cells and increases cAMP production and PKA activity, 
which subsequently leads to a decrease in gap junction coupling and receptive fi eld 
size. Further studies in goldfi sh showed that specifi c activation of D 2  receptors by an 
agonist, quinpirole, has the opposite effect and increases the electrical coupling 
between horizontal cells, as indicated by a decrease in responses to centered spots 
or slits of light [ 70 ]. However, D 2  receptors are not found on horizontal cells but 
on dopaminergic interplexiform cells. Activation of these D 2  receptors decreases 
dopamine release from the interplexiform cells; hence, the effect of D 2  receptor 
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activation on horizontal cell coupling is indirect, mediated by a decrease of dopamine 
levels in the retina [ 70 ]. 

 The effects of light and dark on horizontal cell coupling are murky and even 
disputed. Several reports have claimed that when a retina has been in the dark for a 
prolonged period, the horizontal cells are physiologically uncoupled [ 63 ,  71 – 73 ], 
and impressive histological evidence has been provided in support of this result. 
These data showed that Lucifer yellow, a gap junctional permeable dye, is confi ned 
to the cell in which the dye is injected and a few surrounding cells when retinas 
are thoroughly dark-adapted. As dim light illuminates the retina, however, the cells 
become coupled, shown both physiologically and histologically, but then with 
bright illumination of the retina, the cells uncouple again [ 73 ]. This has been termed 
triphasic adaptation and has been observed also in horizontal and amacrine cells of 
the rabbit retina [ 74 ,  75 ]. Others, on the other hand, claim that in dark-adapted 
 retinas, the horizontal cells are extensively coupled and when light is presented to 
the retina, the cells uncouple [ 76 ,  77 ]. In other words, these later authors do not 
observe an uncoupling of the horizontal cells when the retinas are dark-adapted for 
prolonged periods of time. 

 There is general agreement that dopamine uncouples horizontal cells, and so one 
might suppose dopamine levels are high in retinas dark-adapted for a prolonged 
period, but that their levels decrease in dim to moderate light, but then increase 
again in bright light. Most (but not all) dopamine release studies [ 65 ] have claimed 
that dopamine release is low in the dark (although there is some ongoing dark 
release) and that dopamine levels increase substantially in the light. It is important 
to remember however that uncoupling of horizontal cells in fi sh retinas can be 
caused by other neuroactive substances including nitric oxide and retinoic acid, and 
so which agent is responsible for the uncoupling in prolonged darkness (assuming 
it does happen) is not known. Clearly more work is needed to sort out the effects of 
prolonged darkness, dim and bright light on horizontal cell coupling, and determin-
ing the role of modulators other than dopamine in regulating the coupling. 

 How does dopamine affect horizontal cell coupling? Studies in goldfi sh revealed 
that retinal dopamine release is under the control of the circadian clock, leading to 
increased dopamine production during the subjective day [ 78 ]. However, no effect 
on horizontal cell coupling was observed during subjective day when animals were 
kept continuously in the dark [ 76 ,  77 ]. Mangel and colleagues propose that in the 
goldfi sh retina two different dopamine systems are present. One system is con-
trolled by an endogenous clock that activates low-threshold D 2 -like receptors during 
the subjective day—i.e., circadian-dependent release. The second is controlled by 
light and involves the activation of higher-threshold D 1 -like receptors. As men-
tioned earlier, light increases dopamine release to a greater extent than does the 
circadian clock. Hence, suffi cient dopamine is released to activate D 2 -like receptors 
during the subjective day, but not D 1 -like receptors that are involved in horizontal 
cell uncoupling in the retina [ 76 ,  77 ]. Thus, horizontal cell coupling is not circadian 
regulated, at least by dopamine.  
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9.3.5    Circadian Control of Photoreceptor Electrical Coupling 

 Cone horizontal cells display a substantial increase in light sensitivity, as well as a 
spectral sensitivity shift from red sensitivity (i.e., cones) to green sensitivity (i.e., 
rods) under dark-adapted conditions [ 78 – 80 ]. These results suggest that cone hori-
zontal cells receive input from rods when suffi ciently dark-adapted since cone 
 horizontal cells receive direct synaptic input only from cones. Consequently, rod 
input to cone horizontal cells must arrive via rod–cone synapses. Further, the light 
responses of dark-adapted cone horizontal cells vary in waveform, light sensitivity, 
and spectral sensitivity depending on the time of day [ 79 ,  81 ], suggesting circadian 
regulation of these junctions. Cone input to cone horizontal cells predominates in 
the day and rod input predominates at night, as indicated by the increase in light 
sensitivity as well as by the spectral sensitivity shift from red to green. Application 
of exogenous dopamine also induces a shift from rod to cone domination under 
constant darkness [ 78 ,  80 ,  82 ]. During the subjective day in animals maintained in 
the dark, endogenous dopamine levels increase and presumably activate D 2  recep-
tors on both rods and cones. Activation of the D 2  mechanism decreases intracellular 
cAMP and PKA activity in photoreceptor cells, resulting in the decoupling of rods 
and cones, thus favoring cone input to cone horizontal cells [ 78 ]. 

 Similar to horizontal cells, rods and cones are coupled to each other via gap junc-
tions [ 83 ]. Using tracer coupling and recording in the goldfi sh retina, Ribelayga 
et al. measured the extent and strength of rod–cone electrical coupling during the 
day and night [ 82 ]. They report that the conductance of rod–cone gap junctions is 
regulated by a circadian clock and is increased at night. During the subjective day, 
activation of D 2  receptors decreases rod–cone coupling, whereas at night, rod–cone 
coupling is extensive and allows cones to receive light signals from rods [ 82 ]. Thus, 
in the goldfi sh retina, activation of D 2  receptors in the light decreases rod–cone 
coupling [ 78 ,  80 ,  82 ] and the same holds true in the rabbit [ 84 ]. It is worth pointing 
out, however, that in other animals, such as in the salamander retina, D 2  receptor 
activation or light adaptation increases rod–cone coupling [ 85 ,  86 ]. Similarly, rod–
cone coupling is greater in the turtle retina when rods are slightly light-adapted as 
compared to fully dark-adapted rods [ 87 ,  88 ]. 

 How are cells in the retina electrically coupled to each other? The building blocks 
for gap junctions are specialized proteins called connexins. Six connexins assemble 
into a connexon, which forms a cytoplasmic bridge by joining with another con-
nexon on an adjacent cell. A gap junction typically consists of many connexons 
gathered in close proximity. There are many subtypes of connexins in the retina [ 89 ], 
all of which have phosphorylation sites. It is believed that the phosphorylated state 
of connexins modulates the electrical conductance across a junction, such that 
 phosphorylation decreases conductance between horizontal cells, but increases it 
between photoreceptor cells [ 27 ,  90 ]. In fi sh, connexin 35 (homologous to connexin 
36 of mammals) is found at both cone–cone and rod–cone gap junctions [ 91 ,  92 ]. A 
study in zebrafi sh found that phosphorylation of connexin 35 (Cx35) at serine resi-
dues 110 and 276 directly correlate with changes in photoreceptor coupling. Tracer 
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coupling of Neurobiotin is reduced during the day, when phosphorylation is low, and 
is extensive (especially in the cone network) at night when phosphorylation is high. 
Phosphorylation of Cx35 is regulated by PKA, as pharmacological manipulation of 
PKA activity mimics both the daytime and nighttime phosphorylation state and cou-
pling of photoreceptors. Somewhat surprising is the observation that not only is 
rod–cone coupling enhanced at night, but the cone network is extensively coupled as 
well [ 92 ]. What function enhanced cone–cone coupling serves at night, when the 
cones are outside their operating range, is not clear.   

9.4    Clock Genetics in Zebrafi sh 

9.4.1     Light-Sensitive Peripheral Oscillators 

 Following the isolation of the fi rst clock gene in mouse, CLOCK [ 93 ], the zebrafi sh 
homolog of this gene was discovered [ 6 ]. As expected,  Clock  is expressed in the 
brain, the eye, and the pineal gland in zebrafi sh. However, unlike its mammalian 
counterpart, zebrafi sh  Clock  displays robust circadian oscillation in gene expression 
in these defi ned pacemaker structures as well as in other tissues such as heart and 
kidney [ 6 ]. Moreover, cultured tissues from the heart and kidney maintain rhythmic 
expression of the clock gene under both continuous dark and light–dark conditions. 
Perhaps the most striking observation is that these cultured organs are themselves 
light sensitive and can be entrained by light/dark cycles. When the light–dark cycle 
is reversed, the cultured organs show a reverse cycle of  Clock  rhythm from day 2 
onwards [ 94 ]. Cell lines derived from zebrafi sh embryos, PAC-2 and Z3, also contain 
an independent, light-entrainable circadian oscillator, suggesting that many cell types 
in zebrafi sh contain their own endogenous peripheral clocks [ 95 ]. The discovery of 
light-sensitive peripheral tissue circadian oscillators was fi rst demonstrated in insects 
[ 96 ,  97 ]. For example, in Drosophila explanted tissues, including head, thorax, and 
abdominal tissues, show rhythmic expression of another clock gene  period  ( per ), are 
directly responsive to light [ 97 ], and can be entrained independently of the central 
pacemakers in the brain [ 98 ,  99 ]. This phenomenon has also been validated in mam-
mals. Using a PER2::LUCIFERASE fusion protein reporter in mice, Takahashi and 
colleagues demonstrated that peripheral tissues express self-sustained circadian 
oscillations for more than 20 cycles in culture [ 100 ]. In mice, however, light cannot 
reset peripheral oscillators directly as is the case for Drosophila and zebrafi sh.  

