
ABSTRACT  
 

STEELE, CHRISTOPHER TODD Circadian organization in Japanese quail: Ocular 
clocks are pacemakers.  (Under the direction of Dr. Herbert Underwood) 
 

A growing body of evidence supports the idea that circadian clocks in the eye can 

influence extra-ocular rhythms in both mammalian and non-mammalian vertebrates.  

Perhaps the most salient example is seen in Japanese quail where ocular clocks are 

pacemakers in the circadian system since eye removal causes all quail tested to become 

arrhythmic in constant darkness (DD).  Moreover, the eyes play an endocrine role in the 

quail circadian system since one-third to one-half of the blood melatonin is of ocular 

origin and rhythmic blood-borne melatonin can affect circadian body temperature and 

activity rhythms.  This investigation was designed to define further the role of the eye as 

a pacemaker in the quail’s circadian system. 

Given that quail maintain robust circadian rhythms of body temperature in 

prolonged DD, the two putative ocular pacemakers in an individual bird must maintain 

the same phase; otherwise, a consolidated circadian output could not be generated.  

Furthermore, if ocular clocks are indeed pacemakers, the two putative pacemakers should 

rapidly regain coupling after being forced out of phase.  These predictions were 

confirmed by demonstrating that 1) the ocular melatonin rhythms of the two eyes 

maintained phase for at least 57 days in DD and 2) after ocular pacemakers were forced 

out of phase by alternately patching the eyes (AP) in constant light, two components of 

body temperature were observed that fused into a consolidated rhythm after 5–6 days in 

DD, demonstrating pacemaker recoupling.  The ability to maintain phase in DD and 



rapidly recouple after out-of phase entrainment demonstrates that the eyes are strongly 

coupled pacemakers that work in synchrony to drive circadian rhythmicity in Japanese 

quail.   

Since the eyes are indeed coupled pacemakers, the mechanisms of pacemaker 

coupling were also investigated.  Quail were subjected to one of several surgical 

procedures including optic-nerve section, superior cervical ganglionectomy, ciliary 

ganglionectomy, and melatonin implantation.  Birds were then subjected to AP protocols 

to determine if these manipulations would affect pacemaker recoupling.  Optic-nerve 

section and melatonin implantation lengthened the recoupling time of ocular pacemakers 

to 8 and 7 days, respectively, and each were significantly different than control groups.  

However, neither the superior cervical ganglia nor the ciliary ganglia appear to transmit 

circadian information between ocular pacemakers.  Therefore, both neural (optic nerve) 

and hormonal (melatonin) coupling mechanisms contribute to ocular pacemaker 

coupling. 

It is known that eye-removal abolishes rhythmicity of body temperature and 

activity rhythms in quail.  We hypothesized that the pineal-SCN complex in quail is 

incapable of maintaining rhythmicity in the absence of ocular pacemakers.  This 

hypothesis was confirmed since birds blinded by complete eye-removal displayed 

arrhythmic blood melatonin profiles in DD further supporting the idea that ocular clocks 

are pacemakers in quail. 

Based on current and previous data, the eye plays a major role within the quail 

circadian system that can, at least in part, exert its control via the cyclic synthesis and 

release of melatonin.  If this view of the quail circadian system is correct, one must 



assume that the ocular pacemaker is an autonomous oscillator.  In the present study we 

demonstrate that quail retinal explants possess a light-entrainable circadian clock that can 

synthesize and secrete melatonin rhythmically in vitro for at least five days in DD. 

Taken together, the present experiments fully support the hypotheses that 1) the 

eyes are the loci of tightly coupled circadian pacemakers in Japanese quail, 2) ocular 

pacemakers are coupled via neural and hormonal mechanisms, 3) in the absence of ocular 

pacemakers, the pineal-SCN complex is incapable of maintaining rhythmic blood 

melatonin profiles in DD, and 4) the quail’s eye possesses an autonomous, light-

entrainable circadian clock capable of rhythmic production and secretion of melatonin.   
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INTRODUCTION 

It has been proposed that virtually all photoreceptive organs possess circadian 

clocks to accommodate the daily change in light intensity that ranges six orders of 

magnitude—from 0.1 to 100,000 lux—between night and day (Menaker and Tosini, 

1996).  Indeed, evidence collected over the past twenty-five years suggests that the 

presence of a circadian clock within the vertebrate eye is ubiquitous.  Notwithstanding 

the myriad intra-ocular events that are driven by clocks in the eye, a growing body of 

evidence in mammalian and nonmammalian vertebrates suggests that the eye can 

function as an integral part of the circadian system beyond its purported role as a mere 

transducer of photic information.  In Japanese quail (Coturnix japonica) the eyes function 

as circadian pacemakers since eye removal abolishes overt rhythms of activity and body 

temperature in constant conditions.  Furthermore, ocular pacemakers communicate with 

the remainder of the quail circadian system via neural and hormonal mechanisms.  The 

purpose of this study was to define further the role of the eye as a pacemaker in the 

quail’s circadian system, to describe the interaction between the two putative ocular 

pacemakers and to determine the mechanism(s) of pacemaker coupling.  In addition, this 

study also investigated the quail retina in vitro in order to prove definitively that a light-

entrainable circadian clock is localized to the quail’s eye. 

  A description of the avian circadian system is included in the introduction to 

provide background information and to highlight how circadian clocks in birds 

communicate in order to produce a coherent, consolidated circadian output. 

A. Organization of Circadian Systems 

All vertebrates display daily rhythms in a host of biochemical, physiological, and 
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behavioral functions.  Significantly, many rhythms persist or “freerun” when animals are 

exposed to constant conditions demonstrating they are driven by an internal biological 

clock.  Endogenous clocks drive freerunning rhythms with a period that approximates the 

24-hr day and therefore have been termed “circadian” (L, circa = about; dies = a day).  

Endogenous circadian clocks allow organisms to anticipate, rather than merely respond 

to, daily environmental cycles.  Moreover, a clock confers temporal organization so that 

internal events occur at the appropriate time of day.  

A circadian system must synchronize to the environment or else it would be 

ineffective for timing external events.  This process of “entrainment” allows a circadian 

system to couple to, and assume the period of, an environmental cycle.  Light is the most 

powerful entrainment cue or “zeitgeber” for circadian systems and the daily light-dark 

cycle resets circadian oscillators via a daily phase-advance or phase-delay.  This phase 

shift allows the period of the underlying oscillator to precisely match the period of the 

light cycle.  Entrainment also allows the circadian clock to establish a stable phase-

relationship with a zeitgeber in order to precisely and consistently set the phase of 

internal rhythms. 

A conventional model of the vertebrate circadian system includes a pacemaker 

comprising a clock (or multiple clocks) that drives self-sustained, overt rhythms capable 

of persisting indefinitely in constant conditions.  A pacemaker can be comprised of a 

number of clocks that, through mutual coupling, serve as a pacemaker.  If the pacemaker 

is removed or lesioned, overt rhythms, such as the daily rhythms in body temperature or 

activity-rest cycles, decay into arrhythmicity.  Recent studies have convincingly shown 

that many rhythms are driven by clocks located outside the central nervous system.  In 
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higher vertebrates the period and phase of these "peripheral clocks" are controlled by the 

circadian pacemaker.  Therefore, a circadian pacemaker organizes an animal’s circadian 

system by controlling all other peripheral clocks in the organism in a hierarchical manner.   

Vertebrate pacemakers and circadian systems have been found to exhibit 

significant complexity at many levels.  For example, the mammalian pacemaker, the SCN 

(discussed below) is “complex” in that many individual neurons within the SCN are 

autonomously rhythmic and the coherent circadian output of this nucleus represents the 

coupled output of many rhythmic cells (Liu et al., 1997b; Welsh et al., 1995).  Their 

target oscillators, the peripheral oscillators, are also complex and in many cases house all 

the molecular machinery necessary for being classified as a circadian clock.   

Within the past 10 years, significant advances have been made in the field of 

chronobiology in the description of the molecular makeup of the biological clock.  Early 

work with Drosophila identified a mutation in a gene, termed the period gene, that could 

alter the period of freerunning eclosion rhythms (Konopka and Benzer, 1971). 

Subsequent studies of the per gene and other clock genes that have been identified 

beginning in the mid 1990s, as well as novel molecular approaches, have revealed much  

about the molecular basis of the circadian clock.  Basically, transcriptional-translational 

feedback loops form the basis of the molecular clock in animals. In mammals, two 

interacting feedback loops drive rhythmic production of RNA and protein levels.  The 

negative feedback loop involves two transcription factors, CLOCK and BMAL1 that 

form heterodimers and bind to specific E-box elements in the promoter regions of Period, 

Cryptochrome, and Rev-erb α genes.  This results in transcriptional activation of these 

genes.  As PER and CRY proteins accumulate, they form complexes along with Casein 
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Kinases and are phosphorylated via Casein Kinase I ε/δ (CKIε/δ).  This allows the 

PER/CRY complexes to translocate into the nucleus and interact with the 

CLOCK/BMAL1 complex in order to shut down transcription, thus closing the negative 

feedback loop.  In the positive feedback loop, CLOCK/BMAL1 induces transcription of 

REV-ERBα protein.  REV-ERBα translocates into the nucleus to bind to the Bmal1 

promoter.  Since REV-ERBα is a repressor, this binding causes Bmal1 mRNA and, 

subsequently, BMAL1 protein levels to fall.  Once the CRY protein complex has 

repressed CLOCK/BMAL1 transcription, the REV-ERBα levels fall (the repressor is 

inhibited), the Bmal1 transcription is activated, and the BMAL1 levels begin to rise 

again.  This brief description explains how positive and negative feedback loops cycle in 

order to form a true biological clock (see Green and Besharse, 2004; Reppert and 

Weaver, 2002 for recent reviews). 

A recent and remarkable finding in chronobiology is that tissues outside of the 

circadian pacemaker may show cycles in circadian clock genes in a variety of organs 

including liver, skeletal muscle, kidney, lung, heart, testis (Schibler et al., 2003; Stokkan 

et al., 2001; Yamazaki et al., 2002; Zylka et al., 1998).  Even immortalized rat fibroblasts 

have shown rhythms in vitro (Balsalobre et al., 1998).  Individual fibroblasts can display 

rhythms of clock gene expression in vitro for up to two weeks demonstrating the 

persistence of rhythmicity in peripheral tissues in the absence of the pacemaker; however, 

fibroblast cells cultured together show freerunning periods that drift apart and therefore 

lack coupling characteristics that are seen in pacemaker cells-such as the mammalian 

SCN (Welsh et al., 2004).  These data suggest that central clocks control the period and 

phase of peripheral oscillators.  Furthermore, peripheral clocks in mammals are not 
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directly entrainable by light and can only receive photic information indirectly via the 

SCN.  Therefore, circadian pacemakers establish stable phase-relationships with 

peripheral clocks in order to produce a consolidated circadian program. 

B. The Avian Circadian System 

In mammals, the principal circadian pacemaker is located in the suprachiasmatic 

nucleus (SCN) of the hypothalamus and ablation of the SCN abolishes overt rhythms of 

activity in constant conditions (Moore and Leak, 2001).  Photic input to the SCN is 

mediated solely via a direct retinohypothalamic tract (RHT) from the eyes.  In sharp 

contrast to the mammalian circadian system, the avian circadian system is more complex 

with regard to pacemaker interactions and photic input.  For example, although the SCN 

is an important component in the circadian system of all vertebrates, birds also possess 

circadian pacemakers located outside the hypothalamus.  Depending on the species, these 

extrahypothalamic pacemakers may be located in the pineal organ or the eye (or both).  

Photic input to the avian circadian system is also complex and can be mediated through 

the pineal gland, the eyes and “deep brain” extraretinal photoreceptors. 

Figure 1 shows a generalized model of the avian circadian system, although a 

given species may not share all of these features.  In birds, circadian pacemakers can be 

located in the pineal gland or the eyes (or both) depending upon the species.  Sustained 

rhythms in hypothalamic pacemakers (presumably in the suprachiasmatic area) require 

rhythmic inputs from pineal or ocular pacemakers.  In some species, such as the house  

sparrow, it has been proposed that neither the pineal nor the hypothalamic pacemakers 

are completely autonomous; that is, sustained  rhythmicity in the pineal oscillator 

depends on rhythmic neural inputs from the hypothalamic pacemakers, and sustained 
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rhythmicity in the hypothalamic oscillators depends upon rhythmic hormonal (melatonin) 

inputs from the pineal.  Light-dark cycles can entrain circadian pacemakers in the 

hypothalamus via the eyes or via “deep brain” extraretinal photoreceptors.  Also, light-

dark cycles can directly drive rhythmicity in the pineal and the eyes via photosensory 

cells localized to those organs.  Both pineal and ocular clocks communicate with 

hypothalamic pacemakers via the cyclic synthesis and release of the hormone melatonin.  

Since avian circadian systems are composed of multiple pacemakers that are coupled via 

neural and/or hormonal links, birds provide complex systems on which one can 

investigate circadian oscillator interactions. 

1.  The Pineal Organ 

The pineal organ develops embryologically as an evagination from the roof of the 

diencephalon and remains attached to the brain via a pineal stalk (Hamasaki and Eder, 

1977).  In most vertebrates the pineal produces daily rhythms in the levels of many 

indoleamines, including melatonin.  Although it was originally believed that the pineal 

gland was the only source of melatonin in vertebrates, we now know that other tissues 

produce melatonin (see Melatonin below).  In birds the pineal gland and, in some cases, 

the eyes are the only organs that make significant contributions of melatonin to the 

bloodstream (Underwood et al., 2001).   

All nonmammalian pineal organs, including those found in birds, are directly 

photosensitive and the pineal is the locus of a circadian pacemaker in many avian species 

(Underwood et al., 2001).  In the nonmammalian pineal, it is the rudimentary 

photosensory cells within the pineal that are responsible for melatonin synthesis (Collin 

et al., 1989).  Neural regulation of the avian pineal occurs via sympathetic innervation 
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that originates in the superior cervical ganglia, similar to mammals, but there is also some 

evidence of neural projections from the habenular complex and periventricular 

hypothalamic area (Hedlund, 1970; Korf et al., 1982; Sato and Wake, 1983).   

The first demonstration for a role of the avian pineal in circadian organization was 

by Gaston and Menaker (1968) who showed that removing the pineal of house sparrows 

in DD caused them to become arrhythmic.  Pinealectomy has subsequently been shown to 

cause arrhythmicity or alteration of freerunning period in constant conditions in at least 

six other species of birds: house finches, spotted munia, Java sparrows, white-crowned 

sparrows, white-throated sparrows, and starlings (Ebihara and Kawamura, 1981; Fuchs, 

1983; Gaston, 1971; Gaston and Menaker, 1968; Gwinner, 1978; McMillan, 1972; Pant 

and Chandola-Saklani, 1992).  

In another classic study, Zimmerman and Menaker (1979) transplanted a pineal 

into the anterior chamber of the eye of a previously pinealectomized (arrhythmic) house 

sparrow.  The rhythm of locomotor activity was restored and, more importantly, the 

phase of the activity rhythm of the donor pineal was transplanted along with the pineal 

itself.  These data support the hypothesis that the avian pineal is a circadian pacemaker 

that controls the period and phase of other circadian oscillators and, in the absence of this 

pacemaker, the rest of the system is unable to maintain coherent circadian organization. 

In some birds the role of the pineal organ is not as clear-cut as stated above.  The 

activity and feeding rhythms of pigeons remain rhythmic following either pinealectomy 

or blinding by eye removal, but become arrhythmic following blinding plus pinealectomy 

in constant conditions (Chabot and Menaker, 1992, 1994; Ebihara et al., 1984).  This 

suggests that either the eyes or the pineal are capable of sustaining rhythmicity in 



 8

constant conditions and both appear to be circadian pacemakers.  In the Japanese quail, 

pinealectomy has little effect on rhythmicity in DD, but eye removal causes quail to 

become arrhythmic, suggesting that the eyes are the major pacemakers in this species 

(Simpson and Follett, 1981; Underwood, 1994). 

Pineal rhythms have also been observed in cell culture.  The pineal glands of 

pigeons, house sparrows, and chickens show rhythms of melatonin synthesis and 

secretion in vitro that persist in constant conditions (Barrett and Takahashi, 1997; 

Murakami et al., 1994).  Significantly, individual chick pineal cells can show a circadian 

rhythm of melatonin release that is entrainable by LD cycles and persists for at least 

several cycles in DD (Nakahara et al., 1997); therefore, a single chick pineal cell is the 

locus of a circadian clock, a photoreceptor, and the melatonin-synthesizing pathway.  

Accordingly, the circadian “clock” in the pineal itself is comprised of a number of clocks 

(individual cells) that presumably interact to produce a single coherent output.   

Light can have two separable effects on pineal melatonin rhythms in cultured 

chick pineal cells: acute suppression of melatonin synthesis and phase shifts or 

entrainment of the circadian pacemaker that drives melatonin synthesis (Zatz, 1996).  The 

acute inhibitory effects of light appear to be mediated by norepinephrine (Zatz and 

Mullen, 1988).  For example, pertussis toxin (PT), which blocks the action of transducin 

and of the inhibitory G-protein used by norepinephrine (NE), blocks the acute inhibitory 

effects of light (or NE), but it does not block the phase-shifts induced by light pulses 

(Zatz, 1996; Zatz and Mullen, 1988).  Because vitamin A depletion reduced the acute 

response to light, but not the phase-shifting effects, different photopigments may be 

involved in the two kinds of responses to light (Zatz, 1994, 1996). 
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Although melatonin rhythmicity is also observed in cultured pineal cells of 

Japanese quail exposed to a light-dark cycle, persistent rhythmicity is not observed in 

constant darkness (Murakami et al., 1994).  This result suggests that the pineal organ of 

Japanese quail cannot act as an autonomous oscillator but requires rhythmic inputs from 

extrapineal oscillators to express a rhythm of melatonin synthesis and secretion.  One 

goal of our investigations into the circadian system of Japanese quail was to test the 

hypothesis that the pineal organ in quail is indeed incapable of sustaining rhythms of 

blood melatonin in DD in the absence of rhythmic inputs from the ocular pacemakers. 

2.  The Eye 

In mammals, it was once believed that ocular circadian clocks controlled local 

processes within the eye and input to the mammalian pacemaker in the SCN from the eye 

was limited to the relay of photic information.  Eye removal in a variety of mammals did 

not have any obvious effects on the persistence of activity rhythms.   However, recent 

studies have shown that the eyes are responsible for generating rhythmicity in clock 

genes in core subdivisions of the SCN in hamsters and mice (Lee et al., 2003).  In 

addition, the eyes play a developmental role within the SCN since young hamsters 

blinded by complete eye removal show higher variability in freerunning periods of wheel 

running activity as adults compared to control (intact) animals (Yamazaki et al., 2002).  

These experiments provide evidence that ocular clocks confer more than just photic input 

to the SCN in mammals, although the importance of ocular clocks in the circadian system 

of rodents is not yet fully understood.   

Ocular clocks of many nonmammalian vertebrates play a more unequivocal role 

in driving extra-ocular rhythms.  A number of experiments in fish, amphibians, lizards 
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and birds have shown that complete eye removal alters, or abolishes altogether, 

freerunning rhythms of activity and body temperature in constant conditions (Ebihara et 

al., 1984; Harada et al., 1998; Tabata, 1991; Underwood, 1981; Underwood, 1994).  In 

the avian species examined so far ocular clocks do not appear to be pacemakers; 

however, relatively few avian species have been thoroughly investigated.  In house 

sparrows, house finches, white-crowned sparrows, white-throated sparrows, spotted 

munia, and Java sparrows the eyes do not appear to be pacemakers since pinealectomy 

alone abolishes overt rhythmicity in constant conditions (Ebihara and Kawamura, 1981; 

Fuchs, 1983; Gaston, 1971; Gaston and Menaker, 1968; Gwinner, 1978; McMillan, 1972; 

Pant and Chandola-Saklani, 1992).  Furthermore, blinding by eye removal does not 

abolish rhythmicity in house sparrows in constant bright light (McMillan et al., 1975a). 

These data demonstrate that ocular clocks, if present in these species, are unable to 

maintain overt rhythmicity in the absence of the pineal.  Also, in several species (e.g., 

chicken, house sparrow, starling) the eyes do not appear to contribute any melatonin to 

the blood (Cogburn et al., 1987; Janik et al., 1992).   

In pigeons, both the eyes and the pineal are major components of the circadian 

system.  Blinding by eye removal alone, or pinealectomy alone, does not abolish 

rhythmicity in pigeons in constant conditions, although it does affect the clarity of the 

activity and body temperature rhythms (Ebihara et al., 1984; Oshima et al., 1989).  

However, pinealectomy combined with blinding renders pigeons arrhythmic in constant 

conditions (Ebihara et al., 1984; Oshima et al., 1989).  On LD 12:12 the eyes and the 

pineal each account for about half of the blood-borne melatonin rhythm in pigeons and 

blood melatonin is undetectable following pinealectomy plus blinding (Oshima et al., 
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1989).  Furthermore, daily injections of melatonin or infusions of physiological levels of 

melatonin to pinealectomized, blinded pigeons restores feeding rhythms in pigeons in 

constant conditions (Chabot and Menaker, 1992, 1994; Oshima et al., 1989).  In pigeons, 

therefore, both the eye and the pineal are necessary to maintain rhythmicity in constant 

conditions and both organs are likely communicating with the rest of the circadian system 

via the rhythmic secretion of melatonin.  

Among the avian species examined so far, a role for the eyes as the predominant 

pacemakers within the circadian system has been most clearly established for the 

Japanese quail.  In quail, pinealectomy has little effect on the free-running activity or 

body temperature rhythms in DD (Simpson and Follett, 1981; Underwood, 1994).  

However, blinding by complete eye removal causes the body temperature and activity 

rhythms of all quail tested to become arrhythmic in DD (Underwood, 1994).  

Presumably, the rest of the circadian system is not able to maintain rhythmicity without 

periodic input from the ocular pacemakers.  If the optic nerves are severed but the eyes 

remain in situ, 75% of quail maintain rhythmicity in DD although these birds exhibit 

more variability in rhythm onsets and offsets than intact birds (Underwood, 1994).  These 

results suggest that the circadian clock in the eye of quail is coupled to the rest of the 

circadian system by both neural and hormonal outputs (see below).   

Ocular clocks in many vertebrates have been shown to drive a myriad of intra-

ocular events including disc-shedding from photoreceptor outer segments, 

photomechanical movements of rods and cones, pigment migration, synaptic 

morphology, enzyme activities, and melatonin content (Green and Besharse, 2004).  The 

first unequivocal demonstration that the vertebrate eye contained a biological clock was 
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accomplished in Xenopus.  In an elegant study, Besharse and Iuvone (1983) demonstrated 

that rhythms of N-acetyltransferase activity persisted in DD in cultured Xenopus eye-

cups.  Additional investigations showed that the rhythm of N-acetlytransferase activity 

and melatonin content in isolated eyes is light entrainable and can persist in DD for up to 

six cycles (Cahill and Besharse, 1991, 1995).  Similar rhythms of melatonin secretion 

have been seen in the cultured retinal tissue of golden hamsters and mice (Tosini and 

Menaker, 1996, 1998).  These data clearly demonstrated that circadian clocks were 

present within the eye of frogs and mammals.  Retinal photoreceptors are the likely sites 

of ocular clocks as well as the sites of melatonin synthesis in the eye (Cahill and 

Besharse, 1993; Pierce et al., 1993; Wiechmann and Craft, 1993) although recent 

evidence suggests that ganglion cells may also produce melatonin (Garbarino-Pico et al., 

2004).  

As stated above, there are numerous circadian events that occur within the 

vertebrate eye and some of these have been studied in vitro.  Relatively few studies, 

however, have investigated ocular rhythms in birds.  The mRNA for the cone pigment, 

iodopsin, fluctuates with a circadian rhythm in chick retinal cell cultures (Pierce et al., 

1993).  Additionally, studies using cultured chick retinal cells have shown that the chick 

retina contains a circadian clock that can drive rhythms of arylalkylamine N-

acetyltransferase (AANAT) activity and melatonin synthesis (Iuvone et al., 1997, 2005).   

Pierce (1999) cultured dispersed, embryonic Japanese quail retinal cells and 

demonstrated a light-entrainable rhythm of melatonin and iodopsin mRNA levels; 

however, only the iodopsin mRNA levels cycled in DD.  In adult Japanese quail, the eyes 

show a rhythm in melatonin content in vivo that can be entrained by light directed 
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exclusively to the eyes and this rhythm is entrainable by light even after transection of the 

optic nerves (Underwood et al., 1990).  These data suggest that the clock driving the 

melatonin rhythm is localized in the quail eye and is not being driven by extraocular 

clocks.  One goal of the current study was to determine if rhythmic melatonin production 

could occur in culture retinal tissue from Japanese quail to support the hypothesis that a 

circadian pacemaker resides within the quail's eye. 

3.  The “Central System” and the Avian SCN 

The role of the suprachiasmatic nucleus as a pacemaker in the mammalian 

circadian system has been well documented.  The mammalian SCN are a well-defined, 

bilateral pair of nuclei each comprising approximately 10,000 cells (Moore and Leak, 

2001).  The SCN are located in the anterior hypothalamus, adjacent to the third ventricle 

and above the optic chiasm.  A rich body of evidence, including ablation and replacement 

experiments, demonstrated that the suprachiasmatic nucleus was the master circadian 

pacemaker (Drucker-Colin et al., 1984; Lehman et al., 1987; Moore and Eichler, 1972; 

Stephan and Zucker, 1972).  Circadian properties of the mammalian SCN have also been 

studied extensively in vitro and, in some cases, rhythms in SCN tissue preparations have 

been shown to persist for over a month (Shinohara et al., 1995).  Moreover, individual 

SCN cells have been shown to express a rhythm in vitro; therefore, the SCN is a 

multioscillatory pacemaker that comprises hundreds, or perhaps thousands, of coupled 

oscillators (Welsh et al., 1995).   

In birds, as stated above, the pineal organ and the eyes are the loci of circadian 

pacemakers.  The fact that pinealectomy (or eye removal) abolishes rhythmicity in a 

variety of birds suggests that, in contrast to mammals, the hypothalamic pacemakers in 
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birds are unable to maintain rhythmicity in the absence of periodic inputs from the pineal 

or eyes.  Nevertheless, evidence also suggests that avian pacemakers exist within the 

central nervous system.  One line of evidence is that, following eye removal or 

pinealectomy, rhythmicity persists for several days or even weeks before this rhythmicity 

decays (Ebihara and Kawamura, 1981; Ebihara et al., 1984; Fuchs, 1983; Gaston, 1971; 

Gaston and Menaker, 1968; McMillan, 1972; Underwood, 1994).  These data suggest that 

hypothalamic clocks drive rhythms but need some type of reinforcing signal, such as 

melatonin, to maintain rhythmicity.  Also, a single light pulse can elicit transient 

rhythmicity in pinealectomized house sparrows in DD that persists for 6–7 days (Gaston, 

1971). 

Complicating the study of the avian central system is the fact that the precise size 

and location of the “avian SCN” has not been clearly determined.  Two nuclei, the medial 

hypothalamic nucleus (MHN, also termed the periventricular preoptic nucleus) and the 

lateral hypothalamic retinorecipient nucleus (LHRN, also termed the visual SCN), have 

been identified as possible homologs of the mammalian SCN on the basis of 

histochemical analyses and lesion experiments (Cassone et al., 1990; Norgren and Silver, 

1989; Shimizu et al., 1994). 

The MHN is the anatomical equivalent of the mammalian SCN, adjacent to the 

third ventricle and positioned at the edge of the optic chiasm.  The MHN is sometimes 

referred to as the SCN by some investigators contributing to the confusion in terminology 

(Brandstatter and Abraham, 2003).  The LHRN is located caudally and laterally to the 

MHN.  The LHRN has been proposed as the avian SCN based mainly on its direct retinal 

input from the RHT, a distinct feature of the mammalian SCN.  However, direct retinal 
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input to the MHN has also been observed (Shimizu et al., 1994).  Neither the MHN nor 

the LHRN show complete homology with the mammalian SCN as determined by 

neurochemical and cytoarchitectural analysis (Norgren and Silver, 1990; Shimizu et al., 

1994). 

Lesions of the MHN area of several avian species, including Japanese quail, 

abolish rhythmicity (Ebihara and Kawamura, 1981; Simpson and Follett, 1981; 

Takahashi and Menaker, 1981).  However, these lesions were relatively large and, at least 

in some cases, it is possible that they also damaged the LHRN.  Some reports suggest that 

lesions of either the MHN or the LHRN in pigeons failed to disrupt the rhythm of 

locomotor activity in constant conditions (Ebihara et al., 1987) although a recent study 

demonstrated that MHN lesions did in fact abolish locomotor activity in pigeons 

(Yoshimura et al., 2001).  A problem encountered when comparing lesion studies is that 

locomotor activity is not a reliable indicator of freerunning rhythms as compared to 

measurements of body temperature (Underwood et al., 2001). 

Clock gene expression has been shown in the MHN of several species, including 

pigeon, chicken, Japanese quail, and Java sparrow (Yoshimura et al., 2001).  Recently, in 

Japanese quail, the MHN was shown to express rhythms in both clock gene expression 

and melatonin receptor (Mel1a) mRNA; furthermore, these rhythms were not seen in the 

LHRN (Yasuo et al., 2002).  These data strongly suggest that the MHN in quail is the 

homologue to the mammalian SCN. 

In house sparrows, however, some evidence supports the hypothesis that the 

LHRN is the site of a circadian pacemaker (Cassone et al., 1990; Lu and Cassone, 

1993a,b).  Both uptake of the metabolic marker 2-deoxy[
14

C]glucose (2DG) and binding 
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of the melatonin agonist 2-[
125

I]iodomelatonin (IMEL) are rhythmic in the LHRN of the 

house sparrow and persist for at least 10 circadian cycles in DD in intact sparrows (Lu 

and Cassone, 1993a,b).  Pinealectomy abolishes rhythmicity in 2-DG uptake, IMEL 

binding, and locomotor activity in the LHRN in DD, but rhythmicity can be restored by 

daily melatonin administration (Lu and Cassone, 1993a,b).  In addition to the LHRN, 

melatonin binding sites are widely distributed in the brains of birds: IMEL binding is 

seen in retinorecipient and integrative structures of the major visual pathways, including 

sites in the tectofugal, thalamofugal, and accessory optic systems (Cassone and Brooks, 

1991; Cassone et al., 1995; Reppert et al., 1995).  Because pacemakers in the pineal (and 

in some species, the eyes) are communicating with the central circadian clocks via 

melatonin, the fact that the LHRN possess melatonin receptors makes them attractive 

candidates as sites of neural oscillators.   

Additionally, in the house sparrow, recent molecular evidence points to an avian 

SCN that is a complex structure where both LHRN and MHN show rhythms of per2 with 

slightly different phase differences in gene expression between these two nuclei 

(Abraham et al., 2003; Brandstatter et al., 2001).  The authors concluded that the avian 

SCN is a more diffuse nucleus compared to the rather compact mammalian SCN.  The 

idea of an expanded avian SCN is intriguing.  Since the mammalian SCN, as stated 

above, receives photic input exclusively from the eyes it is not surprising that the SCN is 

a consolidated nucleus positioned to receive this input via the monosynaptic pathway 

from the RHT.  In comparison, the avian “central system” receives multiple photic inputs 

from:  1) the eyes via the RHT, 2) the pineal via changes in melatonin output, and 3) deep 

brain photoreceptors (presumably neural).  Therefore, a spatially compacted “central 
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system” oscillator in birds may not be imperative for processing light-dark information 

(Abraham et al., 2003). These conclusions should remain tentative, however until 

additional studies are conducted. It is entirely possible, of course, that there are species 

differences regarding which nuclei (MHN or LHRN) act as neural oscillators.  Clearly, 

the hypothalamic component of the avian circadian system has oscillatory properties.  

However, the use of the term “pacemaker” to describe the hypothalamic clock is 

problematic because of the lack of self-sustaining rhythmicity following pinealectomy 

and/or eye removal.  It is likely that the hypothalamic “clock” in birds is similar to the 

mammalian one; that is, it is a complex pacemaker made up of multiple interacting 

clocks.   

Studies on house sparrows have prompted some investigators to propose that 

neither of the major components of the circadian system of house sparrows—the pineal 

organ or the SCN—are capable of exhibiting self-sustaining rhythmicity.  According to 

this hypothesis sustained rhythmicity occurs because of the mutual interaction between 

these two components (Cassone and Menaker, 1984).  In the “neuroendocrine loop” 

hypothesis proposed by Cassone and Menaker (1984) for the house sparrow the SCN 

inhibits pineal oscillators during the course of the subjective day via neural pathways 

while, during the night, the pineal in turn inhibits SCN activity via the secretion of 

melatonin.  This neuroendocrine loop, therefore, synchronizes multiple oscillators within 

each component and maintains the stability and sustainability of the system. If one of 

these oscillators is eliminated, the other one will damp out due to the lack of 

reinforcement. 

Similar concepts can be applied to species in which ocular pacemakers play a 
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significant role.  In the Japanese quail, for example, it could be proposed that the daily 

neural and hormonal (melatonin) outputs from the ocular pacemakers are needed to 

maintain rhythmicity in the SCN, although it is not known if any “feedback” from the 

SCN is needed to maintain ocular rhythmicity.   

Another goal of the current study was to investigate the effect of blinding on 

blood melatonin rhythms in DD.  Because most Japanese quail subjected to optic nerve 

section are rhythmic in DD, our model of the quail circadian system proposes that ocular 

synthesis and secretion of melatonin is capable of maintaining rhythmicity of the SCN.  If 

this is true, pineal synthesis and secretion of melatonin must also be capable of 

maintaining rhythmicity in the SCN; after all, the quail pineal contributes 50-66% of 

melatonin in the bloodstream (Steele et al., 2003; Underwood et al., 1984).  This leads to 

the prediction that pineal melatonin synthesis and secretion in eyeless birds must be 

disrupted; otherwise, rhythmic pineal melatonin secretion should be capable of 

maintaining rhythmicity in the SCN and the quail should then be able to maintain 

freerunning rhythms of activity and body temperature indefinitely. 

4.  Circadian Photoreception 

As stated above, photic input to the avian circadian system is complex and can be 

mediated through the pineal gland, the eyes and “deep brain” extraretinal photoreceptors.  

Likewise, entrainment of the avian circadian system by light-dark cycles persists after 

removal of the eyes in every species of bird examined to date including Japanese quail, 

house sparrow, chicken and pigeon (Ebihara et al., 1984; Menaker, 1968, 1971; Nyce and 

Binkley, 1977; Oshima et al., 1989).  In two species (house sparrow and Japanese quail) 
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entrainment persists after removal of the eyes and the pineal organ (Menaker, 1968; 

Underwood, 1994). 

Since blinded birds readily entrain to light-dark cycles, a non-visual pathway of 

circadian photoreception must exist.  However, the location of the extrapineal–

extraretinal photoreceptors mediating entrainment in birds has not been definitively 

established.  Most of the studies that have attempted to localize extraretinal 

photoreceptors in birds have used the reproductive response to photoperiod as a measure 

of photoreception (Kuenzel, 1993).  The earliest of these studies were conducted by 

Jacques Benoit and co-workers and showed that localized illumination of several areas of 

the duck brain via implanted glass tubes or quartz rods could elicit gonadal development; 

these areas included the rhinencephalon and the hypothalamic/pituitary area (Benoit, 

1938; Benoit and Kehl, 1939; Benoit et al., 1950; Kuenzel, 1993).  Small implants made 

of radioluminescent paint stimulated gonadal growth in Japanese quail when the implants 

were placed in the infundibular complex and paraolfactory area (Oliver and Bayle, 1982).  