9.4.2    Clock Genes 

 The elucidation of the core circadian clock mechanism occurred fi rst in the fruit fl y, 
Drosophila, whereas Takahashi and colleagues, building upon the invertebrate 
work, showed that a similar mechanism works in vertebrates [ 101 – 103 ]. 
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The prevailing model for the core molecular mechanism is a transcription–transla-
tion feedback loop that cycles with a period of about 24 h. In this feedback loop, a 
transcription factor, formed by heterodimerization of CLOCK and BMAL1, drives 
the expression of three Period genes (in mice,  mPer1 ,  mPer2 , and  mPer3 ) and two 
Cryptochrome genes ( mCry1  and  mCry2 ). The mPER and mCRY proteins heterodi-
merize to inhibit their own transcription by translocating back to the nucleus, where 
they bind to the Clock:Bmal1 complex [ 104 ]. Due to a late whole-genome duplica-
tion event in the teleost lineage [ 105 ], extra copies of clock genes have been discov-
ered in the zebrafi sh as compared to the mouse. For example, zebrafi sh have six    
rhythmically expressed cryptochrome genes ( cry1a ,  1b ,  2a ,  2b ,  3 , and  4 ) [ 106 ]. 
Phylogenetic analysis revealed that  Cry1a ,  1b , and  2b  share most sequence homol-
ogy to  mCRY1  and can repress transcriptional activation by Clock:Bmal1 dimers. 
However,  Cry3  and  Cry4  do not inhibit Clock:Bmal1-mediated transcription.  Cry3  
shares some sequence similarities with  mCrys , whereas  Cry4  is most divergent 
from all other vertebrate  CRYs  and resembles Drosophila  CRY . As mentioned ear-
lier (Sect   .  4.1 ), many tissues throughout the body of both zebrafi sh and Drosophila 
are photosensitive. But what molecules are responsible for detection of light in 
these peripheral tissues? Two independent studies have identifi ed the blue-sensitive 
pigment Cryptochrome (CRY) to be the major contributor for entrainment of 
peripheral oscillators in Drosophila [ 107 ,  108 ]. Similar results have been reported 
in zebrafi sh. Using the light-inducible embryonic zebrafi sh cell line Z3, Cermakian 
et al. reported that blue-sensitive pigments, probably Crys, are coupled to the 
MAPK (mitogen- activated protein kinase) pathway to elicit light-induced transcrip-
tional activation of  clock  genes [ 109 ]. This was later confi rmed by Tamai et al., 
demonstrating that overexpression of    Cry1a  protein in a Per1:Luciferase zebrafi sh 
cell line acts as a strong repressor of clock function and mimics the effects of sus-
tained light [ 110 ]. Indeed,  cry1a  shows a light-driven pattern of expression and is 
not rhythmic in constant conditions, whereas the other  cry  genes are predominantly 
clock regulated [ 106 ]. 

 Zebrafi sh homologs of the three mammalian per genes have also been identifi ed: 
two  per1  homologs ( per1a  and  1b ) as well as a single copy of  per2  and  per3  genes. 
 Per1  and  per3  genes display a similar rhythm in expression pattern. However, per2 
is stimulated by light and is not rhythmic in constant conditions [ 95 ,  111 ]. Similar to 
 cry1a ,  per2  has also been suggested to act as a photoreceptor and be involved in 
entrainment pathways [ 110 ,  112 ]. Finally, three  clock  genes ( clock1a ,  1b , and  2 ) and 
three  bmal  genes ( bmal1a ,  1b , and  2 ) have been isolated and shown to interact as 
heterodimers [ 113 – 115 ]. Generally, the expression pattern for  bmal  and  clock  genes 
parallels each other with a peak just after the LD transition [ 116 ].  

9.4.3    Clock-Regulated Genes in the Retina 

 In zebrafi sh retinas, the early circadian genes ( clock ,  bmal ,  per , and  cry ) are 
expressed in several cell types, including photoreceptor cells. Opsin expression of 
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both rhodopsin and cone pigment has been shown to fl uctuate between day and 
night in several vertebrates [ 117 ,  118 ]. Circadian rhythmicity in long-wavelength 
cone (LC) opsin mRNA levels has also been reported in zebrafi sh [ 119 ]. Expression 
levels reach a peak in the afternoon and a low in the early morning, and these fl uc-
tuations persist in constant darkness. To demonstrate that  Clock  is involved in regu-
lating the circadian rhythms in photoreceptor cells, translation of clock mRNA was 
inhibited in zebrafi sh embryos [ 119 ]. This resulted in diminished circadian rhythms 
of opsin mRNA expression and also abolished the fl uctuations in cAMP concentra-
tions observed in photoreceptor cells. The authors proposed that the regulatory 
effect of  Clock  on LC opsin mRNA expression is mediated by cAMP-dependent 
cascades. That is,  Clock  regulates rhythmic synthesis of cAMP, which in turn regu-
lates circadian expression of LC opsin mRNA. To examine whether rhodopsin gene 
expression also exhibits circadian fl uctuation, Li and his team used a transgenic 
zebrafi sh line that expresses a short-life GFP under the transcriptional control of 
the rhodopsin promoter [ 120 ]. Similar to LC opsin expression, rhodopsin promoter 
expression in rod photoreceptor cells fl uctuates rhythmically in constant darkness 
with an expression peak in the subjective late afternoon. However, not all rod pho-
toreceptor cells are synchronized with each other, and in some cells rhodopsin 
promoter expression peaks in the subjective early morning, whereas in other cells 
it peaks in the afternoon or at night. Light synchronizes rod photoreceptor oscilla-
tions by transiently decreasing rhodopsin promoter expression. Application of 
dopamine or a D 2  receptor agonist also triggers synchronization of rhodopsin 
 promoter expression in rod photoreceptor cells. In addition to light and dopamine, 
the circadian rhythms of rhodopsin gene expression may also be synchronized by 
central mechanisms, including the rhythmic production of melatonin by the pineal 
gland [ 120 ]. 

 Two other retinal rhythms that have been studied in zebrafi sh include melatonin 
synthesis and mRNA for interphotoreceptor retinoid binding protein (Irbp). As 
discussed in more detail above (see Introduction), melatonin synthesis is circadian 
regulated and persists in retinal organ culture for a few cycles in constant darkness 
[ 4 ]. Irbp is synthesized and secreted by photoreceptors and mediates retinoid traf-
fi cking between photoreceptors and pigment epithelium. Expression of  irbp  
mRNA is circadian regulated and is higher during the day than during the night. 
This rhythm persists for 2 days under constant conditions [ 121 ]. In addition, 
mRNA expression of this protein is regulated differentially in various photorecep-
tor subtypes. For example,  irbp  mRNA is expressed by all cone types and to a 
lesser extent by rods during the day. At night,  irbp  mRNA expression is restricted 
to the ultraviolet short single cones [ 121 ]. Despite the fl uctuation in expression 
pattern of this protein at the level of photoreceptors, the total protein content in 
the retina remains constant throughout the day–night cycle [ 122 ]. It appears that 
the turnover rate of Irbp is faster during the day than during the night. Thus, the 
increased expression of mRNA and protein synthesis of this protein is to offset 
the increased turnover rate during the day to maintain constant amounts of the 
protein.      
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    Abstract     The horseshoe crab has been an outstanding model for vision and 
 circadian research. Its lateral eyes are probably the best understood neural structure 
in the animal kingdom. Fundamental principles of image processing were fi rst 
gleaned from the animal, including phototransduction, light adaptation, and lateral 
inhibition. A circadian clock in the brain modulates anatomical and physiological 
properties of the eyes to increase visual sensitivity each night. As a result, horseshoe 
crabs can use their eyes to locate mates equally well day and night. This chapter 
summarizes studies that have localized the clock output neurons that regulate vision, 
characterized their patterns of electrical activity, and identifi ed octopamine as their 
primary circadian neurotransmitter. We are at a stage now where we can begin to 
model the response of each photoreceptor and each optic nerve fi ber to natural 
visual scenes day and night.  
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10.1        Introduction 

 The American horseshoe crab ( Limulus polyphemus ) spends much of its life scour-
ing the fl oor of shallow bays and estuaries along the Atlantic Coast of North America 
in search of food or a potential mate. Its movements are fairly slow by human stan-
dards (10–20 cm/s) but nevertheless graceful, with fi ve pairs of walking legs lifting 
its helmet-shaped carapace off the sandy bottom and in rhythmic motion propelling 
the animal forward, while its long spikelike tail whisks behind like the rudder of a 
ship, lending balance and turning support in the face of underwater currents. 
Protruding from the sides of its carapace are two compound eyes that have captured 
the imagination and interest of neuroscientists for over a century now. 

 The initial source of fascination was the approximately 1,000 ommatidial recep-
tors that comprise each lateral eye. The receptors are so big that they can be seen 
by the naked eye. Moreover, the receptors are connected to the brain by a nerve that 
is unusually long for an invertebrate due to the large size of the carapace and the 
location of the brain deep inside. In adult crabs, the optic nerves can be over 15 cm 
in length. Optic nerve fi bers must therefore fi re trains of action potentials in order 
to communicate visual signals rapidly and reliably to target neurons in the brain, 
the same mode of information transmission used by vertebrate eyes. The big recep-
tors and their ability to fi re spikes that are readily recorded with an extracellular 
electrode made it possible to study for the fi rst time the light responses of indi-
vidual visual cells of an animal [ 1 ,  2 ]. The research led to the groundbreaking 
discoveries that (1) the receptors transduce light into discrete bumps in membrane 
potential which adapt in size to steady illumination and which summate in time to 
produce optic nerve spike trains [ 3 ,  4 ] and that (2) the receptors transmit the light 
signal not only to optic ganglia in the brain but also to neighboring receptors in the 
eye through lateral inhibitory connections [ 5 ]. Adaptation and lateral inhibition 
have since been found in every vertebrate retina examined and throughout the ner-
vous system, attesting to their fundamental importance to vision and neural infor-
mation processing in general. The latter discovery gave birth to the fi rst quantitative 
neural network models of an eye [ 6 ,  7 ], from which our current understanding of 
lateral inhibition as a biological mechanism of contrast enhancement is derived. 
This principle has been applied in engineered devices and software applications, 
such as the common “sharpen edges” command of photo-editing programs. 

 The fi nding of a retinal network that performs visual computations implied that 
the lateral eyes served a purpose that was greater than merely light sensing. For 
many decades that purpose was uncertain until the important roles of vision and 
circadian rhythms in the mating behavior of horseshoe crabs were revealed [ 8 ]. This 
chapter aims to synthesize what is known about the role of the circadian clock in 
retinal processing of visual scenes and the impact on visually guided behaviors. It 
begins with a description of the anatomical and physiological organization of the 
circadian system. It follows with a survey of neural network mechanisms of the eyes 
in their daytime and clock-driven nighttime states. It concludes with a discussion of 
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the visual abilities of the animal day and night. Highlighted are similarities and 
 differences from other organisms that make horseshoe crabs a special model for 
vision and circadian research.  