Yokoyama et al. (1978) used fiber optics to illuminate various areas of the brain of the 

white-crowned sparrow and found that localized illumination of the ventromedial 

hypothalamus, or sites ventral to the ventromedial hypothalamus, such as the tuberal 

complex, could elicit testicular growth.  A more recent study used antibodies to opsin to 

label areas in the brain of ring doves, Japanese quail, and Cayuga ducks that may contain 

photoreceptors (Silver et al., 1988).  Labeled cells were seen in two distinct brain regions, 

the lateral septum and the infundibular zone of the hypothalamus.  The labeled cells in 

both the septal and tuberal areas of the brain were classified as cerebrospinal fluid-

contacting (CSF) cells.  Action spectra studies indicate that the extraretinal 
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photoreceptors mediating the reproductive response to photoperiod in the Japanese quail 

likely employ a rhodopsin photopigment (Foster and Follett, 1985).  Furthermore, 

rhodopsin gene expression has been documented in the pigeon lateral septum (Wada et 

al., 1998).  

 In summary, studies indicate that photoreceptors mediating reproductive 

responses to photoperiod are located in the ventral hypothalamic region, although there is 

significant evidence of photosensitivity in extrahypothalamic loci as well.  The 

extrahypothalamic site with the best evidence for photoreception is in the medial portion 

of the lateral septal organ within the lobus parolfactorius.  Also, rhodopsin may be the 

photopigment mediating extraretinal photoperiodic photoreception.  However, it has yet 

to be established if these putative photoreceptive areas also mediate entrainment of the 

circadian clock: it is possible that separate extraretinal photoreceptors mediate 

photoperiodic responses and circadian responses.  The fact that a major part of the 

circadian system of birds likely resides in the hypothalamus strengthens the likelihood 

that the hypothalamus is indeed the site of photoreceptors mediating entrainment as well 

as photoperiodic photoreception.   

The photoreceptive neurons within the vertebrate brain are not designed to form 

spatial images; rather, they are designed for irradiance detection. Extraretinal 

photoreceptors are presumably well-suited for irradiance detection—rather than a focused 

representation of the environment—because overlying tissues scatter light.  The circadian 

system is also designed to integrate the total number of photons received and over a long 

time span (Nelson and Takahashi, 1999). 

Although it is likely that the eyes are also involved in mediating photic 
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entrainment in intact birds, direct evidence is sparse.  However, a couple of different 

approaches support a retinal involvement in entrainment in birds.  First, the activity 

rhythm of house sparrows can be entrained by very dim LD cycles, but removing the eyes 

will then cause them to freerun (McMillan et al., 1975b).  That is, removal of the eyes 

can raise the threshold for entrainment by light, implying that the eyes have an input to 

the circadian system.  Second, light cycles directed exclusively to the eyes by “patching” 

the eyes for 12 hours every 24 hours in birds otherwise held in continuous light (LL) can 

entrain the pineal melatonin rhythm of Japanese quail (Barrett and Underwood, 1991).  

Cutting the optic nerves, however, abolished entrainment in response to the patching 

regimen in quail, making it unlikely that extraretinal photoreceptors were perceiving the 

LD cycle (Barrett and Underwood, 1991).  Interestingly, a similar experiment in pigeons 

failed to cause entrainment of the pineal melatonin rhythm (Hasegawa et al., 1994).  This 

may be because the eyes of pigeons appear to be communicating with the central 

circadian system via the rhythmic synthesis and release of melatonin, whereas the eyes of 

Japanese quail communicate by both neural and hormonal outputs.  Therefore, the rather 

sparse data on the photoreceptive role of the eyes in the circadian system of birds 

suggests that ocular photoreceptors are involved in mediating entrainment.  This idea is 

also supported by the fact that the eyes are the exclusive route for photic input, via the 

retinohypothalamic tract (RHT), to the circadian system in mammals and an RHT is 

present in birds as well.  However, the eyes are also the loci of circadian pacemakers in 

some birds, suggesting that the role of the eyes can be complex and that the interpretation 

of blinding or localized-illumination experiments must be made with caution. 

Interestingly, recent studies in mammals strongly support the hypothesis that the 
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classical rod/cone photoreceptors in the retina are not necessarily involved in the 

perception of entraining light stimuli (Freedman et al., 1999; Provencio et al., 2000).  A 

novel opsin, melanopsin, is expressed in ganglion and amacrine cells in primate and 

murine retinas and the anatomical distribution of these cells is similar to the pattern of 

cells known to project to the SCN (Provencio et al., 2000).  Similar to extraretinal 

photoreceptors, these kinds of retinal photoreceptive cells would be irradiance detectors 

and would not need to form visual images of the environment.  Melanopsin is capable of 

mediating entrainment since mammals lacking rod and cone photoreceptors can still be 

entrained by light (Freedman et al., 1999; Provencio et al., 2000).  In retinally degenerate 

mice (i.e., mice that lack rods and cones) the threshold for entrainment is higher when 

exposed to dim light-dark cycles compared to intact animals suggesting that classical 

photoreceptors are important in mediating entrainment (Mrosovsky, 2003).  Triple-

knockout mice with disrupted rod, cone and melanopsin signaling pathways do not 

entrain to light-dark cycles or show masking effects (Hattar et al., 2003).  These data 

support the hypothesis that circadian photoreception in mammals involves the rods and 

cones and also other photopigments residing elsewhere in the retina. 

In birds, melanopsin is found in the chick pineal and retina.  In the retina, 

melanopsin mRNA is seen in ganglion cell layer (GCL), photoreceptor layer (PL) and the 

inner nuclear layer (INL).  Melanopsin is additionally found in the optic tectum and the 

cerebellum.  Furthermore, melanopsin cycles on a circadian basis in the retina and pineal 

gland in the chick (Bailey and Cassone, 2004; 2005).  As in mammals, a direct 

retinohypothalamic tract (RHT) is present in birds that projects monosynaptically to 
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nuclei in the suprachiasmatic area, the putative sites of central circadian pacemakers 

(Cassone and Moore, 1987; Norgren and Silver, 1989; Shimizu et al., 1994).   

In summary, rod/cone photoreceptors are capable of transmitting photic 

information.  However, there is growing evidence that other opsin photopigments within 

the retina are capable of transmitting photic information and may be better suited as 

circadian photoreceptors due to their irradiance detection capabilities as opposed to 

image forming characteristics. 

5.  Melatonin and the Avian Circadian System 

The characterization of melatonin began when Lerner and colleagues discovered 

that a substance from the cow pineal lightened the skin of frogs (Lerner et al., 1959).  His 

group named this substance melatonin due to the fact that it altered the color of melanin-

producing cells and because it was derived from serotonin (Nowak and Zawilska, 1998).  

At the time it was believed that the only vertebrate structure that produced melatonin was 

the pineal gland; however, we now know that the eyes, gut, harderian gland and bone 

marrow are capable of synthesizing melatonin (Bubenik et al., 1978; Ralph, 1981; Tan et 

al., 1999).   

Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine derived from the 

amino acid precursor tryptophan via a five-step biochemical pathway.  Tryptophan is 

converted to 5-Hydroxytryptophan (5-HTP) by the enzyme tryptophan hydroxylase 

(TPH) and 5-HTP is converted to serotonin (5-HT) by the enzyme aromatic L-amino acid 

decarboxylase (AAAD).  Serotonin is then converted to N-acetylserotonin by the enzyme 

arylalkylamine N-acetyltransferase (AANAT).  Finally, melatonin is synthesized from 5-

HT by the enzyme hydroxyindole-O-methyltransferase (HIOMT).  
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 Considerable evidence exists that melatonin elicits major effects on the avian 

circadian system.  Indeed, rhythms of melatonin in the bloodstream occur in virtually 

every avian species, with the possible exception of the barn owl, Tyto alba (Van’t Hof 

and Gwinner, 1998). 

In birds, the eyes and the pineal gland appear to be the only structures from which 

melatonin is produced and secreted into the bloodstream (Underwood et al., 2001).  

Ablation experiments (via pinealectomy) have demonstrated that resulting blood 

melatonin levels in chickens, starlings, and house sparrows are low and not rhythmic, 

showing that extrapineal sites (such as the eyes) do not secrete significant amounts of 

melatonin into the blood of these species (Cogburn et al., 1987; Janik et al., 1992).  By 

contrast, in pigeon and Japanese quail, both the pineal gland and the eyes contribute 

significantly to blood melatonin levels (Oshima et al., 1989; Underwood et al., 1984).  In 

quail, ocular melatonin may account for as much as 50% of the blood melatonin (Steele 

et al., 2003; Underwood et al., 1984). 

Exogenous melatonin administration can have significant effects on the circadian 

system of birds.  Pharmacological dosages of melatonin have been administered 

continuously to birds via both subcutaneous silastic implants and drinking water.  

Depending on dosage, continuous melatonin administration causes either arrhythmicity or 

changes in the period of the freerunning activity, feeding, or body temperature rhythms.  

Arrhythmicity has been observed in house sparrows, Java sparrows, house finches, 

pigeons, and Japanese quail and period changes have been observed in house sparrows, 

starlings, and Japanese quail (Beldhuis et al., 1988; Binkley and Mosher, 1985; Ebihara 

and Kawamura, 1981; Fuchs, 1983; Turek et al., 1976; Underwood and Edmonds, 1995).  



 25

House sparrows implanted with silastic capsules containing melatonin show accelerated 

reentrainment to phase-shifts of photic or non-photic cues (Abraham et al., 2000; Hau 

and Gwinner, 1995).  Furthermore, melatonin-treated house sparrows synchronize their 

locomotor activity rhythms to a wider range of periods of an LD cycle than control birds 

(Hau and Gwinner, 1994).  These results support the hypothesis that continuous exposure 

to melatonin decreases the amplitude of the oscillators comprising the circadian system, 

rendering these oscillators more sensitive to the phase-shifting effects of light as well as 

non-photic information. 

Daily injections of pharmacological doses of melatonin can entrain the circadian 

system of pinealectomized starlings as well as pinealectomized and blinded pigeons 

(Gwinner and Benzinger, 1978; Oshima et al., 1989).  Rhythmic pharmacological doses 

of melatonin have also been delivered via the drinking water and have elicited similar 

entrainment effects in pinealectomized house sparrows and Japanese quail (Heigl and 

Gwinner, 1995; Lu and Cassone, 1993a; Underwood and Edmonds, 1995).  Furthermore, 

daily infusions of physiological dosages of melatonin can entrain the feeding rhythm of 

pinealectomized, blinded pigeons (Chabot and Menaker, 1992, 1994).  These data show 

that melatonin is a hormone involved in the circadian system of birds and is a likely 

candidate for coupling circadian clocks in the avian system.  However, the sites of action 

of endogenous melatonin and its precise role in the avian circadian system have not been 

completely elucidated.  

Another body of evidence that shows the importance of melatonin in the circadian 

system of birds is the presence of melatonin receptors in avian neural tissues.  Molecular 

studies have led to the identification of three melatonin receptor subtypes that comprise a 
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distinct subfamily within the superfamily of G-protein-coupled receptors (Reppert et al., 

1995; Weaver, 1999).  Three melatonin receptor subtypes have been identified in 

vertebrates, Mel1a, Mel1b and Mel1c.  In chickens, both Mel1a and Mel1c receptors 

contribute to the pattern of IMEL binding observed in the brain, and both receptors are 

present in the LHRN (Reppert et al., 1995).  The distribution of the Mel1b receptor 

subtype has not been described in the avian brain, but has been localized to the retina in 

chicken (Natesan and Cassone, 2002).  Which of these receptor subtypes is involved in 

mediating the response of the circadian system to melatonin in birds is unknown. 

No studies have been performed on the response of the nonmammalian SCN to 

melatonin in vitro, but a number of studies have been conducted in mammals.  Melatonin 

appears to elicit two effects on the mammalian SCN in vitro: it can acutely inhibit SCN 

neuronal firing and it has a phase-dependent phase-shifting effect on the rhythm of 

electrical activity in the SCN (Liu et al., 1997a).  In the mouse, the Mel1a receptor is 

required for the acute inhibitory action of melatonin because targeted disruption of this 

receptor abolishes the acute inhibitory effect of melatonin on SCN neuronal firing.  

However, melatonin-induced phase shifts are only modestly altered in the Mel1a 

receptor-deficient mouse, suggesting that the Mel1b receptor mediates the phase-shifting 

effects of melatonin.  In the Siberian hamster, however, the Mel1b receptor is 

nonfunctional, yet melatonin has phase-shifting effects on the SCN electrical activity 

rhythm.  Consequently, there may be significant species differences in the melatonin 

receptor subtype that mediates entrainment to melatonin in mammals.  In birds the 

situation is further complicated by the fact that they possess an additional melatonin 

receptor subtype, Mel1c, which is found in the LHRN, a possible homolog of the 
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mammalian SCN.  Although the precise signal transduction pathway mediating 

melatonin-induced phase-shifting in the mammalian SCN has not been clearly 

established, one study has implicated the inositol phosphate pathway (McArthur et al., 

1997) and another has suggested the involvement of nitric oxide (Starkey, 1996).  In 

quail, exogenous melatonin administration has shown little effect on the MHN rhythms 

of clock genes and melatonin receptor rhythms (Yasuo et al., 2002) 

Many of the sites that bind IMEL also exhibit decreased 2-DG uptake in response 

to melatonin administration, whereas sites that do not bind IMEL are unaffected (Cassone 

and Brooks, 1991).  The fact that melatonin receptors appear to be widely distributed in 

areas involved in processing photosensory information suggests that melatonin may have 

a general role in affecting sensory inputs, perhaps enhancing photic sensitivity at 

particular times of day.  The idea that melatonin may play a role as a modulator of 

photosensory inputs is supported by the fact that blood-borne melatonin originates in 

retinal or pineal photoreceptors and, therefore, may be a non-neural mechanism by which 

these photoreceptors can modulate their own inputs at the level of the central nervous 

system.  Interestingly, the distribution of melatonin receptors in mammals is often more 

restricted, although the SCN and the pars tuberalis/median eminence are usually found to 

bind melatonin. 

Multiple cell types within the avian eye possess melatonin receptors including 

rod/cone photoreceptors, ganglion cells and amacrine cells (Iuvone et al., 2005).  All 

three types of melatonin receptors are present in the chick retina.  Mel1a and Mel1c 

receptor mRNA is rhythmically expressed in LD and DD; however, Mel1b mRNA is 

continuously expressed and not rhythmic (Natesan and Cassone, 2002).  Since 
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photoreceptors synthesize melatonin and possess melatonin receptors, some investigators 

have proposed that melatonin works as an autocrine signal to regulate its own production 

(Natesan and Cassone, 2002).  

Any discussion of the role of melatonin in the retina would be incomplete without 

a description of the function of dopamine since rhythms of these two neurohormones are 

inextricably linked.  Melatonin is considered a “night” hormone commensurate with its 

role in dark-adaptive physiology; likewise, dopamine is considered a “day” hormone due 

to its role in light-adaptive physiology and (Iuvone et al., 2005).  Dopamine is primarily 

released by amacrine and interplexiform cells and is responsible for changes in visual 

sensitivity (Nir et al., 2002; Manglapus et al., 1999).  Dopamine and melatonin are 

hypothesized to be the coupling agents for clock networks within the eye.  Dopamine acts 

on photoreceptors via D2/D4-like receptors to phase shift retinal clocks similar to a light 

pulse by inhibiting melatonin production and N-acetyltransferase activity (Cahill and 

Besharse, 1991).  Conversely, rod/cone photoreceptors produce melatonin that suppresses 

dopamine release via melatonin receptors located on amacrine cells (Dubocovich, 1983).  

The mutual interaction of the dopaminergic amacrine cells and melatonin-producing 

photoreceptors form a paracrine feedback loop to drive intraocular rhythms (Iuvone et al., 

2005). 

C. Investigations Into Components of Our Model of the Circadian System of 

the Japanese Quail 

The present investigations were undertaken to assess elements of our model of the 

Japanese quail circadian system.  Specifically, studies were undertaken (1) to determine if 

the two ocular pacemakers retain the same phase (i.e., are coupled) in prolonged constant 
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conditions and, if so, how strongly are they coupled; (2) to determine the mechanism 

(neural or hormonal) of this coupling; (3) to determine if melatonin rhythmicity can be 

sustained in quail following eye removal; and (4) to determine if melatonin rhythmicity 

can persist in isolated retinas. 

1.  Are the eyes coupled? 

The eyes of Japanese quail are likely the loci of circadian pacemakers because 

blinding by complete eye removal causes all quail tested to become arrhythmic in DD 

(Underwood, 1994).  If the eyes are indeed the major circadian pacemakers in this 

system, the two ocular pacemakers in an individual bird must remain in phase with each 

other in prolonged DD.  If the two ocular pacemakers do not maintain phase, it would be 

difficult to argue that they are responsible for driving the robust, persistent body 

temperature rhythm that is characteristic of quail freerunning in DD.  One would also 

predict that, if ocular clocks are indeed pacemakers in quail, these oscillators should be 

tightly coupled in order to maintain a consolidated circadian output.  Given these tenets 

of our model of the quail circadian system, several experiments were designed to 

determine if they eyes are coupled oscillators and, if so, how strongly the oscillators were 

coupled.   

2.  What is the coupling mechanism? 

In Japanese quail if the optic nerves are severed but the eyes remain in situ, 75% 

of quail maintain rhythmicity in DD although these birds exhibit more variability in 

rhythm onsets and offsets compared to intact birds (Underwood, 1994).  These results 

suggest that the circadian pacemaker in the eye of quail is coupled to the rest of the 

circadian system via both neural and hormonal outputs.  If the eyes are indeed coupled 



 30

circadian pacemakers, an interesting question revolves around the coupling mechanism(s) 

that allow ocular clocks to maintain phase.  Since there is no direct neural communication 

between the eyes, ocular clocks can communicate directly via hormonal signals, 

indirectly via neural input through the central system, or via a combination of both 

mechanisms.  The nature of the neural communication is unknown, although the optic 

nerve is an obvious candidate.  The retinohypothalamic tract (RHT) which provides a 

monosynaptic input to the SCN of birds travels down the optic nerve until it exits the 

optic nerve at the level of the optic chiasm to innervate the SCN, the putative sites of 

central circadian pacemakers (Cassone and Moore, 1987; Norgren and Silver, 1989; 

Shimizu et al., 1994).  In addition to the RHT, the optic nerve also contains centrifugal 

projecting neurons from the Isthmo-optic Nucleus (ION).  Furthermore, neural 

communication between ocular pacemakers could also come from one or a combination 

of several other pathways.  Autonomic innervation of the eye includes parasympathetic 

input from the ciliary ganglia and sympathetic input from the superior cervical ganglia.  

Several experiments in the current study will attempt to disrupt potential neural coupling 

pathways (e.g., optic nerve, ciliary ganglia, superior cervical ganglia) to see if one or 

more of these pathways are involved in ocular pacemaker coupling. 

For the reasons described previously melatonin is likely the hormonal output of 

the ocular pacemakers in quail.  In addition, the several cell types within the avian eye 

possess melatonin receptors.  It is possible, therefore, that the ocular pacemakers are not 

only secreting melatonin rhythmically, but they may also be sensitive to the effects of 

melatonin.  That is, the eyes may be coupled in a mutual feedback loop involving the 

secretion, and perception, of the hormone, melatonin. Another goal of this study, 
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therefore, is to disrupt melatonin communication between the eyes to determine if 

melatonin is involved in coupling together the two ocular pacemakers. 

3.  Can the pineal sustain rhythmicity in the absence of the ocular 

pacemakers? 

It is known that removal of the eyes abolishes rhythmicity of body temperature 

and activity rhythms in quail.  Our view of the quail circadian system is that the SCN and 

pineal are incapable of maintaining rhythmicity in the absence of ocular pacemakers.  

Consequently, another goal of our investigations into the circadian system of Japanese 

quail was to test the hypothesis that the pineal-SCN complex in quail is incapable of 

sustaining rhythms of blood melatonin in DD in the absence of rhythmic inputs from the 

ocular pacemakers. 

4.  Can a rhythm be demonstrated in the isolated retina? 

Based on current and previous data, the eye plays a major role within the quail 

circadian system that can, at least in part, exert its control via the cyclic synthesis and 

release of melatonin.  If our hypothesis of the quail circadian system is correct and the 

eye is indeed a pacemaker, one must assume that the ocular pacemaker is an autonomous 

oscillator.  To date, however, all investigations on the ocular pacemakers of quail have 

been carried out in vivo.  Tissue culture experiments in the present study are designed to 

provide definitive evidence of a robust, light-entrainable clock in the eye responsible for 

rhythmic melatonin synthesis and secretion.  Investigations on the quail retina in vitro 

could be very promising for future studies that seek to elucidate aspects of clock coupling 

and shed light on the cellular mechanisms involved. 
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 Taken together, the present experiments seek to more fully assess the hypothesis 

that ocular pacemakers reside in the eyes of quail and to determine important 

characteristics of these pacemakers, such as the nature of the coupling between these 

pacemakers. 
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MATERIALS AND METHODS 

A. Animals and Housing 

Japanese quail (Coturnix japonica) were raised on a light-dark cycle (LD 14:10) 

until birds reached sexual maturity at 6 weeks of age.  Birds were then housed in LD 

12:12 until introduced into experiments at 8-20 wks of age.  Animals were provided with 

food (North Carolina State University quail layer ration calculated to contain 16% protein 

and 2,550 kcal/kg metabolizable energy) and water ad libitum and these were replenished 

twice weekly.  In experiments where body temperature was measured, animals were 

placed in Plexiglas cages (22 cm length x 20 cm width x 23 cm height) and isolated 

inside light-tight photoperiod boxes.  Boxes were housed inside a room held in DD and 

maintained at 21 + 3°C.  Each photoperiod box contained a 4-watt fluorescent bulb that 

yielded an average intensity of 80 lux at the level of the bird.  In experiments where 

groups of birds were housed together, animals were placed in light-tight photoperiod 

boxes (122 cm length x 61 cm width x 41 cm height) that were located inside a room held 

in DD and maintained at 23 + 2°C.  Each large photoperiod box contained two 25-W 

incandescent light bulbs yielding an average intensity of 120 lux at the level of the birds.  

LD cycles in all experiments were controlled by Tork Time Switches (model 8001).  

Continuous force-ventilation of all photoperiod boxes provided airflow and generated 

background noise that aided in the isolation between photoperiod boxes.  In experiments 

where birds were housed in constant darkness, infra-red night vision goggles were used to 

assist with animal husbandry.  All experiments were approved by the Institutional Animal 

Care and Use Committee of North Carolina State University.   
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B. Data Collection 

1.  Body Temperature Measurement 

Body temperature was continuously monitored via implanted radiotransmitters 

(model VM-FH; Mini-Mitter, Sunriver, OR).  A radio receiver (model RA 1010; Mini-

Mitter) positioned directly beside each cage was connected to a computer dedicated to 

continuous data acquisition utilizing the Dataquest III Data Acquisition System (Data 

Sciences, St. Paul, MN).  The transmitted frequency was proportional to body 

temperature with an accuracy of 0.1°C.  The body temperature was measured at the end 

of each 10-min interval.  Data analyses were performed using Circadia software 

(Behavioral Cybernetics, Cambridge, MA).  The Circadia software was used to produce 

two types of graphical output: an actograph format in which a “pen deflection” was used 

to indicate each 10-min interval in which the body temperature exceeded the mean daily 

body temperature and a strip-chart format in which body temperature data were plotted 

against time.  In the strip charts, the 10-min intervals were averaged into 30-min 

intervals. 

2.  Ocular Melatonin Levels 

At the time of sampling (Expts. 1, 2, 5 and 7), birds were transported to a nearby 

room in light-tight cages.  Individual birds were decapitated within seconds of exposure 

to room light and the eyes were removed from the birds.  The complete retina was 

removed from each eye, placed in a 1.5 ml microcentrifuge tube with 1 ml phosphate 

buffer solution, immediately frozen, and held at -80°C until RIA.  Ocular melatonin 

levels were determined using a melatonin RIA kit from CIDTech Research (Cambridge, 

Ontario, CA).  This kit has been validated for Japanese quail retinal tissues (Pang et al., 
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1983).  Just prior to RIA, retinas were thawed and sonicated.  Extraction of melatonin 

was carried out using dichloromethane and quantification of melatonin was carried out in 

accordance with CIDTech RIA kit protocol and as further described by Barrett (1992). 

3.  Blood Melatonin Levels 

Birds held in DD (Expt. 11) were removed from photoperiod boxes in the dark 

one time every 6 hrs on the day of blood sampling.  An opaque hood was placed over the 

bird’s head and blood samples (200–300 µl) were then taken under a dim light (approx. 

3-5 lx) by pricking the brachial vein and collecting the blood in heparinized capillary 

tubes.  Blood plasma was isolated from heparinized whole blood after centrifugation at 

3,000 revolutions/min and 4°C for 10 min. The plasma was frozen at -80°C until RIA.  

Blood melatonin levels were determined using a melatonin RIA kit from ALPCO 

Diagnostics (Windham, NH).  Just prior to RIA, plasma samples were thawed and 

melatonin was extracted using extraction columns provided in the RIA kit.  

Quantification of melatonin was carried out in accordance with the ALPCO RIA kit 

protocol. 

4.  In Vitro Melatonin Levels 

 Retinal tissue was incubated at 33°C and perfused with medium-199.  Syringe 

pumps (KD Scientific, Holliston, MA) were used to deliver a 0.4 ml/hour perfusion rate 

via Teflon tubing to the tissue held in 96-well culture plates.  In vitro perfusate was 

collected every 3 hours, decanted into 1.5 mL bullet tubes and frozen immediately.  

Perfusate samples were shipped on dry-ice to G. Tosini at the Morehouse School of 

Medicine, Atlanta, GA.  RIA for melatonin was carried out using the Niswender-Rollag 

antibody as described by Tosini and Menaker (1996). 
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C. Statistics 

Statistical tests were performed using the SAS and JMP statistical programs (SAS 

Institute, Cary, NC).  The JMP program was used for standard statistical tests such as 

student t-test and ANOVA.  For Experiment 11, plasma hormone concentrations in the 

blinded group and sham-blinded group were analyzed for time, group (blinded group vs. 

sham blinded group), and time by group effects using the repeated measures ANOVA in 

the general linear models procedures of SAS (1990).  When group or time by group 

effects were found, differences between means of the two groups, within times, were 

assessed using ANOVA.  For Experiments 3 and 4 (see Fig. 7), the average phase was 

calculated by vector addition where the length of the average vector represents the scatter 

among phases.  The Mardia-Watson-Wheeler test was used to determine whether 

distributions of freerunning phases between intact groups (AP versus IP) were 

significantly different (Batschelet, 1972).  In vitro data were normalized for differences 

between retinal explants in different culture wells by expressing the data as a percent 

daily mean:  for each tissue, 3-hr time points of melatonin release were divided by the 

average melatonin amount produced by that explant during the entire experiment and 

multiplied by 100. 

D. Procedures 

1.  Surgery 

In all surgical procedures, animals were anesthetized with an intramuscular 

injection consisting of a mixture of ketamine hydrochloride (5-10 mg/kg body wt) and 

xylazine (2 mg/kg body wt).  Following surgery, birds were administered single daily 

injections of an analgesic (Banamine; 5 mg/kg body wt) for 3 days.  Visual inspection 
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and body temperature measurement facilitated post-operative monitoring of the birds. 

a.)  Radiotransmitter Implantation 

In experiments where body temperature was measured, radiotransmitters were 

implanted in the right side of the peritoneal cavity of all birds.  In this procedure, animals 

were anesthetized with ketamine hydrochloride and xylazine and a 20-25 mm incision 

was made just below the last rib.  Birds were implanted with radiotransmitters, sutured 

immediately and allowed to recover on LD 12:12 for 3-7 days prior to introduction into 

experiments. 

b.)  Enucleation 

Bilateral enucleation (EX) was carried out via the complete removal of both eyes.  

Briefly, eye removal was accomplished by dissecting the nictitating membrane away 

from the eye, using a needle and syringe to collapse the eye by removing the vitreous 

humor, and then cutting the ocular muscles and optic nerve.  The eye was then removed, 

the orbital cavity was filled with gelfoam (Upjohn, Kalamazoo, MI), and the eye lids 

were sutured together.  Blinded birds had no difficulty feeding and maintained normal 

body weights.  Sham-blinded birds were subjected to a 10 mm incision through the skin 

at the top of the skull that was sutured immediately.  Birds were allowed 14-16 days to 

recover from surgery prior to entry into experiments.  Blinded birds readily ate and drank 

and did not suffer any loss of body weight. 

c.)  Optic Nerve Section 

Bilateral optic nerve section (ONX) was performed with the aid of a stereotaxic 

device.  A 6-10 mm incision was made through the skin and connective tissue along the 

dorsal aspect of the ocular orbit to allow access to the post-orbital cavity.  Using a 
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dissecting microscope and a blunt probe, the optic nerve was exposed and cut with fine 

iridectomy scissors.  This procedure was carried out on both eyes.  The incisions were 

sutured immediately and birds were allowed to recover from surgery for 3-7 days on LD 

12:12 prior to entry into experiments.  Sham surgeries were performed similarly, except 

that the optic nerves were not cut.  Blinded birds readily ate and drank and did not suffer 

any loss of body weight. 

d.)  Ciliary Ganglionectomy  

Unilateral ciliary ganglionectomy (CGX) was performed with the aid of a 

stereotaxic device.  Approaching from the posterior aspect of the right eye, a 6-10 mm 

incision was made just under the lower eyelid.  With the aid of a curette and a blunt 

probe, the eye was gently moved rostrally and slightly away from the orbit to expose the 

ciliary ganglion along the optic nerve.  The CG was cut away from the optic nerve via 

fine iridectomy scissors and the incision was sutured immediately.  Birds were allowed to 

recover from surgery for 3-7 days on LD 12:12 prior to entry into experiments. 

Continuous pupillary dilation and the lack of pupillary response indicated that the surgery 

was successful. 

e.)  Superior Cervical Ganglionectomy  

Unilateral superior cervical ganglionectomy (SCGX) was performed with the aid 

of a stereotaxic device.  A 6-8 mm incision was made along the plane of the jugular vein 

on the right side of all birds and the SCG was located just medial to the hyoid bone.  The 

SCG was plucked away using fine forceps and the incision sutured immediately.  Birds 

were implanted with a radiotransmitter and allowed to recover from surgery for 3-7 days 

on LD 12:12.  Successful surgery was confirmed by observing ptosis, or drooping, of the 
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eyelid as the SCG innervates the muscles of the eyelid. 

f.)  Melatonin Implantation 

Silastic tubing (Dow Corning, Midland, MI; 1.47 mm inside diameter, 1.96 mm 

outside diameter) was packed with crystalline melatonin (Sigma-Aldrich, St. Louis, MO) 

and sealed with Type A silastic medical adhesive (Dow Corning).  Implant sizes were 

made measuring 20 mm in length.  Each implant was washed with 95% ethanol and dry-

weights were taken prior to implantation.  After the experiments were terminated the 

implants were re-weighed following washing with ethanol and drying.  Melatonin 

implants were placed subcutaneously in the vicinity of the lowest rib on the right side of 

the birds at the time of radiotransmitter implantation.  Twenty millimeter implants in 

birds have been shown to release approximately 15-20 µg of melatonin per day 

(Underwood and Edmunds, 1995; Turek et al., 1976).  Although we did not quantify the 

melatonin directly, initial and post-experimental weights of the implants showed that the 

amount of melatonin released over the 60-day experiments was approximately 7.8 + 0.4 

(SE) µg/day. 

2.  Eye Patch Protocols  

The behavior of the ocular pacemakers was tracked via the ocular melatonin 

rhythm or via the body temperature rhythm.  In Experiments 2, 5 and 6 ocular melatonin 

levels were measured following a patching protocol that entrained the ocular pacemakers 

of individual quail out of phase.  In Experiments 3, 4, and 7-10 the body temperature 

rhythm was continuously monitored while the two ocular pacemakers in an individual 

quail were entrained out of phase (Expts. 3, 7-10) or in phase (Expt. 4).  Cone-shaped 

opaque patches (20 mm in diameter) were made from adhesive Band-Aids and painted 
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with flat black acrylic paint.  To increase adhesion to the bird, feathers were plucked 

from around the eyes at the time of patching, and rubber cement was used to hold eye 

patches in place. 

a.)  Alternate-Patch Protocol (AP) 

Birds were held in constant light (LL) for 7 days, and, on day 8, an eye patch was 

placed over one eye for a 12-hr period. After 12 hrs, the patch was removed and placed 

over the opposite eye for a 12-hr period. This cycle of alternately patching the eyes lasted 

for 7 days, thereby exposing each eye to an LD 12:12 cycle 180° out of phase with the 

opposite eye. 

b.)  In-Phase Patch Protocol (IP) 

Birds were held in LL for 7 days, and, on day 8, eye patches were placed over 

both eyes for a 12-hr period.  After 12 hrs, the patches were removed, and both eyes were 

exposed to light for a 12-hr period.  This cycle of patching the eyes in phase with one 

another lasted for 7 days.  This protocol, therefore, exposed both eyes to the same LD 

12:12 cycle. 

3.  Skeleton Photoperiods (SP) 

Subsequent to eye-patch protocols, birds were placed in DD to assess the behavior 

of the ocular pacemakers as they either regained their normal phase relationship after the 

AP protocol or as they began freerunning in phase after the IP patching protocol.  

However, the disturbance caused by the twice daily placement and removal of the eye 

patches often obscured the body temperature rhythms.  Therefore, in experiments in 

where body temperature was monitored, birds were exposed to an LDLD 1:11:1:11 

skeleton photoperiod (SP) for 14 days after the AP or IP patching protocol before being 
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placed in DD.  This LDLD cycle maintained the 12-hr phase difference between the two 

ocular pacemakers engendered by the AP protocol, and it maintained the IP relationship 

between the two eyes after the IP patching protocol.  Because the birds were not 

physically disturbed before being exposed to DD, the body temperature rhythms were 

more clearly discernable during the crucial period in which the ocular pacemakers were 

regaining their normal phase relationships.  In all experiments in which SPs were used, 

the first 1-hr light pulse was initiated immediately after removal of the last eye patch, and 

the last 1-hr light pulse was given on the morning of day 14 of the LDLD 1:11:1:11 

cycle. 

4.  In Vitro Tissue Culture 

In all tissue culture experiments, birds were killed within two hours prior to 

lights-off and the eyes were immediately removed and hemisected.  Retinal tissue was 

then removed from each eye using fine forceps and placed into a Petri dish containing 

medium-199 with Earl’s salts and L-glutamine.  Retinal tissue was teased apart from the 

pigment epithelium and, for initial tissue culture experiments, pieces of retina 

approximately one-sixth the size of the whole retina were placed into individual culture 

wells.  Once initial demonstrations of in vitro melatonin production had been 

demonstrated, the amount of retinal tissue per culture well was standardized by punching 

out a piece of retina using a trephine measuring 3 mm in diameter.  The two methods of 

harvesting the retinal tissue yielded comparable amounts of tissue per culture well (about 

1/6 of a single retina). 

Tissue was incubated at 33°C and perfused with medium-199 as described by 

Tosini and Menaker (1996).  This medium was supplemented with antibiotic, 
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Streptomycin/Penicillin (Sigma-Aldrich, St Louis, MO), saturated with a 95%O2/5% CO2 

mixture, and loaded into loc-tight syringes (Becton-Dickenson, Franklin Lakes, NJ).  