10.2     Anatomical Organization of the Circadian System 

 One of the most attractive features of the  Limulus  circadian system from a scien-
tifi c perspective is its relatively simple organization. In mammals and other verte-
brates, cells that express 24-h activity rhythms have been found throughout the 
nervous system, including the retina and olfactory bulb, in addition to the suprachi-
asmatic nucleus (SCN) where the master timekeeper is known to reside [ 9 – 13 ]. 
Circadian oscillations have also been demonstrated in nonneural tissues like the 
heart, liver, adrenal gland, and lung [ 14 – 16 ]. The peripheral oscillator cells do not 
have the ability to synchronize on their own, so the master SCN clock employs a 
complex web of neuronal and hormonal processes that provide tissue-specifi c tim-
ing cues to coordinate the multitude of activity rhythms [ 17 – 19 ]. In contrast, the 
circadian system of horseshoe crabs is thought to consist of just the master clock 
and a cluster of clock output neurons. This simplicity has proven valuable for 
understanding how the circadian system can modulate the anatomical and physio-
logical properties of tissues and organs and how that modulation can benefi t an 
animal behaviorally. 

  Location of the Clock . The existence of a circadian clock was fi rst evidenced by a 
daily rhythm in visual sensitivity of the lateral eyes [ 20 ]. The sensitivity rhythm 
went long unnoticed because standard practice was to isolate the eye in a recording 
chamber, but the retina loses circadian rhythmicity when excised from the animal 
and reverts to its daytime state within a few hours [ 21 ]. Horseshoe crabs, along with 
other chelicerates (scorpions and spiders) and crustaceans, thus represent an excep-
tion to the rule that all retinas contain circadian oscillators. The source of the circa-
dian signal was pinpointed to efferent fi bers that project from the brain to the eye, 
as severing the optic nerve in vivo abolished the daily rhythm in visual sensitivity 
[ 20 ,  21 ]. This also indicated that hormonal pathways are not suffi cient to drive the 
sensitivity rhythm since the blood supply to the eye remained intact. Figure  10.1  
shows a diagram of the horseshoe crab brain, which is defi ned as the tissue anterior 
to the circumesophageal ring known as the protocerebrum [ 22 ]. The protocerebrum 
connects directly to the eyes via the ventral, median, and lateral optic nerves and 
indirectly to the walking legs and tail via pedal and abdominal nerve bundles of the 
circumesophageal ganglia. The precise location of the circadian clock within the 
brain has not been determined. Hemisection experiments have revealed that each 
side of the protocerebrum contains a circadian oscillator and that the two oscillators 
are coupled together by crossing fi bers to generate the master signal that rhythmi-
cally modulates visual sensitivity [ 23 ,  24 ].
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    Pathways from the Clock . The efferent nerve fi bers that transmit circadian  signals 
to the eyes originate from a bilateral cluster of cells in the cheliceral ganglion [ 25 ], 
which lies at the anterolateral junction of the protocerebrum and circumesopha-
geal ring (Fig.  10.1 ). There are approximately 20 of these “clock cells” based on 
 backfi lling the optic nerves with tracer molecules. Their intrinsic physiological 
properties have not yet been described, so cheliceral ganglion cells could be the 
master oscillators as well as clock messengers. The axons of the clock cells project 
bilaterally down all optic nerves and to multiple optic and nonoptic neuropils in 
the brain [ 25 ,  26 ]. The clock efferents are among the smallest fi bers in the optic 
nerves (0.5–2 μm) and terminate on all cell types within the lateral eye, both visual 
and nonvisual [ 27 ,  28 ]. Their terminal endings are thickened, bulbous, and fi lled 
with both vesicles and dense granules, which are characteristic features of neuro-
secretory synapses in arthropods [ 29 ]. Octopamine serves as a principal neu-
rotransmitter output from the circadian clock to the eyes. The clock cells 
 synthesize, store, and release octopamine [ 26 ,  30 – 33 ], and circadian changes in 
retinal properties can be mimicked by exogenous octopamine administration and 
blocked by octopamine antagonists [ 34 ]. It is not yet clear whether octopamine is 
the only circadian neurotransmitter in the  Limulus  visual system [ 35 – 39 ]. 

  Fig. 10.1    A photograph 
of the  Limulus  brain 
(protocerebrum), with the 
lateral, median, and ventral 
optic nerves that connect to 
the animal’s eyes outlined 
with  dashed lines . The 
protocerebrum extends 
anteriorly from the 
circumesophageal ring, which 
is illustrated in schematic 
form along with the 
abdominal nerve and the 
fi ve pairs of pedal nerves. 
Efferent projections of the 
circadian clock to the eyes 
proposed by [ 25 ] are shown 
for an individual cheliceral 
ganglion cell       
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  Pathways to the Clock . Horseshoe crabs have over ten light-sensing organs: two 
lateral eyes, two median eyes, two rudimental lateral eyes, two rudimentary median 
eyes, a ventral eye, and ectopic photoreceptors scattered along the tail and over the 
brain (Fig.  10.2 ). All of these organs provide the master clock with photic input, and 
each is individually capable of entraining the clock to an imposed light cycle [ 24 , 
 40 ,  41 ]. The photic signals are communicated to clock cells indirectly through the 
optic neuropils of the brain since afferent optic nerve fi bers do not terminate in the 
cheliceral ganglion [ 42 ]. The circadian system integrates signals from all the input 
pathways and advances or delays the phase of the master oscillator so as to maintain 
photic entrainment. Signals from the tail are weighted heaviest by the central time-
keeping mechanism, producing phase shifts equal to that of whole-animal illumination 
and greater than the lateral, median, and ventral eye signals combined [ 40 ,  41 ]. The 
clock thus synchronizes more quickly to a light cycle delivered to just its tail than to 
all eight of its eyes. The special connection between the circadian clock and tail 
photoreceptors may be related to the burrowing nature of the animal. Horseshoe 
crabs can bury themselves for long stretches of time in the act of digging for food, 
building a nest, or hibernating. Often their telson can be found sticking out the 
ocean fl oor presumably to keep their endogenous rhythms in synch with the outside 
world. This may explain why photoreceptors are also present in the tails of scorpi-
ons, another chelicerate that likes to burrow in the sand [ 43 ]. The phase-setting 
process is one aspect of the circadian system that appears more complicated than 
that of mammals. It combines photic input not just from two eyes, but from several 
eyes in an unequal manner.

  Fig. 10.2    A diagram of the  Limulus  circadian system and its known input and output pathways. 
A circadian clock located in the brain entrains to photic cues provided by the lateral eyes (LE), 
median ocelli (MO), ventral photoreceptors (not shown), four rudimentary eyes (not shown), and 
the tail. The clock also sends circadian signals back to the eyes, which alter retinal structure and 
function to increase photic sensitivity at night       
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10.3        Physiological Organization of the Circadian System 

 Another attractive feature of the  Limulus  circadian system is that clock output and 
its effects on retinal physiology can be concurrently studied in living animals. Clock 
output can be accessed by opening a hole in the carapace in front of the lateral eye, 
guiding the exposed nerve into a recording chamber, and teasing away individual 
nerve bundles into a suction electrode [ 44 ]. Efferent fi ber spike trains are usually 
found in dorsolateral bundles of the optic nerve [ 45 ]. Since efferent fi bers project to 
both eyes, changes in visual sensitivity induced by clock activity can be monitored 
by recording electroretinograms (ERGs) from the contralateral eye. ERG amplitude 
oscillates between a nighttime high and daytime low with a period that ranges in 
constant darkness from 22 to 25 h across animals [ 23 ]. 

  Efferent Spike Trains of the Clock . Circadian rhythms in the eyes are driven by 
clock output neurons that are active at night and quiescent during the day [ 20 ]. 
Their fi ring rate ramps up at dusk to a nighttime average of ~1 spike/s per neuron 
and then ramps down at dawn [ 45 ]. This activity rhythm is opposite in phase to 
most SCN neurons, which fi re more during the daytime [ 13 ]. Efferent spike trains 
are transmitted synchronously down the lateral, median, and ventral optic nerves, 
and they are surprisingly rich in fi ne temporal structure. Figure  10.3  shows a rep-
resentative trace of clock efferent activity recorded in constant darkness. A strik-
ing feature of the activity pattern is the semi-regular sequence of spike bursts that 
occur at intervals of around 0.5–2 s [ 23 ,  24 ]. Each spike in a burst represents the 
discharge of one clock output neuron, and the near simultaneity of their discharge 
in a burst indicates that these neurons are strongly coupled. Detailed inspection of 
the activity records suggests there is a hierarchy to the coupling as clock output 
neurons exhibit a preferred fi ring order. Spike bursts are typically produced in 
clusters of 10–30 burst events that are separated by silent periods lasting tens to 
hundreds of seconds [ 45 ]. The functional signifi cance of the multilayered struc-
ture is not entirely clear. It has been suggested that these ultradian oscillations 
could underlie the generation of circadian rhythms [ 46 ]. The fi ne structure of 
efferent fi ring patterns could also be important for communicating the circadian 
message to target organs. The latter possibility can be evaluated by stimulating 
clock efferent fi bers with current pulses applied through a suction electrode to the 
optic nerve. Figure  10.4  shows that stimulation rates  corresponding to the intrinsic 
burst period of clock output neurons produce ERG changes comparable in ampli-
tude to that of the circadian clock; whereas, stimulation at much lower or higher 
rates induces little or no ERG amplitude change. This suggests that octopamine 
release at efferent terminals in the eye might be tuned for specifi c depolarization 
patterns or that the postsynaptic machinery of retinal neurons might be geared to 
operate at certain octopamine release levels. Much like delivering melatonin in a 
circadian profi le can impose rhythms and photoperiodic responses to some birds 
and mammals (see Chaps.   4     and   5    ), this provides a rare example of how circadian 
clock output can be decoded.
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     Light Response of the Clock . The circadian clock responds to light in a physical and 
functional manner. The physical response is an immediate stimulus-evoked change 
in efferent spike rate that happens only at night when clock output neurons are active 
[ 24 ,  45 ]. The response is central in origin because it can be elicited by light shined 
on other eyes. The response delay with respect to stimulus onset was ~0.8 s mea-
sured at the lateral eye, most of which can be attributed to nerve conduction time to 
and from the brain [ 47 ]. The form of the response depends on the photic organ 
stimulated. Lateral eye illumination by a 50-ms fl ash in the middle of the night 
evoked a barrage of spikes for tens of seconds that was followed by a quiet period 
lasting hundreds of seconds during which the ongoing spike activity rhythm was 
completely suppressed [ 45 ]. Median eye stimulation also elicits efferent spikes, but 
ventral eye stimulation does not, and light shined on the excised brain inhibits efferent 
activity [ 24 ]. The connection of ectopic brain receptors to the clock is presumably a 
vestige of the juvenile stage of the animal when its carapace is translucent. 