Syringe pumps (KD Scientific, Holliston, MA) were used to deliver a 0.4 ml/hour 

perfusion rate via Teflon tubing to the tissue held in 96-well culture plates.  Retinas were 

cultured either with no additional supplementation, a 100 µM concentration of 5-

hydroxytryptophan (5-HTP), or a 100 µM concentration of serotonin (5-HT), (Sigma-

Aldrich).  Light-dark cycles (LD 12:12) were administered to the tissues using a fiber-

optic surgical lamp, and the light intensity measured approximately 800-1000 lux at the 

level of the tissues.  The perfusate was collected in fractions every 3 hours and melatonin 

levels were determined subsequently via RIA. 

E. Experimental Protocols 

1.  Quail Ocular Clocks are Tightly Coupled Circadian Pacemakers 

a.)  Ocular Pacemakers Remain Coupled in Prolonged DD 

Experiment 1:  Adult female Japanese quail (N = 25) were implanted with 

radiotransmitters and held individually inside light-tight photoperiod boxes.  Birds were 

exposed to an LD 8:16 cycle (lights on at 0800) for 2 weeks.  On day 15, birds were 

placed in DD at 1600. On days 43–57 of DD, quail were killed at circadian time (CT) 6 

(midsubjective day) or CT 18 (midsubjective night), where CT 0 marks the onset of the 

daily temperature rise above the mean daily temperature.  Retinal tissues were collected, 

and ocular melatonin levels were determined via RIA. 

b.)  Effect of the AP Protocol on the Ocular Melatonin Rhythm 

Experiment 2:  Adult male Japanese quail were held in light-tight photoperiod 

boxes (N = 14/box) and exposed to an LD 12:12 cycle (lights on at 0900) for 2 weeks.  
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On day 15, animals were placed in LL for 7 days.  At 0900 on day 23, an AP protocol 

was initiated to entrain ocular pacemakers 180° out of phase.  The patches were placed on 

the left eyes from 0900 to 2100 and on the right eyes from 2100 to 0900.  On day 30, 

after 7 days of alternately patching the eyes, birds were placed in DD at 0900.  Patches 

were not removed from eyes that were patched at the time of entry into DD.  Animals 

were killed at 1500 (+1 hr) on day 2 (N = 14) and day 5 (N = 14) of DD.  Ocular 

melatonin levels were determined via RIA. 

c.)  Effect of the APSP Protocol on the Body Temperature Rhythm 

Experiment 3:  Adult male Japanese quail (N = 12) were implanted with 

radiotransmitters and held individually in light-tight photoperiod boxes.  Birds were 

exposed to an LD 12:12 cycle (lights on at 0900) for 2 weeks and, on at 0900 on day 15, 

placed in LL for 7 days.  At 0900 on day 23, an AP protocol was initiated to entrain 

ocular pacemakers 180° out of phase.  The patches were placed on the left eyes from 

0900 to 2100 and on the right eyes from 2100 to 0900.  On day 30, after 7 days of 

alternately patching the eyes, birds were exposed to an LDLD 1:11:1:11 SP for 14 days 

beginning at 0900 (APSP protocol), which maintained the 180° phase relationship 

between the two ocular pacemakers.  On day 43 of the experiment, the birds were 

exposed to DD after the 1-hr morning pulse.  Ocular pacemaker phase was determined 

via body temperature.  The transmitter batteries of five birds lasted long enough to 

expose the birds to an in-phase (IP) patching protocol as well (Expt. 4). 

d.)  Effect of the IPSP Protocol on the Body Temperature Rhythm 

Experiment 4:  Adult male Japanese quail (N = 8, including 5 from Expt. 3) were 

implanted with radiotransmitters and isolated in light-tight photoperiod boxes.  Birds 
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were exposed to an LD 12:12 cycle (lights on at 0900) for 2 wks and, on day 15, placed 

in LL for 7 days.  At 0900 on day 23, an IP patch protocol was employed that exposed 

both eyes to the same LD 12:12 cycle.  On day 30, after 7 days of patching the eyes in 

phase with one another, the birds were placed on an LDLD 1:11: 1:11 SP for 14 days 

beginning at 0900 (IPSP protocol).  On day 43 of the experiment, birds were exposed to 

DD after the 1-hr morning pulse.  Ocular pacemaker phase was determined via body 

temperature measurement. 

e.)  Effect of the APSP Protocol on the Ocular Melatonin Rhythm 

Experiment 5:  Adult male Japanese quail (N = 8) were held in a light-tight 

photoperiod box and exposed to an LD 12:12 cycle (lights on at 0900) for 2 wks.  On day 

15, birds were placed in LL for 7 days.  At 0900 on day 23, an AP protocol was initiated 

to entrain ocular pacemakers 180° out of phase.  The patches were placed on the left eyes 

from 0900 to 2100 and on the right eyes from 2100 to 0900.  On day 30, after 7 days of 

alternately patching the eyes, birds were exposed to LDLD 1:11:1:11 light cycles for 14 

days, which maintained the 180° phase relationship between the two ocular pacemakers.  

The birds were then exposed to DD and killed 18 hrs after the onset of the last 1-hr light 

pulse (the projected midsubjective night of the right eyes).  Melatonin levels in left and 

right eyes were subsequently measured. 

2.  What is the Ocular Pacemaker Coupling Mechanism?  

a.)  Effect of Optic Nerve Section (ONX) 

Experiment 6:  Adult male Japanese quail were subjected to bilateral ONX (N = 

17), held in a light-tight photoperiod box and exposed to an LD 12:12 cycle (lights on at 

0900) for 2 weeks.  On day 15, animals were placed in LL for 7 days.  At 0900 on day 
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23, an AP protocol was initiated to entrain ocular pacemakers 180° out of phase.  The 

patches were placed on the left eyes from 0900 to 2100 and on the right eyes from 2100 

to 0900.  On day 30, after 7 days of alternately patching the eyes, birds were placed in 

DD at 0900.  Patches were not removed from eyes that were patched at the time of entry 

into DD.  Animals were killed at 1500 (+1 hr) on day 5 of DD.  Ocular pacemaker phase 

was determined by assessing melatonin levels via RIA.   

Experiment 7:   Adult male Japanese quail were subjected to bilateral ONX (N = 

14) or sham ONX (N = 7), implanted with radiotransmitters and held individually in 

light-tight photoperiod boxes.  Birds were exposed to an LD 12:12 cycle (lights on at 

0900) for 1 week and, at 0900 on day 8, placed in LL for 7 days.  At 0900 on day 15, an 

AP protocol was initiated to entrain ocular pacemakers 180° out of phase.  The patches 

were placed on the left eyes from 0900 to 2100 and on the right eyes from 2100 to 0900.  

On day 22, after 7 days of alternately patching the eyes, birds were exposed to an LDLD 

1:11:1:11 SP for 14 days beginning at 0900 (APSP protocol), which maintained the 180° 

phase relationship between the two ocular pacemakers.  On day 35 of the experiment, the 

birds were exposed to DD after the 1-hr morning pulse.  Ocular pacemaker phase was 

determined via body temperature measurement. 

b.)  Effect of Ciliary Ganglionectomy (CGX) 

Experiment 8:  Adult male Japanese quail (N = 6) were subjected to unilateral 

CGX, implanted with radiotransmitters and then held individually in light-tight 

photoperiod boxes.  Birds were exposed to an LD 12:12 cycle (lights on at 0800) for 1 

week and, at 0800 on day 8, placed in LL for 7 days.  At 0800 on day 15, an AP protocol 

was initiated to entrain ocular pacemakers 180° out of phase.  The patches were placed on 
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the left eyes from 0800 to 2000 and on the right eyes from 2000 to 0800.  On day 22, 

after 7 days of alternately patching the eyes, birds were exposed to an LDLD 1:11:1:11 

SP for 14 days beginning at 0800 (APSP protocol), which maintained the 180° phase 

relationship between the two ocular pacemakers.  On day 35 of the experiment, the birds 

were exposed to DD after the 1-hr morning pulse.  Ocular pacemaker phase was 

determined via body temperature measurement. 

c.)  Effect of Superior Cervical Ganglionectomy (SCGX) 

Experiment 9:  Adult male Japanese quail (N = 6) were subjected to unilateral 

SCGX, implanted with radiotransmitters and held individually in light-tight photoperiod 

boxes.  Birds were exposed to an LD 12:12 cycle (lights on at 0800) for 1 week and, at 

0800 on day 8, placed in LL for 7 days.  At 0800 on day 15, an AP protocol was initiated 

to entrain ocular pacemakers 180° out of phase.  The patches were placed on the left eyes 

from 0800 to 2000 and on the right eyes from 2000 to 0800.  On day 22, after 7 days of 

alternately patching the eyes, birds were exposed to an LDLD 1:11:1:11 SP for 14 days 

beginning at 0800 (APSP protocol), which maintained the 180° phase relationship 

between the two ocular pacemakers.  On day 35 of the experiment, the birds were 

exposed to DD after the 1-hr morning pulse.  Ocular pacemaker phase was determined 

via body temperature measurement. 

d.)  Effect of Melatonin Implants  

Experiment 10:  Adult male Japanese quail were implanted with 

radiotransmitters and either a silastic melatonin-implant (N = 15) or a blank implant 

(Control, N = 6).  Birds were held individually in light-tight photoperiod boxes, exposed 

to an LD 12:12 cycle (lights on at 0900) for 1 week and, at 0900 on day 8, placed in LL 
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for 7 days.  At 0900 on day 15, an AP protocol was initiated to entrain ocular pacemakers 

180° out of phase.  The patches were placed on the left eyes from 0900 to 2100 and on 

the right eyes from 2100 to 0900.  On day 22, after 7 days of alternately patching the 

eyes, birds were exposed to an LDLD 1:11:1:11 SP for 14 days beginning at 0900 (APSP 

protocol), which maintained the 180° phase relationship between the two ocular 

pacemakers.  On day 35 of the experiment, the birds were exposed to DD after the 1-hr 

morning pulse.  Ocular pacemaker phase was determined via body temperature 

measurement. 

3.  The Quail Circadian System Following Removal of Ocular Pacemakers 

a.)  Effect of Blinding by Enucleation on Blood Melatonin Rhythms in DD.  

Experiment 11:  Adult female Japanese quail were held inside light-tight 

photoperiod boxes, and blinding and sham surgeries were performed as described above.  

Blinded (EX, N = 13) and sham-blinded (N = 14) birds were housed separately in two 

photoperiod boxes to ensure that sighted (sham-blinded group) birds did not injure 

blinded group birds.  Birds were maintained on an LD 12:12 cycle (lights on at 0900) for 

14-16 days to allow complete recovery from surgery.  After lights off on day 16, the birds 

were held in DD for 87 days.  On day 87 of DD, blood samples were taken every 6 hrs 

from the brachial vein of each bird beginning at 1200 over the course of a 24-hr sampling 

period.  Blood melatonin levels were subsequently measured. 

4.  Retinal Melatonin Rhythms In Vitro 

a.)  Tissue Culture of Retinal Explants in DD 

Experiment 12:  Birds were maintained on LD 12:12 and killed within two hours 

prior to lights-off.  The eyes were immediately removed and hemisected.  Retinal tissue 
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was teased apart from the pigment epithelium and pieces of retina were placed into 

individual culture wells with either no additional supplementation (N = 10), a 100 µM 

concentration of 5-hydroxytryptophan (5-HTP; N = 2), or a 100 µM concentration of 

serotonin (5-HT, N = 2).  Perfusate was collected every three hours and immediately 

frozen until RIA. 

Experiment 13:  Birds were maintained on LD 12:12 and killed within two hours 

prior to lights-off.  The eyes were immediately removed and hemisected.  Retinal 

explants (N = 6) were cultured in medium-199 with 5-HT supplementation.  In this 

experiment, explants were exposed to LD 12:12 during the first day of tissue culture and 

then placed into DD at the end of the first LD cycle. 

b.)  Tissue Culture of Retinal Explants on LD 12:12 

Experiment 14:  Birds were maintained on LD 12:12 and killed within two hours 

prior to lights-off.  The eyes were immediately removed and hemisected.  Retinal 

explants were cultured in medium-199 with 5-HT supplementation and exposed to light 

dark cycles in order to demonstrate entrainment and phase-shifting capabilities.  One 

group of retinas (N = 8) were exposed to the same LD cycle that birds were exposed in 

vivo and another set of retinas (N = 6) were exposed to a 6-hr phase shift during the first 

night in tissue culture. 
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RESULTS 

A. Ocular Clocks are Tightly Coupled Circadian Pacemakers 

1.  Ocular Pacemakers Remain Coupled in Prolonged DD 

Japanese quail exhibit a robust rhythm of body temperature that persists 

indefinitely in DD (Underwood, 1994).  Furthermore, the eyes of quail are the sites of 

ocular clocks that drive a rhythm of ocular melatonin synthesis where melatonin levels 

are high at night and low during the day (Underwood et al., 1990).  If ocular clocks act as 

pacemakers driving rhythmicity throughout the bird, it would be predicted that the 

pacemakers in the left and right eyes of individual quail would remain coupled and 

maintain the same phase relationship with each other in constant conditions.  Otherwise 

overt rhythms, such as body temperature, would be unable to maintain a coherent rhythm 

in DD.  In Experiment 1 this prediction was tested by killing birds that had been exposed 

to DD for 43-57 days during either the midsubjective day or the midsubjective night and 

measuring the ocular melatonin levels.  Because it was not possible to track the ocular 

melatonin rhythm continuously, the daily body temperature rhythm was used to assess 

the phase of the ocular melatonin rhythm; that is, the onset of the daily temperature rise 

was considered to be the onset of the subjective day and the subjective day occupied one-

half of the daily temperature rhythm.  The remaining half of the daily body temperature 

rhythm was considered to be the subjective night.  Figure 2 shows that melatonin levels 

were significantly higher (P < 0.0001, unpaired t-test) in retinas collected in the 

midsubjective night (856 + 20 pg/eye) compared with retinas collected in the 

midsubjective day (444 + 36 pg/eye).  In addition, ocular melatonin levels between the 

left and right eyes of individual birds were strongly correlated (r = 0.76).  If the melatonin 
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contents of left and right eyes were correlated perfectly regardless of the phase of the 

melatonin rhythm at which the birds were sampled, the regression line would show a 

slope of one.  The slope of the regression line shown in Figure 2 (slope = 0.8) is close to 

one.  These data show that the daily rhythm of ocular melatonin rhythm in each eye of 

individual birds maintain the same phase for at least 43-57 days in DD. 

2.  Effect of the AP Protocol on the Ocular Melatonin Rhythm 

Since ocular pacemakers in the left and right eyes of individual quail remain 

coupled (i.e., remain in phase) in DD, Experiment 2 was designed to determine the 

strength of pacemaker coupling.  Quail were subjected to an AP protocol for 7 days and 

then placed in DD.  Birds were then killed either on day 2 or 5 of DD, and the ocular 

melatonin levels in both eyes were measured subsequently.  Figure 3 and Table 1 show 

that ocular melatonin levels between the left and right eyes were significantly different (P 

< 0.001) when the birds were killed during the projected midnight of the left eye on day 2 

of DD.  By day 5 of DD, however, the interocular melatonin levels were not significantly 

different (Fig. 3, Table 1).  The interocular differences in melatonin content on day 2 of 

the AP birds were significantly different from the day 5 AP birds (P < 0.001, student t-

test) and from the Experiment 1 birds (P < 0.001).  There were no significant differences 

between the Experiment 1 birds and the day 5 AP birds.  The data from Experiment 2 

show that the AP protocol entrained the left and right eyes out of phase and the eyes were 

still significantly out of phase on day 2 of DD.  By day 5 of DD, however, the eyes had 

regained their normal phase relationship: the average phase difference between the two 

eyes is minimal and is similar to that observed in normal birds in DD (Expt. 1) in which 

the eyes had not been previously driven out of phase. 
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3.  Effect of the APSP Protocol on the Body Temperature Rhythm 

Using ocular melatonin rhythmicity to track the behavior of the ocular 

pacemakers was not ideal insofar as the birds had to be killed in order to make the 

measurements and the melatonin RIA was expensive and time-consuming.  Therefore, 

another approach was taken to monitor the behavior of the ocular pacemakers in 

individual birds.  Experiment 3 used the body temperature rhythm as a marker for ocular 

pacemaker phase.  Figure 4 shows representative actograph and strip-chart records of a 

bird subjected to an AP protocol, followed by exposure to an SP regimen and then DD.  

Two small peaks in body temperature are seen during the first 1-2 days of DD in the 

actograph and strip chart.  After 5-6 days in DD, however, a single robust daily rhythm in 

body temperature is observed (Fig. 4B).  In addition, the length of time (in hrs) that the 

body temperature exceeds the mean daily temperature (α) shows a steady decline for the 

first 5-6 days in DD.  This pattern is consistent with the behavior of two pacemakers that 

are 12 hrs out of phase during their first day of DD and regain their normal phase 

relationship over the next 5 days.  The shortening in α demonstrates a mutual interaction 

between the two pacemakers: one phase advances and the other phase delays until they 

regain their normal phase relationship.   

Two objective measures were used to assess the time until recoupling in the birds 

subjected to the APSP protocol.  First, using the actograph records, the amount of time 

(in hrs) from the onset of the daily rise in body temperature to the end of the daily fall in 

body temperature (α) was measured for the first 10 days of DD (Table 2).  During the 

first 1-2 days of DD, when two daily peaks of body temperature could often be observed, 

α was measured from the onset of the first peak to the offset of the second peak.  The α 
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values showed a steady decrease from days 1 to 5 of DD, followed by a steady-state α, 

suggesting that it took an average of 5-6 days for the two ocular pacemakers to regain 

their normal phase relationship. 