  Fig. 10.3    Representative output of efferent nerve fi bers of the circadian clock. ( a ) Efferent fi ber 
activity is recorded by surgically exposing the optic nerve, cutting it, and inserting the end con-
nected to the brain in a suction electrode. Clock efferent fi bers are silent during the day and active 
throughout the night. ( b ) Clock spike trains exhibit fi ne structure at multiple timescales. Efferent 
fi bers fi re synchronous bursts of spikes with each fi ber contributing one spike per burst ( top ). In 
this experiment the electrode recorded from six efferent fi bers. The spike bursts repeat every few 
seconds, forming a cluster of burst events ( middle ). The burst clusters then repeat after tens of 
seconds ( bottom ). ( c ) The temporal patterning of efferent spikes varies over the course of the night. 
Time intervals between spikes within a burst ( black triangles ) remain constant from dusk to dawn, 
but interburst intervals ( grey triangles ) and intercluster intervals ( white triangles ) gradually 
lengthen as dawn approaches when activity ceases altogether       
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The functional response of the circadian clock to light is a shift in phase of the mas-
ter rhythm. The phase shift might be the functional manifestation of the prolonged 
physical suppression of clock output neurons that follows a light fl ash. Figure  10.5  
shows the phase response curve (PRC) of the lateral eye ERG rhythm for pulses of 
illumination delivered to one or more photic organs at various times during the clock 
cycle. Light pulses at circadian times (CT) 8–18, which run from 4 h before subjec-
tive dusk to 6 h into the night, cause phase delays up to 4 h; whereas, light pulses at 
CT 18–24, which spans the 6 h before dusk, cause phase advances up to 2 h. The 
magnitude of phase shifts increases with light intensity and duration. This photic 
PRC resembles that of mammalian circadian systems [ 48 – 50 ].

    Neuromodulatory Processes of the Clock . The spike-triggered release of octopa-
mine from efferent nerve terminals of the circadian clock initiates a cascade of 
biochemical events [reviewed in [ 51 ,  52 ]]. Figure  10.6  shows the steps in the 

  Fig. 10.4    Circadian rhythms in visual sensitivity can be reproduced by artifi cial spike trains like 
those of clock efferent fi bers. ( a ) Circadian messages are decoded by inserting the end of a cut 
optic nerve connected to the eye into a suction electrode and stimulating the efferent fi bers electri-
cally with trains of current pulses. Effects of pulse trains are monitored by fl ashing an LED and 
recording the evoked ERG. ( b ) ERG amplitude depends on the pattern of artifi cial stimulation, 
with some pulse trains generating ERG amplitude changes comparable to the circadian clock. The 
natural ERG rhythm was recorded in constant darkness, and then the optic nerve was cut for 
 purpose of stimulation, eliminating endogenous clock input to the eye.  Bars  indicate episodes of 
current stimulation, with pulse trains delivered at the specifi ed rate either continuously or intermit-
tently ( P  = pulse train repeatedly presented for 10s on and 10s off). ( c ) ERG amplitude changes are 
greatest for pulse trains of approximately 1–2 Hz. Current-evoked responses were normalized by 
dividing the peak ERG amplitude by the maximum endogenous amplitude       
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  Fig. 10.5    The Phase response curve (PRC) of the lateral eye ERG rhythm for pulses of illumina-
tion at different times during the clock cycle. Light during the late subjective night phase advances 
and light during the early subjective night phase delays the ERG rhythm. The PRC was constructed 
by pooling data from published studies [ 23 ,  40 ,  41 ] in 2-h bins. The PRC data had the same general 
form across these studies though different animals, photic organs, and light pulses were involved. 
Each bin contained at least three data points. The image illustrates that backwards shifts (negative 
values) result in a phase delay, whereas forward shifts (positive values) advance circadian rhythms       

  Fig. 10.6    A model of the signaling cascade underlying circadian clock control of photoreceptor 
sensitivity. At night, efferent terminals of clock output neurons release octopamine in the eye, which 
binds G-coupled receptors in the membrane to activate the adenylyl cyclase second messenger 
system. This leads to an increase in intracellular cAMP levels, which stimulates protein kinase A to 
induce a variety of biochemical changes that change photoreceptor structure and function at night. 
 Double lines  represent rhabdomeric membrane of photoreceptors. Modifi ed from [ 59 ]       
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cascade that have been identifi ed in photoreceptor cells. The cascade begins with 
octopaminergic activation of G-protein-coupled receptors. In invertebrates, this 
receptor family has been shown to couple with at least four different second mes-
senger systems that activate or repress adenylyl cyclase, activate phospholipase C, 
or open chloride channels [ 53 ]. Ventral and lateral eye photoreceptors express 
receptors that couple to adenylyl cyclase; application of octopamine and adenylyl 
cyclase activators mimics the physiological effects of circadian input at night and 
increases intracellular cAMP levels, and cAMP inhibitors block the effects [ 54 , 
 55 ]. Whether octopamine activates additional second messenger systems in the 
eyes and whether octopamine receptors in optic ganglia of the brain also depend 
on adenylyl cyclase are not known. The rise in cAMP has several biochemical 
effects on photoreceptors, which include increasing phosphorylation of  Limulus  
myosin III [ 32 ,  56 – 58 ], increasing the concentration of phototransduction proteins 
opsin and G q α [52], and decreasing the concentration of arrestin mRNA [ 52 ,  59 ]. 
All three effects were shown to involve activation of cAMP-dependent protein 
kinase A (PKA), indicating that PKA plays a major downstream role in circadian 
neuromodulation of the eyes. There might also be other neuromodulatory pro-
cesses of the clock besides the octopamine cascade. The efferent terminals contain 
both synaptic vesicles and dense- core granules generally associated with peptide-
rgic cells [ 28 ,  60 ], suggesting they may co-release neuropeptides and other bioac-
tive molecules [ 34 ]. Co-release in neurosecretory cells is likely driven by spike 
bursts [ 61 ,  62 ], which are a distinctive feature of clock efferent spike trains 
(Fig.  10.3 ).

10.4        Circadian Rhythms in Retinal Structure and Function 

 Another attractive feature of the  Limulus  circadian system is that the structure and 
function of the lateral eyes are well understood so the role of circadian rhythms in 
vision can be rigorously investigated. Figure  10.7  provides a schematic of the reti-
nal network. Each lateral eye views the world with an array of ~1,000 ommatidial 
units that contain two types of visual neurons: retinular (photoreceptor) cells and 
eccentric cells. The lens of the ommatidium focuses incident light through an 
 aperture formed by the processes of pigment cells onto the photosensitive rhabdom 
of 10–12 retinular cells, which are arranged like wedges of an orange around the 
dendrite of an eccentric cell. Photons absorbed by rhodopsin molecules in the rhab-
dom membrane initiate a biochemical cascade that produces a small depolarizing 
bump in the membrane potential of retinular cells. At suffi cient photon rate, the 
bumps summate in time to form the photoresponse [ 3 ,  4 ]. The bumps also adapt 
dynamically in amplitude and duration in response to changes in light intensity 
[ 63 ,  64 ], allowing the animal to see over a wide range of ambient illumination 
levels. The excitatory photocurrents of retinular cells collectively propagate to the 
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eccentric cell through gap junctions in its dendrite, where they summate with 
inhibitory synaptic currents driven by action potentials fi red by the eccentric cell 
itself and by neighboring eccentric cells [ 5 – 7 ]. The eccentric cell then encodes the 
resultant signal with a train of action potentials that are transmitted across the reti-
nal array and to optic neuropils in the brain. The optical transformation, photo-
transduction process, self- and lateral inhibitory networks, and spike-fi ring 
mechanism have been described in quantitative detail to the point that computa-
tional models can accurately simulate the response of the lateral eye to videos 
acquired with an underwater camera mounted to horseshoe crabs moving in the 
ocean [ 65 ,  66 ]. The model simulations also demonstrate that the spatiotemporal 
properties of the daytime eye are tuned to detect objects resembling an adult crab 
in size and speed.

   Circadian input to the lateral eyes from the brain causes a daily reorganization 
of retinal structure and function. Many of the changes are mimicked by the appli-
cation of octopamine or cAMP analogs to the eye in its daytime state. The struc-
tural reorganization of the retina has four components: pigment cell retraction, 
rhabdom compression, pigment cell dispersion, and photoreceptor membrane 
turnover. The fi rst three are driven solely by the circadian clock. At night when 
clock output neurons are active, the distal pigment cells that line each lens move 
laterally to increase the aperture, doubling the acceptance angle of each 

  Fig. 10.7    Schematic of the lateral eye and the light responses of its major cell types. Each omma-
tidium contains two types of visual neurons: retinular cells and eccentric cells. The retinular cells 
transduce incident light into an excitatory signal. The eccentric cells integrate that signal with 
spike-driven self- and lateral inhibitory signals from a plexus of synaptic connection with other 
cells and encode the result with trains of spikes that are sent to the brain and to neighboring omma-
tidia. Illustrated are intracellular voltage records from pigment cells, retinular cells, and eccentric 
cells for a 7 s fl ash of light. Modifi ed from [ 44 ]       
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ommatidium from ~6 to ~12° [ 21 ,  67 ]. The photoreceptive rhabdom compacts to 
fi ll the aperture and surrounding pigment granules disperse, increasing the likeli-
hood of photon absorption [ 21 ]. The wider fi eld of view enhances photic sensi-
tivity at the cost of spatial resolution. It also imparts the retinal output with 
substantial redundancy. Since the optic axes of the ommatidial array are fi xed in 
space, a given region of visual scene is viewed at night by a much larger number 
of receptors. The fourth structural component affected by the circadian clock 
requires light to initiate reorganization. Clock input at night primes retinular 
cells to shed membrane around dawn [ 68 ]. The transient shedding event is 
marked by a rapid massive breakdown and replacement of  rhabdom membrane 
that is complete within an hour after sunrise. It is thought that this and other 
purely light-driven processes of membrane turnover are mechanisms of light 
adaptation that prepare and maintain eye sensitivity for daytime illumination 
[ 69 ]. The functional reorganization of the retina involves four components as 
well: photoreceptor gain, bump noise, temporal fi ltering, and lateral inhibition. 
At low light levels, small bumps in photoreceptor voltage can trigger large regen-
erative fl uctuations in membrane potential, known as LPFs, which eccentric cells 
encode with high fi delity as bursts of spikes. Efferent activity at night increases 
photoreceptor gain so that each absorbed photon yields a larger and longer quan-
tum bump [ 20 ,  70 – 73 ], elevating the likelihood of bump summation and LPF 
generation. The longer bumps also lower the temporal cutoff frequency of the 
eye [ 74 ], resulting in slower light responses. Remarkably, the spontaneous bump 
rate also decreases in photoreceptors even though photon catch and gain are high. 
The reduction in retinal noise is mediated, at least in part, by a clock-driven pH 
shift that stabilizes rhodopsin molecules [ 75 ]. In these three ways, clock input 
leads to a coordinated increase in signal-to-noise ratio of excitatory photorecep-
tor signals at night. In addition, there is evidence that clock input weakens inhibi-
tory interactions within the retinal network [ 74 ]. Apparently the cost of inhibition 
for photic sensitivity outweighs its benefi ts for contrast enhancement when light 
is scarce. As dawn approaches, the circadian clock anticipates the impending rise 
in illumination level as ceases efferent signal transmission, allowing the eye to 
revert back to its default daytime state of low luminance sensitivity and high 
spatial acuity.  