 The second objective measure used to calculate recoupling time involved 

drawing a line through the steady-state onsets of the daily rise in body temperature in DD 

which was retrojected to the earliest day of exposure to DD (e.g., Fig. 4A).  The earliest 

day on which the retrojected line coincided with the onset of the rise of body temperature 

above the mean daily body temperature (day 5 of DD in Fig. 4A) was assumed to be the 

day on which the two ocular pacemakers regained their normal phase relationship.  This 

was the first day that the freerunning period, or Tau (τ), became stabilized and will be 

referred to as τs.  With the use of this criterion, the average number of days (+ SE) to 

recoupling was 6.1 + 0.4 (range 5-8, N = 9).  It was not possible to calculate these two 

objective measures in two of the birds due to transmitter interference.  A line eye-fitted 

through the onsets of the daily steady-state body temperature and retrojected to the first 

day of DD for the bird shown in Fig. 4A falls at projected CT 8 (where CT 0 is 12 hrs 

after the onset of the last 1 hr light pulse).  The retrojected phases of the 11 birds 

subjected to the APSP protocol are shown in Figure 7; the average phase (+ SE) is CT 6.5 

+ 0.4 (r = 0.91).  One bird was not included because it took significantly longer than 

normal to recouple (Fig. 5). 

These data support the hypothesis that the two ocular pacemakers had an equal 

effect on one another; that is, upon release in DD, the two pacemakers mutually 

interacted via successive, and equal, phase advances and delays until they recoupled 

within 5-6 days.  Consequently, the retrojected steady-state phase of the recoupled 
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pacemakers falls midway between the phases the two pacemakers exhibited when they 

were 12 hrs apart. 

The two ocular pacemakers of one bird out of all the birds subjected to the AP 

protocol (N = 12) took significantly longer to regain their normal phase relationship (Fig. 

5).  Clearly the coupling strength between these two pacemakers in this bird was 

significantly weaker than that exhibited by most birds.  Although the underlying reason 

for the weaker coupling is unknown, the record of this bird is remarkable insofar as it 

clearly demonstrates that the AP protocol entrained the two ocular pacemakers 12 hrs out 

of phase, that is, this bird exhibits a “slow motion” display of the coupling interaction 

between the two ocular pacemakers.  The initial 12-hr phase difference between the two 

pacemakers gradually diminishes (~ 26 min/day) until they regain their normal phase 

relationship on about day 27 of DD.   

The average daily body temperatures of the birds subjected to the APSP protocol 

showed a decline of 0.18°C from day 1 of DD to day 6 of DD (Table 2). 

4.  Effect of the IPSP Protocol on the Body Temperature Rhythm 

In order to ensure that the APSP protocol was indeed uncoupling ocular 

pacemakers, an in-phase patch (IP) protocol was carried out in Experiment 4.  Figure 6 

shows a representative example of an actograph and strip-chart record of a bird subjected 

to an IP patching protocol followed by exposure to the SP regimen and then to DD.  

Because the IP protocol entrained both eyes to the same phase, both ocular pacemakers 

presumably would choose the same SP as day and, furthermore, this “day” should 

correspond to the day phase produced by the IP protocol.  This interpretation is supported 

by the fact that the retrojected line drawn through the steady-state body temperature rise 
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onsets falls near the onset of the last dawn pulse.  Figure 7 plots the phases of the 

retrojected body temperature onsets of birds (N = 8) subjected to the IPSP protocol and 

shows that the phases cluster around the dawn pulse (0.5 + 0.2 hrs after the onset of the 

last light pulse, r = 0.99).  These data, therefore, are fully compatible with the hypothesis 

that both ocular pacemakers were entrained to the same phase by the IPSP protocol (the 

day phase of the IP protocol) and began freerunning from that phase when placed in DD.  

Interestingly, the body temperature rhythm is less robust during the first 3-4 days of DD 

in all of birds subjected to the IPSP protocol (e.g., Fig. 6). 

5.  Effect of the APSP Protocol on the Ocular Melatonin Rhythm 

The behavior of the body temperature rhythm in DD after the APSP protocol is 

fully compatible with the hypothesis that this protocol entrained the two ocular 

pacemakers 12 hrs out of phase.  To confirm that the eyes were entrained out of phase, in 

Experiment 5 quail were subjected to the APSP protocol, placed in DD, and killed 18 hr 

after the onset of the last 1-hr light pulse (the projected midsubjective night of the right 

eyes).  Ocular melatonin levels were determined subsequently.  The average melatonin 

levels in the left and right eyes were 1,363 + 176 and 1,974 + 215 (SE) pg/eye, 

respectively, and were significantly different (Table 3, P < 0.001, paired t-test).  The 

mean interocular difference between the eyes was 611 + 119 pg/eye and was significantly 

different compared with the mean interocular differences in control birds (Expt. 1) that 

did not receive an AP protocol (P < 0.0001, unpaired t-test). 

B. What is the Ocular Pacemaker Coupling Mechanism? 

1.  Effect of Optic Nerve Section on Ocular Pacemaker Coupling 

 A series of experiments were conducted in an attempt to determine the 
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mechanism (neural/hormonal) that the two eyes use to communicate phase one to 

another.  For example, is the optic nerve a pathway by which the pacemaker in the two 

eyes communicate with each other?  Clearly, the optic nerve in involved in transmitting 

information from ocular pacemakers to other components of the circadian system since 

optic nerve section can disrupt freerunning rhythms of activity and body temperature in 

some birds compared to intact quail (Underwood, 1994).  About one-third of ONX quail 

are rendered arrhythmic in DD and the remaining ONX birds show an increased 

variability in their freerunning rhythms compared to normal birds (Underwood, 1994).   

In Experiment 6, ONX birds were subjected to an AP protocol for 7 days and then 

placed in DD.  Birds were then killed on day 5 of DD, and the ocular melatonin levels in 

both eyes were subsequently measured.   Ocular melatonin levels between the left and 

right eyes were significantly different on day 5 of DD (Table 4, paired t-test, P < 0.01).  

This suggests that the ocular pacemakers may communicate, at least in part, via the optic 

nerve because the eyes remain uncoupled for at least 5 days in DD.  Normally, in intact 

birds, the eyes have regained coupling within 5-6 days as measured by ocular melatonin 

(Expt. 2) and body temperature (Expt. 3) rhythms. 

In order to track recoupling of ocular pacemakers more conveniently, the body 

temperature rhythms of 14 ONX birds were used as a marker for ocular pacemaker phase 

in Experiment 7.  Figure 8 shows a representative actograph record of an ONX bird 

subjected to an APSP protocol, followed by exposure to DD, that remained rhythmic 

after ONX.   Figure 9 shows a representative record of an ONX bird that was initially 

rhythmic for the first 7-10 days, but then became arrhythmic in DD. 

One-half of the ONX birds (N = 7 out of 14) became arrhythmic within 5-10 days 
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of exposure to DD (Fig. 9, discussed below) and these birds were not used in the 

comparison of ocular pacemaker recoupling (Tables 5, 6).  For rhythmic ONX birds the 

mean extrapolated phase of freerun following APSP (CT 7.1 + 0.7) was not significantly 

different from control (sham ONX) birds (6.8 + 0.6, Table 5).  This suggests that the eyes 

were in fact driven 180 degrees apart since the retrojected steady-state phase of the 

recoupled pacemakers falls midway between the phases the two pacemakers exhibited 

when they were 12 hrs apart.  However, for rhythmic ONX birds the first day of Tau 

stabilization (i.e., the first day that the rise in body temperature coincided with the 

retrojected onset of the rise in body temperature) was significantly different between 

ONX (N = 6, 8.0 + 0.6) and control birds (N = 7, 5.4 + 0.3, Table 5).  Calculations could 

not be carried out on one ONX bird due to transmitter interference.  These data suggest 

that ocular pacemakers in ONX birds recouple within 8 days of exposure to DD.  

In addition to these data, the length of time (in hrs) that the body temperature 

exceeds the mean daily temperature (α) in rhythmic ONX birds shows a decline until 

days 7-8 in DD (Table 6).  This pattern is also consistent with the behavior of two 

pacemakers that are 12 hrs out of phase during their first day of DD and regain their 

normal phase relationship over the next 7-8 days. 

Of the 14 ONX birds that were subjected to the APSP protocol, half (N = 7) 

showed an initial rhythm that decayed into arrhythmicity (all were rhythmic for the first 

5-6 days of DD).  One example is shown in Figure 9.  Using the first 5 days of DD it was 

possible to determine an extrapolated phase of freerun.  When exposed to DD following 

the APSP protocol, arrhythmic ONX birds displayed freerunning rhythms with a mean 

extrapolated phase of CT 0.9 hrs + 0.6; that is, the birds did not express a freerunning 
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phase that was consistent with the behavior of two ocular pacemakers that were 12 hours 

out of phase.  While it was possible to determine the phase of freerun on day 1 of DD for 

these “arrhythmic birds”, by days 5-10 the rhythms of individual birds had decayed until 

it was impossible to gather reliable data for alpha or tau stabilization measurements.  

Therefore, the “arrhythmic” ONX birds were not used in any of the calculations for 

pacemaker recoupling.   

2.  Effect of Ciliary Ganglionectomy on Ocular Pacemaker Coupling 

Clearly, neural input from the central system to the ocular pacemakers can convey 

phase information to ocular pacemakers. The ciliary ganglia, for example, project 

parasympathetic neural inputs to the eye from the central nervous system.  Experiment 8 

investigated the effect of unilateral ciliary ganglionectomy on the coupling of ocular 

pacemakers.  Figure 10 shows a representative actograph record of a bird subjected to an 

APSP protocol followed by exposure to DD.  The retrojected phase of a line drawn 

through the daily onset in the rise in body temperature following APSP (CT 5.9 + 0.6) 

was not significantly different from intact birds (Table 7).  This suggests that the eyes 

were in fact driven 180 degrees apart since the retrojected steady-state phase of the 

recoupled pacemakers falls midway between the phases the two pacemakers exhibited 

when they were 12 hrs apart.  Furthermore, the first day of Tau stabilization (i.e., the first 

day that the rise in body temperature coincided with the retrojected onset of the rise in 

body temperature) did not differ significantly from intact birds (5.5 + 0.5, Table 7).  

These data suggest that the strength of recoupling of ocular pacemakers is not affected by 

ciliary ganglionectomy and that the CG does not convey circadian phase information to 

the eyes.   
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3.  Effect of Superior Cervical Ganglionectomy on Ocular Pacemaker 

Coupling 

Experiment 9 was designed to determine if sympathetic input to the eyes may 

provide phase information to the ocular pacemakers.  Figure 11 shows a representative 

actograph record of an SCGX bird subjected to an APSP protocol, followed by exposure 

to DD.  The extrapolated phase of freerun following APSP (CT 5.5 + 0.6) was not 

significantly different from intact birds (Table 7).  This suggests that the eyes were in fact 

driven 180 degrees apart since the retrojected steady-state phase of the recoupled 

pacemakers falls midway between the phases the two pacemakers exhibited when they 

were 12 hrs apart.  Furthermore, the first day of Tau stabilization (i.e., the first day that 

the rise in body temperature coincided with the retrojected onset of the rise in body 

temperature) did not differ significantly from intact birds (5.7 + 0.5, Table 7).  These data 

suggest that the strength of recoupling of ocular pacemakers is not affected by superior 

cervical ganglionectomy and that the SCG does not convey circadian phase information 

to the eyes. 

4.  Effect of Melatonin Implants on Ocular Pacemaker Coupling 

Since most quail subjected to ONX remain rhythmic in DD (Underwood, 1994), 

and since CGX and SCGX do not markedly alter ocular pacemaker coupling (present 

study) other mechanisms for ocular clock communication must be present.  Experiment 

10 was designed to interfere with melatonin levels in order to determine if melatonin 

serves to communicate circadian information between ocular pacemakers.  Figures 12 

and 13 show representative actograph records of melatonin-implanted birds subjected to 

an APSP protocol, followed by exposure to DD.  Almost one-half of the MT-implanted 
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birds (N = 7 out of 15) became arrhythmic in DD (described below).  For rhythmic 

melatonin-implant birds, the extrapolated phase of freerun following APSP (CT 5.9 + 

0.6) was not significantly different from control (blank-implant) birds (Table 8).  This 

suggests that the eyes were in fact driven 180 degrees apart since the retrojected steady-

state phase of the recoupled pacemakers falls midway between the phases the two 

pacemakers exhibited when they were 12 hrs apart.  However, the first day of Tau 

stabilization (i.e., the first day that the rise in body temperature coincided with the 

retrojected onset of the rise in body temperature) was significantly different between 

“rhythmic” melatonin-implant birds (N = 6, 7.2 + 0.5) and control birds (N = 7, 5.4 + 

0.3), (Table 8).  Calculations could not be carried out on two melatonin-implant birds due 

to transmitter interference. 

In addition to these data, the length of time (in hrs) that the body temperature 

exceeds the mean daily temperature (α) in rhythmic melatonin-implanted birds shows a 

decline until days 6-7 in DD (Table 9).  This pattern is also consistent with the behavior 

of two pacemakers that are 12 hrs out of phase during their first day of DD and regain 

their normal phase relationship over the next 6-7 days.  These data suggest that ocular 

pacemakers in melatonin-implant birds recouple within 7 days of exposure to DD.   

Of the 15 melatonin-implant birds that were subjected to the APSP protocol, 

nearly half (N = 7) showed an initial rhythm (for about the first 5-6 days of DD) that 

decayed into arrhythmicity.  One example is shown in Figure 13.  Using the first 5 days 

of DD it was possible to determine an extrapolated phase of freerun.  When exposed to 

DD following the APSP protocol, “arrhythmic” melatonin-implant birds displayed 

freerunning rhythms with a mean extrapolated phase of CT 0.7 hrs + 0.6; that is, the birds 
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did not express a freerunning phase that was consistent with the behavior of two ocular 

pacemakers that were 12 hours out of phase.  While it was possible to determine the 

phase of freerun on day 1 of DD for these “arrhythmic birds”, by days 5-10 the rhythms 

of individual birds had decayed until it was impossible to gather reliable data for alpha or 

tau stabilization measurements.  Therefore, the “arrhythmic” melatonin-implant birds 

were not used in any of the calculations for pacemaker recoupling.  These arrhythmic 

melatonin-implant birds were reminiscent of the seven ONX birds that became 

arrhythmic.   

C. The Quail Circadian System Following Removal of Putative Ocular 

Pacemakers 

1.  Blood Melatonin Rhythms in DD 

Blinding by complete eye removal renders all Japanese quail arrhythmic in DD 

(Underwood, 1994).  According to our model of the Japanese quail circadian system the 

eyes are pacemakers that, in part, communicate with the rest of the circadian system via 

the cyclic output of ocular melatonin.  If this is true, the pineal and the “central system” 

of blinded quail must not produce a rhythmic profile of melatonin in DD.  Otherwise it 

would be difficult to argue that ocular melatonin is important in organizing the quail 

circadian system.  In Experiment 11, the plasma melatonin levels of blinded and sham-

operated birds were measured after quail were held in DD for 87 days (Figure 14).  A 

significant difference was found when comparing melatonin levels across time (P < 

0.0011), and, furthermore, when analyzed between subject groups (treatments), there was 

a highly significant difference (P > F = 0.0001).  Normally, both the eyes and the pineal 

synthesize and secrete melatonin in the blood, so it is not surprising that blinded birds had 
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significantly lower mean melatonin levels, measured over 24 hr, than sham-blinded birds 

(P < 0.02, t-test).  Blinded animals exhibited no detectable melatonin rhythm in DD, 

showing that blinding by complete eye removal disrupted the pineal’s ability to 

synthesize and secrete melatonin rhythmically.  One blinded bird was eliminated from 

analysis, since its peak blood melatonin levels were more than three SD from the group 

mean. 

D. Retinal Melatonin Rhythms In Vitro 

1.  Tissue Culture of Retinal Explants in DD 

Our model of the Japanese quail circadian system proposes that a circadian clock 

localized to the eye is an autonomous oscillator that communicates via neural and 

hormonal (melatonin) output to the quail’s circadian system.  A number of previous 

experiments in vivo have shown that the eyes of quail possess independent circadian 

clocks that can be entrained with light pulses directed to the eyes (Underwood et al., 

1990).  However, ocular clocks must be isolated from the central system in order to 

definitively show that the quail’s eye contains an autonomous oscillator that is 

independent of other circadian clocks in vivo. 

Retinal tissue was cultured with medium-199 alone (N = 10) and failed to produce 

robust, rhythmic profiles of melatonin in constant darkness (Fig. 15).  In this experiment 

(Expt. 12), melatonin levels increased during the first subjective night in all retinal 

explants.  However, melatonin levels dropped to less than 10 pg/ml of perfusate over the 

course of the first subjective day (12 hrs after the beginning of cell culture) and stayed at 

low levels for the remainder of the culture experiment in all but two retinas.  In these two 
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retinas, nightly peaks were seen on day 2 of DD (33 pg/0.5 ml) and day 3 of DD 

(30pg/0.5ml). 

Because robust rhythmicity was not seen in retinas cultured in medium-199 only, 

the effects of supplementing the medium with melatonin precursors 5-hydroxytryptophan 

(5-HTP) or serotonin (5-HT) was examined.  In a pilot study (Exp. 12), two retinas were 

cultured in DD in media supplemented with 5-HTP and two retinas were cultured in 

media supplemented with 5-HT (Fig. 16).  Supplementation with 5-HTP produced 

approximately 10-fold higher mean levels of melatonin compared to retinas cultured in 

medium-199 only (Fig. 15), but melatonin production was not rhythmic.  However, the 

two retinas cultured with 5-HT showed robust rhythms of melatonin secretion (Fig. 16). 

In Experiment 13, additional retinas (N = 6) were cultured with serotonin and 

these retinas also exhibited robust circadian rhythms of melatonin production (Fig. 17).  

In this experiment the explanted retinas were exposed to one day of LD 12:12 before 

being held in DD for 4 additional days.  Peak melatonin levels during the subjective night 

in DD were approximately 5 times higher in retinas cultured with 5-HT than the 

subjective night levels seen in retinas cultured with medium-199 only and 3 times higher 

than the subjective night levels in retinas cultured with 5-HTP (Figs. 15, 16).  

Additionally, explants cultured with 5-HT exhibited robust circadian rhythms of 

melatonin production that persisted for the entire 5-day duration of tissue culture (Fig. 

17). 

2.  Tissue Culture of Retinal Explants on Light-Dark Cycles 

If retinal clocks are truly autonomous clocks, they should possess the capability of 

entrainment in vitro.  In Experiment 14, cultured retinal tissues, supplemented with 5-HT 
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in the medium, entrained to LD 12:12 and were able to re-entrain to a 6-hour phase shift 

of the LD cycle (Figure 18).  In this experiment, one group of explants (N = 6) received a 

6-hr phase advance during the first night of darkness while another set of retinas (N = 8) 

were exposed to the same LD 12:12 cycle to which the animals were exposed in vivo.  

Melatonin secretion by the retinas exposed to the phase-advanced LD cycle rapidly re-

entrained to the shifted LD cycle while the retinas exposed to the unshifted cycle 

maintained a stable phase-relationship to the LD cycle.  The phase of the melatonin 

rhythm of the cultured retinas - higher melatonin levels during the dark phase of the light-

dark cycle - is similar to that observed in retinas in vivo.   
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DISCUSSION 

 In Japanese quail, the eyes are circadian pacemakers since eye removal abolishes 

overt rhythms of activity and body temperature in constant conditions; furthermore, 

ocular pacemakers communicate with the remainder of the circadian system via neural 

and hormonal mechanisms (Underwood, 1994).  The current investigation was designed 

to further our understanding of the role of ocular pacemakers in the quail’s circadian 

system and studies presented in this thesis addressed the following questions: 1) Are 

ocular pacemakers coupled oscillators? 2) What is the mechanism(s) of coupling of the 

ocular pacemakers? 3) Is the quail pineal-SCN complex capable of driving a freerunning 

rhythm of blood melatonin in the absence of ocular pacemakers? 4) Can isolated retinal 

explants produce rhythms of melatonin production in vitro? 

A. Ocular Clocks are Tightly Coupled Circadian Pacemakers 

 The eyes of Japanese quail are the loci of biological clocks that drive a daily 

rhythm of melatonin synthesis and secretion (Underwood, 1994).  Furthermore, ocular 

clocks are circadian pacemakers; that is, they drive circadian rhythms outside of the eye 

itself because eye removal causes activity and body temperature rhythms to decay into 

arrhythmicity in DD (Underwood, 1994).  Given that quail can maintain robust circadian 

rhythms of body temperature in prolonged DD (Underwood, 1994), the two putative 

ocular pacemakers in an individual bird must maintain the same phase; otherwise, a 

consolidated circadian output could not be generated.  Consequently, Experiment 1 was 

designed to strengthen the hypothesis that the eyes are circadian pacemakers in quail by 

determining if the ocular melatonin rhythm in the two eyes of individual birds would 

indeed maintain phase in prolonged DD.  It was not possible to track the ocular melatonin 
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rhythm continuously; therefore the circadian phase of each bird was tracked by 

continuously monitoring the body temperature rhythm.  Quail held in DD for 43-57 days 

were killed during either the midsubjective day or the midsubjective night and ocular 

melatonin levels were measured.  Melatonin levels in the eyes of birds killed in the 

middle of their subjective night were significantly higher than melatonin levels in the 

middle of their subjective day, and there was a strong correlation of melatonin levels 

between the eyes of individual birds (Fig. 2).  These results showed that the eyes 

remained in phase in prolonged DD and are compatible with the hypothesis that the 

bilaterally distributed ocular clocks are indeed circadian pacemakers.   

 Subsequently, the strength of coupling between ocular pacemakers was examined.  

In this discussion, the use of the term “coupling” is meant to describe the mechanism 

whereby the two eyes maintain a mutual phase relationship and is not meant to imply 

necessarily that the two eyes are directly communicating one with another.  The coupling 

pathway, for example, may involve inputs from the central nervous system.  Two 

approaches were used to determine the strength of coupling: either ocular melatonin 

levels or the body temperature rhythm was measured in birds subjected to an AP 

protocol.  

  In Experiment 2, an Alternate Patch (AP) protocol was used to drive the ocular 

pacemakers of individual birds 12 hrs (180°) out of phase with each other, and the birds 

were then placed in DD to determine how rapidly the two eyes could regain the same 

phase relationship.  Birds were then killed on day 2 or 5 of DD at the projected midday or 

midnight of the right and left eyes, respectively, and the ocular melatonin levels were 

measured subsequently (Fig. 3, Table 1).  On day 2 of DD, the average ocular melatonin 
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level in the subjective day eyes of individual birds was significantly lower than the 

average melatonin level in the subjective night eyes, but, by day 5, there was no 

significant difference between the average melatonin levels in the two eyes.  Therefore, 

these data support the hypothesis that ocular pacemakers that are driven 180° apart can 

regain their normal phase relationship within 5 days.   

 The use of ocular melatonin rhythms to assess coupling strength had some 

significant disadvantages: large numbers of birds had to be used, there was variability in 

melatonin levels between birds, and it was not possible to track the motion of the ocular 

pacemakers in individual birds.  Consequently, a second approach was developed 

whereby each ocular pacemaker could be monitored continuously via body temperature.  

In Experiment 3, body temperature was monitored while the birds were subjected to the 

AP protocol for 7 days, placed in an LDLD 1:11:1:11 lighting regimen for 14 days, and 

then exposed to DD.  Each ocular pacemaker drove a separate peak in body temperature 

during the AP protocol that subsequently fused into a single body temperature rhythm in 

DD. 

 The LDLD lighting protocol was designed to maintain the 180° phase difference 

between the two ocular pacemakers that had been established by the AP protocol.  An 

LDLD 1:11:1:11 cycle would act as a “skeleton” of a 12-hr photoperiod, and it is well 

known that circadian clocks can entrain to skeleton photoperiods (SPs).  Furthermore, 

when confronted with SPs that are comprised of short (1 hr) light pulses 12 hrs apart 

(LDLD 1:11:1:11), an animal potentially could choose either of the 1 hr light pulses as 

dawn of the 12-hr SP; this has been termed the “bistability” phenomenon (Elliott and 

Goldman, 1981; Pittendrigh and Minis, 1964).  However, which SP is actually chosen is 
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determined by the circadian time of the first light pulse the animal experiences (Elliott 

and Goldman, 1981).  In Alternate Patch Skeleton Photoperiod (APSP) experiments, each 

eye is driven 180° out of phase by the AP protocol; consequently, when exposed to a 

skeleton photoperiod of LDLD 1:11:1:11, the circadian clock in each eye experiences the 

first pulse at a circadian phase that is 180° out of phase with the other eye.  Therefore, it 

would be predicted that the circadian pacemaker in one eye would choose the first light 

pulse as dawn and the pacemaker in the opposite eye would choose the second light pulse 

as dawn.  The use of the LDLD protocol before DD proved to be superior over going 

directly from the AP routine into DD because the twice daily disturbance caused by 

placing and removing the eye patches tended to disrupt the expression of the body 

temperature (data not shown).  These handling effects were assumed to represent effects 

on the expression of the body temperature rhythm but not on the circadian clocks driving 

the rhythm. 

 The expectation that the behavior of the ocular pacemakers could be assessed by 

observing the body temperature rhythm was confirmed.  During exposure to an LDLD 

1:11:1:11 cycle after an AP protocol, a rise in body temperature is associated with both 

light pulses; presumably, each body temperature peak is being driven by a separate ocular 

pacemaker (Fig. 4).  The bimodal appearance of the body temperature rhythm under an 

LDLD 1:11:1:11 cycle, however, is not compelling evidence that the APSP protocol 

entrained the ocular pacemakers because a positive masking effect of light on body 

temperature would produce a similar pattern: that is, the light may have merely directly 

elicited a rise in body temperature.  However, the behavior of the body temperature 

rhythm(s) after introduction to DD is entirely consistent with the hypothesis that the 
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APSP protocol entrained the two ocular pacemakers out of phase.  Often, a bimodal body 

temperature pattern is seen during the first 1-2 days of DD after the APSP protocol.  In 

addition, it is apparent that two components are interacting because there is a phase delay 

of the daily body temperature rise and a phase advance of the daily body temperature fall 

until a steady state is attained in ~5-6 days (Fig. 4 and Table 2).  Significantly, a 

retrojection of the phase of the daily rise in body temperature onsets of the steady-state 

freerun fell midway between the projected onsets of the two light pulses comprising the 

SP (Figs. 4, 7).  These results support the hypothesis that the two ocular pacemakers were 

held 12 hrs apart by the LDLD cycle and that the two pacemakers were equal in strength; 

each phase advanced or delayed by the same amount (~1.2 hr) each day until they 

regained their normal phase relationship.   

 During the first 1-6 days in DD, the two ocular pacemakers are presumably 

driving two subpopulations of SCN oscillators that, in turn, are driving two body 

temperature rhythms via their control over metabolism and thermal conductance.  When 

the two pacemakers are out of phase, the heat-generating/conserving mechanisms driven 

by one pacemaker are being opposed by the other.  Interestingly, mean daily body 

temperatures are significantly higher during the first 1-6 days of DD (Table 2), implying 

that the mechanisms promoting heat generation and/or heat conservation are more 

effective than those promoting a decrease in body temperature when the pacemakers are 

out of phase.  When the two ocular pacemakers recouple in their normal phase 

relationship, all of the SCN oscillators are also driven to the same mutual phase 

relationship; consequently, the SCN-driven body temperature rhythm becomes unimodal 

and more robust. 
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 Several other observations are also consistent with the conclusion that the AP 

protocol followed by an LDLD 1:11:1:11 cycle successfully entrained the two ocular 

pacemakers 180° out of phase.  1) If both eyes were patched on the same phase (in-phase 

patch, IP) as in Experiment 4, the pacemakers in both eyes chose the same SP as day, 

and, when placed in DD, the body temperature rhythm lacked the daily phase advances 

and delays characteristic of the AP birds (Fig. 6).  Furthermore, this rhythm began 

freerunning from the day phase of the SP (Fig. 7).  Somewhat surprisingly, however, the 

body temperature rhythm was markedly less robust during the first 3-4 days in DD.  It is 

possible that, during this period, the ocular pacemakers were “recruiting” SCN oscillators 

that were initially out of phase with the ocular pacemakers.  It is known that SCN 

oscillators can be directly “entrained” by light perceived by extraretinal photoreceptors 

(Underwood and Groos, 1982) and the SP may have directly forced some SCN oscillators 

out of phase with the ocular pacemakers.  2) Ocular melatonin levels were measured in 

the eyes of birds that were subjected to an APSP protocol (Expt. 5, Table 3), and the 

results showed that the melatonin levels in the left eyes were significantly different from 

the melatonin levels in the right eyes, that is, the patching protocol drove the two ocular 

pacemakers out of phase.  3)  In one bird, the coupling strength between the two ocular 

pacemakers was considerably weaker than that seen in most birds: the two ocular 

pacemakers took ~27 days to regain their normal phase relationship in contrast to the 5–6 

days seen in all other birds (Fig. 5).  The reason for this difference is unknown but this 

bird provided a "slow motion" picture of the behavior of the two ocular pacemakers.  In 

this case, it is abundantly clear that the two ocular pacemakers were indeed driven 12 hrs 

apart by the patching protocol. 
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 The results of the AP experiments using either the ocular melatonin rhythm or the 

body temperature rhythm to determine the behavior of the ocular pacemakers are entirely 

consistent: both experiments demonstrated that the ocular pacemakers can be driven 180° 

apart, and, when released in DD, the pacemakers regain their normal phase relationship 

within 5-6 days.  The rapidity with which phase is regained suggests that the two 

pacemakers are tightly coupled one to another. 

B. What is the Ocular Pacemaker Coupling Mechanism? 

Although the eyes of Japanese quail are tightly coupled pacemakers, the mechanism 

by which the eyes communicate phase information to one another is currently unknown.  

Previous studies have shown that the optic nerve may be important for maintaining 

freerunning rhythms in quail since ONX birds display rhythms of body temperature that 

are less robust compared to intact birds and a minority of birds become arrhythmic after 

ONX (Underwood, 1994).  Our current model of the circadian system of the Japanese 

quail postulates that the ocular pacemakers are communicating with the SCN via both 

neural and hormonal (melatonin) outputs.  Studies were undertaken to assess the role of 

possible neural and hormonal pathways that could be involved in coupling together the 

two ocular pacemakers. 

The first experiments examined the role of the optic nerves as a possible coupling 

pathway.  These experiments assessed the ability of the ocular pacemakers to regain their 

normal phase-relationship after being driven 180 apart after the optic nerves had been 

severed.  If the optic nerves are involved in coupling together the two ocular pacemakers, 

interrupting this coupling pathway might lengthen the time before they regain their 

normal phase-relationship or, perhaps, it might abolish the ability of the two ocular 
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pacemakers to re-couple.  As discussed previously, normal (unoperated) birds would 

regain coupling within 5-6 days following an AP protocol.   

Two approaches were used to determine the strength of coupling: either ocular 

melatonin levels or the body temperature rhythm was measured in ONX birds subjected 

to an AP protocol.  In Experiment 6, ocular melatonin levels were used as a measure of 

ocular pacemaker coupling.  ONX birds were subjected to an AP protocol and placed in 

DD to determine if the two eyes could regain the same phase relationship.  Birds killed 

on day 5 of DD showed significant differences between ocular melatonin levels in the left 

and right eyes (Table 4).  Therefore, ocular pacemakers that are driven 180° apart appear 

to take longer to regain their normal phase relationship compared to intact birds that 

regain phase within 5 days in DD (Experiment 2, Table 1).  These data support the 

hypothesis that the optic nerve is involved in ocular clock communication. 

As stated above, the use of ocular melatonin rhythms to assess pacemaker 

coupling had some significant disadvantages and it was not possible to track the motion 

of the ocular pacemakers in individual birds.  In order to track ocular pacemakers more 

systematically, Experiment 7 was designed to use the body temperature rhythm to 

monitor ocular clocks continuously and serve as an indicator of ocular clock coupling.  In 

this experiment, ONX birds were subjected to an APSP protocol and exposed to DD.  

One-half (7 out of 14) of the ONX birds that were subjected to the APSP protocol in 

Experiment 7 became arrhythmic when exposed to DD (discussed below).  In ONX birds 

that remained rhythmic, a retrojection of the phase of the daily rise in body temperature 

onsets of the steady-state freerun fell midway between the projected onsets of the two 

light pulses comprising the SP (Fig. 8, Table 5).  These results support the hypothesis that 



 72

the two ocular pacemakers were held 12 hrs apart by the SP and that the two pacemakers 

were equal in strength; each phase advanced or delayed by the same amount until they 

regained their normal phase relationship.  Furthermore, the average day of Tau 

stabilization (i.e., the first day that the rise in body temperature coincided with the 

retrojected onset of the rise in body temperature) was 8.0 days in ONX birds compared to 

5.4 days in sham-operated control birds (Table 5).  Therefore, ONX lengthened the time 

that it takes for ocular pacemakers to become recoupled following an APSP protocol.  In 

addition, measurements of the length of time the body temperature rose above the daily 

mean daily body temperatures of ONX birds showed a steady decrease for the first 1-7 

days of DD and then leveled off around day 8.  This also suggests that it may take up to 8 

days for the eyes of ONX birds to regain phase (Table 6). 

 As stated above one-half of the ONX quail in Experiment 7 became arrhythmic 

when exposed to DD.  These birds initially showed a rhythm that decayed into 

arrhythmicity within 5-10 days of DD (Fig. 9).  It is not surprising that some birds 

became arrhythmic during the ONX experiments given that previous studies have shown 

about 25% of quail subjected to ONX display arrhythmic profiles of body temperature in 

DD (Underwood, 1994).  It seems likely that these birds did not become arrhythmic due 

to the APSP protocol, rather they likely represent birds that are arrhythmic due to the 

optic nerve section procedure. 

 If the optic nerve is involved in coupling ocular pacemakers, how might phase 

information be communicated between the eyes?  In birds there are no direct neural 

connections between the eyes; however, the coupling pathway may involve inputs from 

the central nervous system.  Avian retinohypothalamic projections to the SCN are 
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exclusively contralateral (Cassone and Moore, 1987).  Coupling pathways may involve a 

neural output from the eyes to the SCN via the RHT.  The SCN could then transmit 

circadian information to the eyes through several possible pathways.  For example, neural 

efferents to the eye include autonomic inputs from the ciliary ganglia and from the 

superior cervical ganglia. Significantly, both of these ganglia receive inputs from the 

SCN.  The ciliary ganglia receive input from the SCN via the nucleus of Edinger-

Westphal (Cassone et al., 1990, Gamlin and Reiner, 1991; Gamlin et al., 1982).  The 

superior cervical ganglia receive direct input from the SCN in birds (Cassone et al., 

1990).  Therefore, possible neural coupling pathways between the eyes could involve 

ocular pacemaker input to the SCN which, in turn, project direct (via superior cervical 

ganglia) or indirect (via the nucleus of Edinger-Westphal) neural inputs to the eye. 

 The ciliary ganglion (CG) innervates the eye and controls accommodation and 

vascular blood flow.  Experiment 8 was designed to determine if the ciliary ganglia are 

involved in ocular pacemaker coupling.  Unilateral CGX birds were subjected to an 

APSP protocol and exposed to DD.  Body temperature rhythms were used to monitor 

ocular clocks continuously and serve as indicators of ocular clock coupling.  A 

retrojection of the phase of the daily rise in body temperature onsets of the steady-state 

freerun fell midway between the projected onsets of the two light pulses comprising the 

SP (Fig. 10, Table 7).  These results support the hypothesis that the two ocular 

pacemakers were held 12 hrs apart by the SP and that the two pacemakers were equal in 

strength; each phase advanced or delayed by the same amount until they regained their 

normal phase relationship.  Importantly, the average day of Tau stabilization was not 

statistically different from intact birds (Table 7).  Therefore, these data do not support the 
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hypothesis that the CG is a pathway involved in ocular clock communication. 