10.5     Clock Infl uence on Visual Behavior 

 Each spring along the east coast of North America, horseshoe crabs migrate to the 
water’s edge at high tide to locate mates and bury their eggs [ 76 ,  77 ]. Chemical 
signals and pheromones are important cues the animals use to identify areas to 
explore [ 78 – 80 ], and, once at a mating beach, vision plays a role in the detection of 
potential mates by male crabs and the selection of nesting site by female crabs. 
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Crabs whose lateral eyes were occluded either by human-applied acrylic paint [ 8 ] or 
by naturally occurring epibionts like barnacles [ 81 ] did not locate mates as well as 
sighted animals. From videotapes of crab movements in the shallows, researchers 
found that males will turn and investigate objects the size of an adult female viewed 
at distances of up to 1 m [ 82 ,  83 ]. Reducing the contrast or size of the object required 
males to pass even closer to see the target. This means that males use signals from 
at least ten photoreceptors to detect females during the day [ 84 ]. Horseshoe crabs 
can also see remarkably well at night. Although light levels drop over a million fold, 
the combination of light and circadian adaptation in the retina allows males to detect 
crab-size objects in moonlight almost as well as sunlight. The probability of a male 
turning at a given distance to hit the target did not signifi cantly differ from day to 
night [ 82 ]. For example, both day and night, 63 % of males approached a black 
target once it subtended 0.1 sr. Because the acceptance angle of each photoreceptor 
nearly doubles each night, the animals may rely on compromising spatial resolution 
for visual sensitivity and increasing the number of photoreceptors mediating mate 
detection. 

 To further probe whether the circadian increase in visual sensitivity was relevant 
to the animal, Powers and Barlow [ 85 ] measured behavioral responses to light 
fl ashes day and night. When kept in constant darkness in the lab,  Limulus  lift their 
tail, reduce their respiration rate, and increase their heart rate in response to short 
fl ashes (~5 s) of light. During the subjective night, the probability of a tail move-
ment following a dim light fl ash increased from 5 to 80 %, and the threshold light 
intensity needed to evoke a response decreased approximately tenfold. The authors 
concluded that the daily rhythms in retinal sensitivity regulate circadian rhythms in 
behavioral threshold. 

 Why have circadian rhythms in retinal function? Two basic functions have 
been identifi ed: to anticipate the daily increase in light intensity so that the retina 
does not saturate and to anticipate the nightly decrease in light intensity so that 
retina remains sensitive enough to support spatial vision. Retinal, and conse-
quently behavioral, sensitivity to light thus anticipates reliable, daily changes in 
light intensity and adjusts to transient changes in ambient light levels. These two 
processes come together in a striking fashion as horseshoe crabs approach the 
beach at night. As animals move from deep water into the shallows, incident 
levels of ultraviolet light (UV) levels increase dramatically (Fig.  10.8 ). This UV 
is detected by the median ocelli of Limulus. During the night, the ocelli can 
detect UV from moonlight at depths up to 10 m [ 86 ,  87 ]. Strikingly, the UV 
signal from the ocelli increases sensitivity of the lateral compound eyes [ 88 ]. 
Thus, the circadian increase in sensitivity of the lateral eyes is augmented further 
as the ocelli increase their fi ring when the animals approach the beach. UV 
through the ocelli thus improves the chances that a male will fi nd a female by 
helping the male fi nd the shallows and increasing the sensitivity of his image-
forming eyes.
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10.6        Conclusions 

 Limulus stands as an exception in the history of retinal chronobiology. Its superbly 
well-described visual system can be modeled from photons to photoreceptor poten-
tials to spike trains in the 1,000 optic nerve fi bers. That is, we have a remarkably 
quantitative understanding of how the retina converts visual scenes to a neural code 
for the brain. These signals are used for simple behaviors including attraction to 
mate-sized objects and avoidance of larger, predator-like shadows. Along with other 
chelicerates (scorpions and spiders) and crustaceans, horseshoe crabs represent an 
exception to the rule that all retinas are intrinsically circadian. The retinas of these 
primitive organisms are driven to change by circadian inputs from the brain. The 
centralized control of visual structures indicates that retinal rhythmicity is behavior-
ally important, but does not require a pacemaker in the eye. Circadian changes 
that enhance nocturnal retinal sensitivity at the cost of spatial resolution include 
increasing the aperture of each photoreceptor cell and augmenting the levels of and 

  Fig. 10.8    Ambient ultraviolet (UV) light increases the amplitude of circadian changes in retinal 
sensitivity. When the median ocelli were blocked from UV illumination from the nighttime sky, the 
lateral eye ERG was approximately halved. When only UV light impacted the median ocelli, the 
lateral eye ERG increased. The fi lter placed on the median ocelli passed approximately 50 % of the 
available UV light so that the response of the lateral eyes increased by the predicted amount. 
Artist’s illustration by Virginia Lee. Graph modifi ed from [ 88 ]       
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stabilization of rhodopsin molecules. This remarkable coordination of anatomical 
and physiological adjustments has allowed the animal to fi nd mates about equally 
well day and night over the past 250 Ma.     
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    Abstract     Invertebrate models have proved invaluable in understanding of fundamental 
properties of the nervous system including the ionic basis of the resting potential, 
impulse production, synaptic transmission, and the cellular basis of learning and 
memory. Invertebrate models have also provided important insights into the cellular 
mechanisms underlying circadian rhythms. Study of the retinae of several opistho-
branch mollusks, which contain circadian clocks, has provided lasting insights into 
the cellular/molecular basis of biological timing. Key “lessons” from the molluskan 
retina include the cell-autonomous nature of neuronal clocks, the mechanisms 
underlying coupling within multi-oscillator ensembles, and the biochemical/ionic 
mechanisms involved in synchronization of the clock by environmental timing 
cycles. Much of what was learned from molluskan retinae remains highly relevant 
to study of mammalian circadian system.  

  Keywords      Aplysia    •    Bulla    •   Circadian   •   Clock   •   Eye   •   Mollusks  

11.1         Introduction 

 During the past 2 decades, we have witnessed a profound growth in knowledge 
about mammalian circadian rhythms. This has occurred at many levels. There is 
now an impressive amount of molecular detail about the various negative and posi-
tive feedback loops that give rise to circadian rhythms [ 1 ]. There are also relatively 
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new insights into the role of neuronal networks in modulating and stabilizing the 
rhythms generated by individual oscillator neurons [ 2 ]. We have an increased 
appreciation of the role of circadian clock genes in regulating neural structures as 
well as nonneural organs and tissues located throughout the organism. Increasingly, 
we are confronted about issues regarding the regulation of a clock-shop    
that go beyond the understanding of individual clocks. Such discovery has increased 
our biological understanding signifi cantly and, perhaps not surprisingly, has 
revealed a signifi cantly more pervasive role for circadian timing within the bodily 
economy. 

 It is now diffi cult to appreciate that there was a time, not long ago, when 
 knowledge about the electrical properties of mammalian clock cells was very lim-
ited, there was no information about the molecular mechanisms underlying 
rhythm generation in mammals, and there was only fragmentary knowledge about 
what processes might underlay synchronization of the SCN by light cycles. It was 
during this period, starting about a half century ago, when invertebrate models 
were proving invaluable to our understanding about the neurophysiological 
 mechanisms controlling behavior. The most celebrated examples of invertebrate 
models were in the fi elds of motor control, where crustaceans afforded great 
opportunities for study [ 3 ], and in the fi eld of “learning and memory,” where the 
Kandel laboratory and others exploited the large neurons in the abdominal gan-
glion of  Aplysia , to study the biophysical changes that occur during the sensitiza-
tion and operant learning process [ 4 ]. Also, in this time, the fi rst accessible neural 
models to study circadian rhythmicity were discovered and exploited. The most 
productive of these invertebrate models for neurophysiological investigation were 
the marine opisthobranchs,  Aplysia californica  and  Bulla gouldiana . With the 
benefi t of hindsight, it is satisfying now to observe that these organisms informed 
us, in important ways, about the mechanisms underlying mammalian circadian 
systems. First, and perhaps most importantly, is that rhythm generation was pri-
marily the property of individual neurons but also that these central ocular pace-
makers are modulated by other parts of the nervous system, that the canonical 
photoreceptors were not the only light receptors within the retina, that circadian 
rhythms in neuronal rhythmicity involve circadian regulation of potassium 
 currents, and that synchronization by light involves pacemaker membrane depo-
larization while modulation by some other factors involves hyperpolarization. 
Finally, these molluskan models provided insights into how internal oscillator 
synchrony is maintained. 

 In the past 20 years, there have been few publications reporting research on 
 circadian rhythms in molluskan eyes. Consequently, much of the literature in this 
area has been comprehensively reviewed and we refer you to these reviews for more 
complete coverage [ 5 – 7 ]. In the chapter that follows, we focus on valuable insights 
or “lessons” that we believe have been learned from the molluskan studies—how 
this work helped inform the questions that we now ask in mammals. Remarkably, 
much of what was learned from invertebrate models remains relevant today.  
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11.2     Lesson One: Central Clock Neural Rhythms Are 
“Diurnal” Whereas Circadian Behaviors Are Nocturnal 
or Diurnal 

 The retinae of a number of opisthobranch mollusks contain circadian pacemakers 
[ 8 – 11 ]. The rhythm can be easily demonstrated by removing the eye with optic 
nerve and recording, in vitro, with a suction electrode attached to the optic nerve 
stump. In darkness, the opisthobranch retina produces low-frequency compound 
action potentials as revealed by the variable amplitude of the impulses. When 
summed over time, a very clear circadian rhythm is present in the frequency of 
spontaneous impulses. Typically, for an animal synchronized by a 24 h light cycle 
consisting of 12 h of light and darkness, spontaneous impulse activity begins just 
before dawn and peaks shortly thereafter. Interestingly, although some opistho-
branchs that have been studied appear nocturnal (e.g.,  Bulla ,  Haemonea ) and some 
diurnal ( Aplysia ,  Bursatella ,  Navanax ), in all cases the ocular rhythms are diurnally 
expressed. Similarly, neurons in the central clock (suprachiasmatic nucleus, SCN) 
of both diurnal and nocturnal mammals exhibit circadian rhythms in fi ring action 
potentials which peak in the middle of the day [ 12 ,  13 ]. To date, in every case that 
the neural activity of a central clock in animals has been measured, the neurons 
were spontaneously active with peak activity during the day (Fig.  11.1 ).

11.3        Lesson Two: Circadian Entrainment Occurs via 
Nontraditional Photoreceptors 

 Soon after discovery of a circadian rhythm in the retina of opisthobranchs [ 6 ], 
efforts were directed towards determining where and how the rhythm is generated. 
Early studies seemed to suggest that the circadian rhythm was an emergent property 
of a population of interacting higher frequency oscillators [ 14 ]. With regard to cell 
types involved in rhythm generation, positive identifi cation of the neurons involved 
in rhythm generation was complicated in  Aplysia  due to the fact that there are at 
least fi ve morphologically distinct receptor-like cells surrounding the lens and 
another two neuronal-type cells at the base of the retina, all in rather close proximity 
[ 15 ]. Surgical reduction experiments suggested that the oscillator cells were located 
in the basal retina. Experiments with focused irradiation confi rmed that only cells in 
the basal retinal region were critical for the expression of the circadian rhythm [ 16 ]. 

 The localization and identifi cation of circadian clock cells were more successful 
in the  Bulla  retina, primarily due to comparative simplicity and better spatial separa-
tion between cell layers in the retina. The  Bulla  eye consists of a large solid spheri-
cal lens partially surrounded by a layer of photoreceptors and cells in a basal region, 
relatively distant from the photoreceptor layer and forming a ring around a central 
neuropil (Fig.  11.2 ). There are approximately 1,000 photoreceptor-like cells that 
surround the lens [ 17 ,  18 ]. The neurons at the base of the retina have been referred 
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to as Basal Retinal Neurons (BRN) based on their location. There are approximately 
130 BRNs surrounding a central neuropil region. The BRNs are electrically coupled 
to one another and fi re in synchrony with the optic nerve recorded compound action 
potentials that display a circadian rhythm. They appear to be a relatively homogenous 
group (15–25 μM) in diameter with axons that extend out of the optic nerve [ 17 ].

   The entire ocular circadian pacemaker system appears to reside in the BRNs. 
Intracellular recordings from the most common cell type, the “R-type,” indicated 
that these cells do not generate impulses or exhibit a circadian rhythm in resting 
potential [ 10 ]. In addition, surgical removal of the receptor layer did not impact 
generation of the circadian rhythm, nor did it impact the ability of the circadian 
rhythm to be phase shifted by light pulses [ 10 ,  19 ]. Thus, circadian photoreception 
occurs outside the layer of classical photoreception, among what might be thought 
of as “ganglion cells” in vertebrate retinae. These cells exhibit sustained impulse 
activity in response to long light pulses, most likely a requirement for large stable 

  Fig. 11.1    Neural activity rhythms hallmark feature of circadian pacemaker neurons in a variety of 
species. Circadian rhythms in behavior are synchronized by central pacemaker neurons located in 
a small subset of cells in the central nervous system. In all of the animal species examined, these 
pacemaker neurons exhibit circadian rhythms in spontaneous neural activity. One of the conserved 
features of these neural activity rhythms is that the spontaneous activity is highest during the day 
whether the species is diurnal ( Aplysia ) or nocturnal ( Bulla ). The impact of light on the system is 
to increase neural activity during the night. The mechanism by which the molecular clockwork 
within single cells drives rhythms in neural activity is largely unknown       
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phase shifts. This is in contrast to the light-induced responses of the receptor layer, 
which are transient in nature. 

 The mammalian circadian system also relies on nontraditional, specialized pho-
toreceptors (see Chap.   2    ). In brief, the intrinsically photosensitive retinal ganglion 
cells (ipRGCs) express the photopigment melanopsin and receive information from 
rods and cones [ 20 – 22 ]. These ipRGCs thus encode ambient lighting [ 23 ] and gen-
erate action potentials that travel down the RHT and innervate the SCN. The RHT 
terminals release glutamate and, under certain conditions, the neuropeptide PACAP 
[ 24 ]. Thus in both the SCN and BRN neurons, the net result of photic stimulation is 
a slow and persistent increase in fi ring rate.  

11.4     Lesson Three: Single Neurons Can Act as Circadian 
Clocks 

 An early study in  Aplysia  had suggested that the circadian rhythm might emerge 
from the interactions of higher frequency, non-circadian, oscillators. Consequently, 
a fundamental question was whether individual neurons are competent circadian 

  Fig. 11.2    The  Bulla  eye 
consists of a large solid 
spherical lens partially 
surrounded by a layer of 
photoreceptors and cells in a 
basal region, relatively distant 
from the photoreceptor layer 
and forming a ring around a 
central neuropil. There are 
approximately 1,000 
photoreceptor-like cells that 
surround the lens. The 
neurons at the base of the 
retina have been referred to 
as Basal Retinal Neurons 
(BRN) based on their 
location (shown here in  red ). 
The BRNs are electrically 
coupled to one another and 
fi re in synchrony with the 
optic nerve recorded 
compound action potentials 
that display a circadian 
rhythm.    After [ 17 ]       
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oscillators. Experiments in  Bulla , where it was possible to reduce the basal retinal 
region to smaller and smaller tissue fragments, revealed that even six BRNs could 
support a circadian periodicity, although the waveform was more variable and 
clearly comprised by the loss of many of the contributing oscillators [ 19 ]. 
Nonetheless, it was evident that very few cells were required for circadian genera-
tion. This observation made unlikely the possibility that a network of coupled 
 non- circadian oscillators produced a circadian output. More defi nitive evidence 
came from studies in which individual BRNs were isolated in microwell dishes and 
membrane conductance sampled at different times in the circadian cycle. In these 
experiments, a circadian rhythm in membrane conductance could be measured from 
BRNs that were fully isolated from other cells [ 25 ]. This was the fi rst demonstra-
tion, in any organism, that fully isolated neurons can express a circadian rhythm. 

 In mammals, a unique property of central clock neurons in the SCN and one that 
is essential to the function of the circadian timing system is the ability to generate 
circadian rhythms in electrical activity [ 26 ,  27 ]. The SCN has been shown to gener-
ate neural activity rhythms in vivo [ 28 – 30 ], in brain slice preparations [ 31 ], and in 
cultures made from SCN tissue [ 32 – 34 ]. These fi ndings are consistent with the idea 
that many SCN neurons are stable, self-sustained oscillators that have the intrinsic 
capacity to generate circadian rhythms in electrical activity. Even when isolated 
from the circuit, single SCN neurons can exhibit a rhythm in fi ring rate [ 32 ], with 
recent estimates placing the number of SCN neurons that exhibit such a rhythm at 
about 60–70 % of the total SCN neuron population [ 33 ,  35 ,  36 ].  

11.5     Lesson Four: Clock Neuron Rhythms Are Expressed via 
Modulation of Potassium Conductances 

 Another area of commonality is in the regulation of membrane conductance by the 
molecularly-based circadian clock. In opisthobranch retinas, the circadian rhythm is 
most easily measured in the frequency of compound action potentials recorded from 
the optic nerve stump. Long-duration intracellular recordings in  Bulla  from BRNs 
reveal a rhythm in membrane potential and impulse production that suggests that an 
underlying rhythm in membrane potential drives the impulse rhythm measured in 
the optic nerve. BRNs are depolarized during the day by approximately 13 mV 
when compared to nighttime resting potential levels [ 37 ]. The rhythm in membrane 
potential is associated with a rhythm in membrane conductance, which is elevated 
during the (subjective) day compared to the (subjective) night [ 38 ]. The difference 
in conductance between the daytime and nighttime is not observed in the presence 
of tetraethylammonium suggesting that the underlying rhythm is due to a decrease 
in a potassium (K + ) conductance during the daytime, resulting in membrane depo-
larization [ 25 ]. Similar to  Bulla ,  Aplysia  retinal neurons, maintained in cell culture, 
express a circadian rhythm in specifi c K +  currents [ 39 ]. 
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 SCN neurons generate action potentials in the absence of synaptic drive and can 
therefore be considered endogenously active neurons [ 40 ]. SCN neurons demon-
strate a diurnal rhythm in membrane potential, such that cells are depolarized by 
about 6–10 mV during the day compared to the night [ 12 ,  41 ,  42 ]. This day-night 
difference in resting membrane potential is largely mediated by a hyperpolarizing 
K + -dependent conductance that is active at night at resting membrane potential and 
inactive during the day [ 12 ]. Resting membrane potentials of neurons are largely set 
by a class of two-pore-domain K +  channels (K2P and TASK/TREK) [ 43 ,  44 ]. These 
K +  channels are active over the whole voltage range (unlike other K +  channels) and 
are referred to as providing “leak” or background currents. The K2P channels are 
coded for by the  Kcnk  gene family. The transcripts for  Kcnk1  and  Kcnk2  are 
expressed in the SCN [ 45 ], with transcripts for  Kcnk1  exhibiting a robust rhythm in 
the SCN [ 46 ]. Unfortunately, specifi c pharmacological blockers are not available, 
but the rhythmic pattern of expression in the SCN makes the K2P channels a prom-
ising candidate for driving the nightly hyperpolarization in membrane potential. 

 BK currents are also involved in the nightly silencing of SCN neurons. The 
expression of  Kcnma1 , the gene encoding the pore-forming subunit of the BK chan-
nel, peaks in the middle of the night [ 47 ] and the relative contribution of the BK 
current to the outward currents is larger in the night than in the day. In addition, 
deletion of  Kcnma1  increases nighttime fi ring in SCN neurons, although it does not 
completely abolish the day-night difference in fi ring rate [ 48 ,  49 ].  

11.6     Lesson Five: Clock Synchronization by Light Occurs 
via Clock Neuron Membrane Depolarization and a 
Calcium Flux 

 To be useful chronometers, biological clocks need to be set to “local time.” In the 
molluskan retina and in the mammalian SCN, the process appears to involve 
increases in cGMP (demonstrated only in  Aplysia ), membrane depolarization, and 
calcium (Ca 2+ ) infl ux. In  Aplysia , pulses of 8-bromo-cGMP lead to increases in 
optic nerve impulse activity and stable phase shifts with a phase response curve 
(PRC) similar to light [ 50 ]. These phase shifts are not additive with light increases 
the levels of cGMP in the eye, suggesting that increases in cGMP in response to 
light are part of the entrainment cascade. In both  Aplysia  and  Bulla  ,  light depolar-
izes pacemaker neurons [ 51 ]. Depolarization    alone can mimic light as a synchroniz-
ing agent. This was fi rst demonstrated in  Aplysia  by providing pulses of bathing 
solutions with elevated potassium levels, which generated a PRC similar to that of 
light [ 52 ]. A more direct demonstration was possible in  Bulla  where direct current 
injection into a BRN, which depolarizes the population of BRNs via electrical 
 coupling, yielded phase shifts similar to light pulses. In addition, injecting hyperpo-
larizing current into BRNs attenuated light-induced phase shifts [ 53 ]. 
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 Depolarization appears to exert phase control by inducing a Ca 2+  fl ux. Lowering 
extracellular Ca 2+  concentration into the nanomolar range by the addition of EGTA 
prevents light-induced phase shifts in both  Bulla  and  Aplysia  [ 53 – 55 ]. Supporting 
these observations is the fact that nickel, a blocker of voltage-gated Ca 2+  channels, 
reduced light-induced phase shifts in both  Bulla  and  Aplysia  eyes [ 54 ,  55 ]. 
Measurements of intracellular Ca 2+  concentrations in dispersed BRN neurons reveal 
a sustained increase in intracellular Ca 2+  in response to depolarization, which is 
blocked by nickel [ 56 ]. 

 During the night, SCN neurons are normally silent but do respond to photic 
stimulation transduced by ipRGCs that generate action potentials up to 20 Hz [ 29 , 
 57 – 60 ]. This light-induced increase in neural activity drives synaptic communica-
tion with the rest of the cells in the circuit. The retinal recipient cells use GABA and 
peptide transmitters such as GRP and vasoactive intestinal peptide (VIP) to com-
municate with the rest of the circuit. The impact of GRP and VIP is to produce 
long-term increases (lasting hours) in excitability in SCN neurons [ 61 ,  62 ]. 
Interestingly, these studies indicate that the peptide-driven increases in fi ring rate 
are dependent upon CREB pathway and activation of  Per1 . These changes in elec-
trical activity also trigger intracellular signaling cascades in SCN neurons. 

 The RHT stimulation during the night and resulting increase in the frequency of 
action potentials produces a robust increase in Ca 2+  in SCN neurons. In dendrites, 
the Ca 2+  infl ux is likely mediated by NMDA receptors, with a major contribution 
from the NR2B subunit [ 41 ,  63 ,  64 ], whereas in the soma, the L-type voltage- 
sensitive Ca 2+  channels are the main contributors [ 60 ]. There is also evidence indi-
cating that T-type Ca 2+  currents are required for glutamate-induced phase shifts in 
the SCN neural activity rhythm in rats [ 65 ]. The concentration of intracellular Ca 2+  
in neurons is tightly controlled by various channels, pumps, and buffers. In addition, 
ryanodine receptors have a role in mediating the effects of light- and glutamate- 
induced phase delays of the circadian system and in regulation of the electrical 
activity of SCN neurons [ 66 ]. Thus, RHT-evoked Ca 2+  infl ux is likely to be a major 
transducer of light information to the circadian system.  

11.7     Lesson Six: Clock Neuron Rhythms Are Modulated 
by Efferent Signals 

 In both  Aplysia  and  Bulla  ,  the waveform of the circadian rhythm and phase is modi-
fi ed by the presence of efferent activity [ 67 – 70 ]. Efferent modulation can also affect 
the ability of the eye to reset to light pulses. Prichard and Lickey reported that the 
response of the eye clock to the onset of darkness was dependent upon activity of 
efferent neurons. The onset of darkness, under some conditions, produces only 
small resets of the eye clock when efferent activity is absent but produces large 
resets when efferent activity is present [ 69 ]. In  Aplysia , serotonin (5-HT) appears to 
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be one of the neurotransmitters involved in efferent regulation of the retinal clock 
by other regions of the nervous system. 5-HT is found in fi bers within the optic 
nerve that terminate in and around the eye [ 71 ]. The role of 5-HT in efferent regula-
tion appears to be complex. Neural enhancement of resetting appears to be mediated 
by 5-HT. Exogenous 5-HT mimics the effects of efferent activity on the neural 
enhancement of resetting [ 72 ]. In other experiments, 5-HT has been shown to mod-
ulate the impact of light on the ocular pacemaker [ 73 ]. 

 By itself, 5-HT is a potent regulator of phase of the ocular pacemaker in  Aplysia . 
When 5-HT is applied in the absence of light, these treatments cause stable phase 
shifts of the circadian rhythm; however, the PRC for 5-HT is shifted approximately 
180° on the time axis with respect to light, with phase delays in the early subjective 
day and phase advances in the late subjective daytime [ 74 ,  75 ]. 5-HT exerts its 
actions by increasing cAMP levels [ 76 ,  77 ]. The action of cAMP can be mimicked by 
forskolin, an adenylate cyclase activity, or by 8-benzylthio-cAMP [ 76 ,  77 ]. In  Bulla , 
the efferent transmitter acting similarly to 5-HT appears to be FMRFamide. 
FMRFamide is present in fi bers entering the eye as well as in cell bodies in 
the cerebral ganglia [ 78 ,  79 ]. Similar to 5-HT in  Aplysia , FMRFamide generates 
phase shifts with a similar shape to the 5-HT PRC [ 79 – 81 ]. The effects of 
FMRFamide can be mimicked by cAMP analogs [ 82 ]; the FMRFamide-activated 
signal transduction cascade has not been well studied in this species. 

 The mechanism by which 5-HT and FMRFamide infl uence the ocular clocks 
appears to be via their effect on membrane potential (   Fig.  11.3 ). Both transmitters 
hyperpolarize and reduce impulse activity in clock neurons [ 78 ,  83 ]. In  Aplysia , 
5-HT-induced phase shifts can be blocked by application of high potassium in the 
bathing medium [ 84 ]. The K +  channel blocker barium also blocks 5-HT-induced 
phase shifts [ 81 ]. In  Bulla , the K +  channel blocker tetraethylammonium blocks 
cAMP-mediated phase shifts [ 82 ]. Similar to the light-entrainment pathway, effer-
ent regulation may involve modulation of a Ca 2+  fl ux. In the case of light, Ca 2+  infl ux 
increases in response to membrane depolarization. With efferent modulatory signals 
which hyperpolarize clock neurons, it seems likely that the reduction in impulse 
activity leads to a reduced Ca 2+  fl ux. In  Aplysia  and  Bulla , removing Ca 2+  from the 
bathing medium leads to phase shifts that are similar to those induced by hyperpo-
larizing clock  neurons [ 55 ,  85 ].

   The mammalian SCN is modulated by a number of transmitters. While this is a 
much larger topic than we can cover here, it is worth briefl y considering the role of 
5-HT in the SCN. The SCN receives a dense serotonergic projection from the mid-
brain raphe nuclei that terminates predominantly in the retinorecipient region of the 
nucleus. By themselves, 5-HT receptor agonists directly cause phase shifts of the 
circadian system both in vitro [ 86 ,  87 ] and in vivo [ 88 ]. Evidence suggests a role for 
this pathway in mediating activity-induced phase shifts of the circadian system 
[ 88 – 90 ]. In addition, there is also evidence that this serotonergic projection can 
modulate light input to the SCN [ 90 – 95 ]. Thus, it appears that two major transmitter 
systems (glutamatergic and serotonergic) that convey information to the SCN can 
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interact with each other and we believe that these interactions may determine 
the ultimate response of the circadian system to environmental stimulation. Again, the 
role of 5-HT highlights another remarkable parallel between the molluskan and 
mammalian systems.  

11.8     Lesson Seven: Bilateral Coupling of the Central Clocks 
Helps Maintain Internal Synchrony 

 The mollusks have two eyes containing circadian clocks and an important issue is 
how synchrony is maintained in this multi-oscillator, bilaterally distributed clock 
system. In  Bulla  ,  it has been possible to investigate clock to clock coupling both in 
vivo and in vitro. When  Bulla  are placed into darkness for up to 2 weeks, the two 

  Fig. 11.3    The mechanisms that underlie the phase shifting impact of light and efferent transmit-
ters have been explored in the molluskan system. This body of work suggests that exposure to light 
depolarizes the membrane. The assumption is that this depolarization is mediated by transient 
receptor potential channels (TRP channels) but this has not been tested. Light exposure does result 
in an increase in intracellular Ca 2+ . This Ca 2+  signal drives changes in transcription and translations 
at specifi c phase of the daily cycle that drive phase shifts in the molecular clock. The efferent 
transmitters 5-HT and FMRFamide work through G-protein-coupled signaling pathways including 
protein kinase A and C (PKA/PKC) to hyperpolarize the membrane by increasing K +  currents. 
Depending on the phase, this membrane hyperpolarization can modulate the effects of light as well 
as directly cause phase shifts of the circadian system       
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eye clocks remain closely in phase with one another. If communication between the 
two is surgically disrupted, the eye clocks then drift apart [ 70 ,  96 ], suggesting that 
the two eyes are internally coupled to one another. This hypothesis was experimen-
tally tested, in vitro, by removing the eyes along with the central ganglia. The clock 
in one eye was delayed by either cooling or bathing in manganese seawater, which 
resulted in a delay of approximately 6 h. The two eyes were then allowed to interact 
in darkness for period up to 72 h. By 72 h, the phases of the two eyes had come to 
within 2 h of one another. In another study, experiments were conducted in vitro 
with the two eyes attached to the head ganglia [ 97 ]. One eye was exposed to bathing 
solutions that could either lengthen (treated with lithium) or shorten (treated with 
low chloride) the free-running period. The results confi rmed the presence of internal 
coupling between the two eye clocks. When the free-running period of the eyes was 
set at about 1 h difference, the two eyes would assume an intermediate period with 
the eye with the shorter free-running period leading the one with the longer period. 
An unexpected result was that when the difference in free-running period exceeded 
the limits of entrainment, eyes would drift out of phase until a phase difference 
of approximately 10 h was obtained when a large phase shift occurred. The results 
suggest a novel resetting mechanism mediated by the interocular coupling 
pathways. 

 Electrophysiological investigation of the coupling process revealed that optic 
nerve impulses generated within one eye crossed through the central ganglia and 
emerged as efferent signals in the contralateral optic nerve [ 98 ]. There is anatomical 
evidence for fi bers crossing from one eye to the other [ 99 ] and immunohistochemical 
evidence that glutamate is expressed in these fi bers [ 100 ].    Recent electrophysiologi-
cal work also suggests the synaptic input into the BRNs is glutamatergic [ 101 ]. The 
present data is consistent with a model in which FMRFamide represents a modula-
tory infl uence of the central ganglia whereas the glutamate pathway couples the two 
ocular clocks. 

 The SCN consists of two bilaterally paired nuclei, which contain populations of 
functionally distinct cells grouped in regions previously described as core and shell 
of the SCN [ 101 – 104 ]. The activity of these different cell types or regions has to be 
synchronized with each other to generate a uniform and high-amplitude timing sig-
nal. However, gene expression studies suggest that there are conditions in which the 
left and right SCN can function independently. For example, the left and right SCN 
of hamsters with desynchronized behavior exhibit antiphase rhythms in clock genes 
expression suggesting that each SCN can independently drive a behavioral compo-
nent [ 105 ]. In addition, mice exhibiting splitting behavior maintain a coherent 
rhythm of  Per1  gene expression in neurons within one SCN, but left and right SCN 
oscillated in antiphase about 12 h apart [ 106 ]. There is some information about the 
pathways or signals that could mediate communication between the left and the 
right SCN nuclei. Anatomically, several studies have found evidence for neuronal 
projections between the two SCN [ 107 ,  108 ]. Furthermore, immunohistological 
studies revealed fi ber tracks of neurons expressing VIP and arginine vasopressin 
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(AVP) crossing the midline between left and right SCN [ 102 ]. Recent work 
 investigated the physiological connections between the left and right SCN and, 
 surprisingly, found evidence that glutamate is the transmitter involved [ 109 ] in cou-
pling the left/right SCN just as it does in  Bulla .  

11.9     Lesson Eight: Regulation of a Transmembrane Ca 2+  
Flux Represents a Common Pathway for Clock Phase 
Control 

 Numerous studies in  Aplysia  and  Bulla  have led to the development of a simple, 
admittedly incomplete model that provided a unifying explanation for how light, 
interocular coupling signals and other modulatory infl uences affect the phase, 
period, and perhaps amplitude of the ocular clock via a common pathway [ 5 ,  83 ]. 
The model (Fig.  11.4 ) is based in part on observation that membrane potential is 
both an input and output of an intracellularly located clock mechanism. Under con-
stant conditions, during the daytime, the resting membrane potential is depolarized 
and clock neurons are spiking in comparison to the hyperpolarized and largely silent 
nighttime level. During the daytime, light leads to depolarization and some Ca 2+  
entry.    Light has no effect on phase during this time, either due to the small amount 
of Ca 2+  entering when the neurons are already chronically depolarized or because of 
a concentration at which there is no effect of additional Ca 2+  entry. Light does have 
an effect during the nighttime when the membrane is relatively hyperpolarized and 

  Fig. 11.4    The molluskan model of the daily gating of light input to circadian system. Central to 
the model is the hypothesis that a circadian rhythm in membrane potential (Vm) drives a rhythm 
in Ca 2+  infl ux through voltage-sensitive Ca 2+  channels and that light acts to cause a Ca 2+  infl ux in 
these cells. During the day, the Vm of the BRNs is relatively depolarized and Ca 2+  enters the cell 
through voltage-sensitive Ca 2+  channels. Light does not cause phase shifts because intracellular 
Ca 2+  is already elevated. During the night, the membrane is relatively hyperpolarized and light- 
induced depolarization can cause a Ca 2+  infl ux, leading to a shift in the phase of the rhythm. 
Elements of this model are now being successfully applied to the mammalian SCN       

 

G.D. Block and C.S. Colwell



225

silent, and thus, light leads to signifi cant depolarization and Ca 2+  entry. 5-HT 
( Aplysia ) and FMRFamide ( Bulla ) are effective phase shifting agents during the 
daytime. These agents hyperpolarize the membrane during the daytime (see above) 
and reduce impulse activity and presumably Ca 2+  entry. These agents would not be 
expected to have impact during the nighttime when the clock neuron membrane is 
already hyperpolarized.

   Conceptually, elements of this model have begun to be applied to the SCN [ 60 , 
 63 ]. The basic idea is that the circadian pacemaker neurons are already electrically 
active during the day and that additional excitatory input from the RHT does not 
induce many additional action potentials. In contrast, during the night, when the 
neurons are electrically silent, RHT stimulation results in a large change in electri-
cal activity and the system responds to the change in action potential frequency with 
a phase shift.  

11.10     Lesson Nine: The Circadian Cycle in Clock Neurons 
Requires Daily Transcription and Translation as Part 
of the Timing Loop 

 While the molluskan system is not suited to molecular genetic analysis, some 
important lessons about the molecular clockwork were learned from experiments in 
which transcription and translation were interrupted in very systematic ways. Pulses 
of the translation inhibitors puromycin, cycloheximide, or anisomycin generate 
phase delays when applied to  Aplysia  eyes during the subjective night [ 110 – 112 ]. 
Pulses of cycloheximide, the most quickly reversing of the inhibitors, revealed that 
the sensitive phase, when inhibiting translation shifted the clock, occurred during 
the late night and early morning [ 113 ]. Importantly, inhibition at other times in the 
cycle did not appear to impact the progression of the rhythm. In  Bulla , it was pos-
sible to demonstrate that the circadian clock cannot complete a full cycle if protein 
synthesis is blocked [ 114 ]. Employing a “wedge experiment,”  Bulla  eyes were 
exposed to cycloheximide or anisomycin for different amounts of time from 5 to 
52 h. It was found that if the inhibitor was present through the time of subjective 
dawn, the phase of the restored rhythm after the drug pulse was washed out was 
dependent only upon the time at which the drug was removed. The results suggested 
that the clock is stopped at dawn by the inhibition of translation. If the drug is 
applied before dawn, the clock continues to run until dawn and is then stopped for 
the duration of the treatment. It is likely that in  Aplysia  ,  the shorter pulses likewise 
lead to a brief stopping of the clock near dawn. Thus, the experiments in both 
 Aplysia  and  Bulla  support the idea that there is a critical time near dawn when pro-
tein synthesis is required for the cycle to continue. Transcriptional inhibitors also 
appear to stop the clock but the sensitive period is longer than for translation inhibi-
tors. The reversible transcriptional inhibitor 5,6-dichlorobenzimidazole riboside 
(DRB) delays the  Aplysia  rhythm when present during the 12 h period from subjec-
tive dawn to dusk [ 115 ,  116 ]. Experiments using a wide range of pulse lengths in 
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 Bulla  show that DRB stops the clock with a sensitive period that includes the end of 
the night and most of the subjective day [ 117 ]. The relatively long period of sensi-
tivity of the rhythm to transcriptional inhibitors suggested that either transcription 
itself is part of the timing loop. Using an ingenious “two-pulse design” originally 
used by Pittendrigh on  Drosophila , it was possible to show by probing with light 
pulses immediately following DRB pulses that phase shifts of the rhythm occur 
immediately, even though the DRB pulse is given at a time (ZT 6–12) when protein 
synthesis inhibitors are not effective. This result strongly suggests that the transcrip-
tion process itself is part of the timing loop [ 117 ]. 

 Again, the role of transcriptional/translational feedback loops in the mammalian 
circadian system is a large topic that is beyond the scope of this chapter. In mam-
mals, the ability to manipulate genes has provided critical insights into the role of 
identifi ed clock genes and their products in generating the 24 h rhythm. While there 
may be situations in which rhythmic gene expression is not required to express cir-
cadian rhythms [ 118 ], in most mammalian cell populations, rhythmic transcription 
and translation of key genes is a common feature [ 1 ,  119 ].  

11.11     Lesson Ten: Age-Driven Changes Occur in the 
Central Clock  

 Some of the fi rst studies examining how aging impacts the circadian system were 
conducted in the molluskan retina. The  Aplysia  eye, from aged animals, exhibits 
reduced amplitude rhythms, a slightly longer free-running period, and a change in 
the phase relationship to projected dawn [ 120 ]. Although these changes in aged 
isolated eyes could refl ect a change in viability of older tissue maintained in vitro, 
this possibility was eliminated by also recording from the optic nerves of intact aged 
and young  Aplysia . These in vitro experiments confi rmed that the reductions in 
rhythm amplitude actually occurred in vivo, and provided the fi rst evidence, in any 
model system, that aging leads to reduced amplitude in the central clock and is not 
simply the result of age-related changes in the pathways by which rhythmic behav-
iors are expressed. 

 Disruptions in the circadian system, including decreased amplitude of rhythmic 
behaviors and fragmentation of the activity/rest episodes, are commonly associated 
with aging in humans and other mammals [ 121 ]. While undoubtedly many factors 
contribute to these changes, a variety of data [ 122 – 126 ] is emerging that is consis-
tent with the hypothesis that an age-related decline in the output of the central 
 circadian clock in the SCN is a critical factor. For example, in recent work, in vivo 
multiunit recordings were carried out from the SCN and a brain region that receives 
robust innervation from the SCN (subparaventricular zone, SPZ) in freely moving 
animals. The amplitude of the day-night difference in neural activity was substan-
tially reduced in both brain regions of middle-aged mice [ 127 ]. Another striking 
feature was the increase in variation in the levels of the spontaneous activity. 
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In contrast, the molecular clockwork in the SCN as measured by PERIOD2 levels 
was not disrupted in middle-aged mice. These results suggest that the age-related 
disruption in the circadian output occurs before any disruption of the molecular 
clockwork. The mechanisms underlying the age-related decline in SCN neural 
activity are unknown but are an important area for future research.  

11.12     Concluding Remarks 

 In the ebb and fl ow of scientifi c research, models come in and go out of favor. It is 
possible that the 2 decades of work on the circadian system of marine opistho-
branchs mollusks  Bulla gouldiana  and  Aplysia californica  will become a footnote 
in the expanding universe of circadian research. Of course, these models may also 
enjoy resurgence in the future. Regardless, we look backward with pride and satis-
faction about a body of work that provided the fi rst comprehensive analysis of the 
cellular basis of biological timing within higher animals. What is most gratifying, 
however, is the persisting relevance of experimental approaches, results, and models 
that emerged from this effort. Indeed, it was a good run for mollusks and we look 
forward to seeing what the future will bring!     
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