 The superior cervical ganglion (SCG) controls pupillary constriction and 

innervates the muscles that are responsible for this autonomic response.  Experiment 9 

was designed to test the hypothesis that the superior cervical ganglia are involved in 

ocular pacemaker coupling.  Unilateral SCGX birds were subjected to an APSP protocol 

and exposed to DD.  Body temperature rhythms were used to monitor ocular clocks 

continuously and serve as indicators of ocular clock coupling.  A retrojection of the phase 

of the daily rise in body temperature onsets of the steady-state freerun fell midway 

between the projected onsets of the two light pulses comprising the SP (Fig. 11, Table 7).  

These results support the hypothesis that the two ocular pacemakers were held 12 hrs 

apart by the SP and that the two pacemakers were equal in strength; each phase advanced 

or delayed by the same amount until they regained their normal phase relationship.  The 

average day of Tau stabilization was not statistically different from intact birds 

suggesting that input from the SCG is not involved in ocular clock communication (Table 

7). 

The optic nerve, therefore, appears to be the only neural link in this study that was 

identified as providing phase information between the ocular pacemakers because ONX 

birds took longer to regain coupling than normal birds.  By contrast, birds subjected to 

unilateral SCGX or CGX and the APSP protocol (Expts. 8 and 9, respectively) did not 

differ significantly from intact birds.  It is possible, however, that the eyes receive 

circadian information from multiple neural pathways and the system is a “redundant 

system”.  If one of the pathways is removed, enough information still is transmitted to the 

eyes to allow pacemakers to remain coupled.  Multiple surgeries may be needed to 
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determine definitively if the SCG or the CG transmit circadian information between 

ocular pacemakers. 

 The optic nerve itself also contains a neural efferent to the eye originating in the 

isthmo-optic nucleus (ION).  Functionally, the ION is a midbrain nucleus that is part of 

the centrifugal visual system found in birds although its precise role has yet to be 

elucidated (Uchiyama et al., 2004).  The ION is well-developed in ground feeding birds 

such as Galliformes (e.g., chicks and quail) and Columbiformes (e.g., pigeons) yet 

comparably underdeveloped in predatory birds such as Strigiformes (e.g., owls) and 

Falconiformes (e.g., falcons and hawks).  Likewise, it has been suggested that this system 

relates to feeding behaviors at short distances and rapid head-eye movements (Uchiyama, 

1989).  At any rate, the ION sends contralateral projections via the isthmo-optic tract 

(IOT) that innervate the eyes and are believed to terminate on AII amacrine cells 

(Uchiyama et al., 2004).  The ION receives input from the optic tectum (Uchiyama and 

Watanabe, 1985).  However, to our knowledge, the ION does not appear to receive input 

from the SCN. 

 It is also possible that the eyes are communicating via hormonal mechanisms.  It 

has been established that melatonin is probably the hormonal message that the pacemaker 

in the eyes uses to communicate with central components (presumably the SCN) of the 

circadian system because:  (1) optic nerve section does not interfere with the eyes’ ability 

to synthesize or secrete melatonin rhythmically (Underwood et al., 1990), (2) in quail, up 

to one-half of the melatonin in the bloodstream may originate from the eyes (Steele et al., 

2003; Underwood et al., 1984), (3) daily exogenous melatonin has been shown to entrain 

overt rhythms of body temperature and activity in quail (Underwood and Edmunds, 
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1995), and (4) melatonin receptors are present within the retina (Reppert et al., 1995).  

Melatonin may also be involved in coupling the ocular pacemakers to each other.  

According to this hypothesis the pacemakers are not only controlling the daily synthesis 

and release of melatonin but they are also sensitive to the phase-shifting effects of 

melatonin; that is, the eyes are coupled together in an endocrine feedback loop. 

 Experiment 10 was designed to determine if melatonin is involved in ocular 

pacemaker coupling.  Continuous pharmacological doses of melatonin were administered 

via subcutaneous silastic capsules.  If the daily physiological rhythm of melatonin is 

required to maintain phase in each eye, blocking this rhythm with continuous 

pharmacological levels of melatonin would be expected to affect the ability of the two 

eyes to regain coupling after an AP protocol.  In Experiment 10 birds received either 

melatonin-implants or blank-implants and the body temperature rhythm was monitored as 

the birds were subjected to an APSP protocol followed by exposure to DD.  

Approximately one-half (7 out of 15) of the melatonin-implant birds that were subjected 

to the APSP protocol became arrhythmic when exposed to DD (discussed below).  In 

melatonin-implant birds that remained rhythmic, a retrojection of the phase of the daily 

rise in body temperature onsets of the steady-state freerun fell midway between the 

projected onsets of the two light pulses comprising the SP (Fig. 12, Table 8).  These 

results support the hypothesis that the two ocular pacemakers were held 12 hrs apart by 

the SP and that the two pacemakers were equal in strength; each pacemaker advanced or 

delayed by the same amount until they regained their normal phase relationship. 

Significantly, the average day of Tau stabilization (i.e., the first day that the rise in body 

temperature coincided with the retrojected onset of the rise in body temperature) was 7.2 
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days in melatonin-implant birds compared to 5.4 days in blank-implant control birds 

(Table 8).  Therefore, melatonin-implants lengthened the time that it takes for ocular 

pacemakers to become recoupled following an APSP protocol.  In addition, 

measurements of the length of time the body temperature rose above the daily mean daily 

body temperatures of melatonin-implanted birds showed a steady decrease for the first 1-

6 days of DD and then leveled off around day 7.  These data also suggests that it may 

take at least 7 days for the eyes of melatonin-implant birds to regain phase (Table 9). 

As stated above, approximately one-half of the melatonin-implant birds in 

Experiment 10 became arrhythmic when exposed to DD.  These birds initially showed a 

rhythm that decayed into arrhythmicity within 5-10 days of DD (Fig. 13).  It is not 

surprising that some birds become arrhythmic during the melatonin-implant experiments 

given that melatonin implants can cause arrhythmicity in quail (Underwood and 

Edmonds, 1995).  It seems likely that these birds did not become arrhythmic due to the 

APSP protocol, rather they likely represent birds that are arrhythmic due to the melatonin 

implants.   

 The quail retina synthesizes and releases melatonin into the blood (Steele et al., 

2003; Underwood et al., 1984).  Furthermore, a number of cell types within the retina 

have melatonin receptors including rod/cone photoreceptors, ganglion cells and amacrine 

cells (Iuvone et al., 2005).  Consequently, one could envision a mechanism whereby the 

retina not only releases melatonin but is also sensitive to the phase-shifting effects of 

melatonin.  If the eyes are driven out of phase, daily melatonin release by the eyes (or 

pineal) may cause mutual phase advances or delays of the two ocular pacemakers until 

they regain their normal phase relationship.   
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It is interesting that melatonin-implant birds take longer for ocular pacemakers to 

recouple compared to control birds. This response to melatonin is similar to the effects of 

ONX: in both cases the experimental birds took longer than normal to regain coupling.  

These data suggest that both neural (optic nerve) and hormonal (melatonin) coupling 

mechanisms are important in pacemaker coupling in Japanese quail.  It is unknown if the 

eyes could communicate phase information if deprived of both optic nerve and melatonin 

routes of coupling.  Interestingly, many of the sites in the central nervous system that 

could be involved in ocular pacemaker coupling (nucleus of Edinger-Westphal, optic 

tectum, the SCN area) have melatonin receptors (Cozzi et al., 1993).  Therefore, in vivo 

experiments that seek to elucidate the coupling mechanisms between the neural and 

hormonal mechanism would be complicated.  In vitro preparations of quail retinal tissue 

could contribute greatly to these areas. 

C. The Quail Circadian System Following Removal of Putative Ocular  

Pacemakers 

Our current model of the circadian system of the Japanese quail postulates that the 

ocular pacemakers are communicating with the SCN via both neural and hormonal 

outputs because about three-quarters of quail subjected to optic nerve section remain 

rhythmic, although rhythmicity is less robust than normal birds, but all birds subjected to 

complete eye removal are arrhythmic in DD (Underwood, 1994).  Because optic nerve 

section does not prevent the eyes from synthesizing and secreting melatonin in the blood 

and because quail can be entrained by daily melatonin administration, the daily release of 

melatonin by the eyes may be the hormonal link between the eyes and the SCN 

(Underwood et al., 2001).  Normally, quail exhibit robust rhythms of melatonin synthesis 
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and secretion by both the eyes and the pineal with higher melatonin levels at night: on an 

LD 12:12 cycle, about two-thirds of the blood-borne melatonin is secreted by the pineal 

and one-third by the eyes (Underwood et al., 1984).  Melatonin is highly lipid soluble and 

is secreted as soon as it is synthesized, although some ocular melatonin may be 

metabolized within the eye and not secreted in the blood (Underwood et al., 1984).  If our 

model is correct and a daily melatonin input is capable of keeping the oscillators in the 

SCN from damping out, or drifting out of phase, both ocular and pineal melatonin must 

be normally involved in maintaining circadian organization.  The pineal of Japanese quail 

may not be the location of an autonomous clock, as it is in some other avian species, 

because melatonin rhythmicity does not persist in constant conditions in vitro, although 

rhythmicity can be driven directly by a 24 hr LD cycle (Murakami et al., 1994).  

However, pineal melatonin rhythmicity persists in constant conditions in vivo because 

pineal metabolism is driven by daily neural inputs from the SCN (Cassone and Menaker, 

1984).  Therefore, daily melatonin secretion from the pineal alone should be capable of 

maintaining rhythmicity of the SCN in DD.  Why, then, are eyeless quail arrhythmic in 

DD, since they still have their pineal organs?  It was hypothesized that, in fact, the pineal 

organs of eyeless quail do not synthesize and secrete melatonin rhythmically in DD.  In 

the absence of the ocular pacemakers, the SCN is unable to maintain rhythmicity; 

consequently, the daily neural output from the SCN to the pineal is disrupted, which, in 

turn, disrupts the pineal’s ability to synthesize and secrete melatonin rhythmically.  In 

Experiment 11 this hypothesis was tested by measuring daily blood melatonin levels in 

sham-operated quail and eyeless quail that had been held in DD for 87 days (Fig. 14).  

The results confirmed our hypothesis: sham-operated birds were still capable of showing 
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a daily rhythm of melatonin in the blood, but birds in which the eyes were removed were 

incapable of exhibiting rhythmicity.  The pineal organs of eyeless birds secreted 

significant amounts of melatonin in the blood, but this secretion did not exhibit circadian 

rhythmicity.   

These results also strengthen the hypothesis that the ocular clocks are the 

dominant pacemakers in the quail’s circadian system: in the absence of the ocular 

pacemakers, neither pineal rhythmicity nor body temperature rhythmicity can persist in 

DD.  In all likelihood, all overt circadian rhythmicity in DD is dependent on ocular 

pacemaker input to the central circadian system.   

Calculations of the average melatonin levels in sham-operated and eyeless birds 

showed that the eyeless birds secreted about one-half of the amount of melatonin secreted 

by sham-operated (both eyes and pineal intact) birds, indicating that, in normal birds in 

DD, the eyes contribute one-half of the blood-borne melatonin and the pineal contributes 

the remaining one-half.  When exposed to an LD 12:12 cycle, the relative contributions 

of the pineal and the eyes to blood-borne melatonin are two-thirds and one-third, 

respectively (Underwood et al., 1984).   

D. Retinal Melatonin Rhythms In Vitro 

A growing body of evidence supports the idea that circadian clocks in the 

vertebrate eye can influence extra-ocular circadian rhythms (Lee et al., 2003; Steele et al., 

2003; Yamazaki et al., 2002).  Perhaps the most salient example of this is seen in 

Japanese quail where ocular clocks act as pacemakers in the circadian system 

(Underwood et al., 2001).  Moreover, the eyes play an endocrine role in the quail 

circadian system since one-third to one-half of the blood melatonin is of ocular origin and 
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rhythmic blood-borne melatonin can affect circadian body temperature and activity 

rhythms (Steele et al., 2003; Underwood et al., 1984). 

All previous investigations into the role of the quail's eye in the circadian 

"system" involved manipulating the ocular pacemaker in vivo; for example, by eye 

removal, optic nerve section, or localized ocular illumination (Steele et al., 2003; 

Underwood, 1994; Underwood et al., 1984, 1990).  The current investigation examined 

the ability of isolated retinal tissue to exhibit a rhythm of melatonin synthesis and release.  

Experiments 12 and 13 demonstrated that sustained, robust rhythms of melatonin 

production were measured in DD from tissue-cultured retinas only when 5-HT was 

present in the media (Figs. 16, 17).  The persistence of rhythmicity in DD shows that an 

endogenous circadian clock drives melatonin synthesis and release from the quail retina.  

Furthermore, Experiment 14 demonstrated that this rhythm is directly entrainable by LD 

cycles proving that the photoreceptive input to the intraocular circadian clock is within 

the retina itself (Fig. 18). 

Other studies have shown that the photosensory cells within the retina are sites of 

melatonin synthesis and, in addition, it is well known that rod/cone photoreceptors 

possess circadian clocks (Cassone and Bailey, 2005; Green and Besharse, 2004).  In 

another nonmammalian vertebrate pacemaker - the pineal organ - the circadian 

pacemaker also drives a rhythm of melatonin secretion and this pacemaker is localized to 

photosensory cells (Nakahara et al., 1997).  Given these findings, it is likely that the 

rod/cone photoreceptors in quail are the sites of the circadian pacemakers.  However, 

recent evidence demonstrates that other cell types in the retina are capable of rhythmic 

melatonin synthesis.  For example, chick retinal ganglion cells have been shown to 
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produce melatonin rhythmically; however, the contribution of ganglion cells to overall 

ocular melatonin levels is likely to be small (Garbarino-Pico et al., 2004; Green and 

Besharse, 2004; Iuvone et al., 2005).  In addition to the demonstration that retinal 

ganglion cells may possess a circadian clock in chicks, other studies have also shown that 

more than one circadian clock may reside within the vertebrate retina (Green and 

Besharse, 2004; Iuvone et al., 2005).  Further studies are needed to establish definitively 

the cellular locus of the circadian pacemaker in quail.  

Within the retina tryptophan is converted to 5-HTP by the enzyme tryptophan 

hydroxylase (TPH) and 5-HTP is converted to 5-HT by the enzyme aromatic L-amino 

acid decarboxylase (AAAD).  Serotonin is then converted to N-acetylserotonin by the 

enzyme arylalkylamine N-acetyltransferase (AANAT).  Finally, melatonin is synthesized 

from 5-HT by the enzyme hydroxyindole-O-methyltransferase (HIOMT).  In birds, the 

daily rhythm of melatonin is thought to reflect daily rhythms in the activities of TPH and 

AANAT (Iuvone et al., 2005).  In the present study (Experiment 12) retinal explants 

cultured in medium-199 without additional 5-HT supplementation failed to produce 

unambiguous rhythms in DD and melatonin production was minimal (Figure 15).  

Compared to medium-199 only, supplementation of the medium with 5-HTP increased 

the amount of melatonin ten-fold during the first subjective night; subsequently, 

melatonin levels declined and remained low for the duration of the experiment (Fig. 16).  

This suggests that AAAD activity was not rate limiting during the first subjective night, 

but its activity then decreased and became rate limiting.  This conclusion is tentative, 

however, as it depends on the results from only 2 retinas.  By contrast, sustained, robust 
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rhythms of melatonin production were observed when 5-HT was added to the medium 

(Figs. 16, 17), suggesting that 5-HT was a limiting substrate for AANAT activity. 

There may be species-specific differences in the requirement for additional 

substrate supplementation.  In cultured Xenopus eye-cup preparations, 5-HTP 

supplementation increased the robustness and persistence of melatonin secretion rhythms 

in DD (Cahill and Besharse, 1990) whereas in mammals 5-HT, but not 5-HTP, increased 

the robustness and persistence of melatonin secretion by cultured retinas (Tosini and 

Menaker, 1999). 

Pierce (1999) used embryonic retinal cell cultures to demonstrate that quail 

retinas could produce melatonin diurnally when exposed to a light-dark cycle; however, 

this production ceased when cells were exposed to constant darkness.  Interestingly, these 

cells showed circadian cycles in iodopsin mRNA levels leading to the interpretation that 

the clock(s) in the retinal cells were perhaps not “hooked up” to the melatonin producing 

machinery at that stage of development.  In view of our current findings in quail, it is 

possible that supplementation of the embryonic retinal cell culture with serotonin would 

have elicited rhythmic melatonin production in DD.  Additional studies using cultured 

chick retinal cells have shown that the chick retina contains a circadian clock that can 

drive rhythms of AANAT activity and melatonin synthesis (Iuvone et al., 1997; Ivanova 

and Iuvone, 2003). 

The chick is a useful model for the study of retinal clocks and ocular secretion of 

melatonin.  However, the chick eye does not contribute melatonin to the bloodstream 

since pinealectomy abolishes the plasma melatonin rhythm (Cogburn et al., 1987) and it 

is unknown if the eye of the chicken plays a significant role in the animal's total circadian 
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system.  The quail retina, on the other hand, has been shown to act as a circadian 

pacemaker that synthesizes and secretes melatonin into the blood which then acts to 

synchronize other components of the circadian system.  The demonstration that explanted 

quail retinal tissue can also synthesize and secrete melatonin rhythmically adds a new 

dimension to the study of the ocular pacemaker. 

CONCLUSION 

  Evidence that the eyes are the loci of tightly coupled circadian pacemakers in 

Japanese quail includes the observations that 1) the ocular pacemakers remain coupled in 

prolonged DD; 2) the ocular clocks can be entrained 180° out of phase, and each clock 

can be shown to drive a discrete component of the body temperature rhythm; 3) out-of-

phase clocks will rapidly regain their normal phase relationship within 5-6 days when 

exposed to constant conditions; 4) both neural (optic nerve) and hormonal (melatonin) 

coupling mechanisms contribute to pacemaker coupling; 5) the SCG and CG do not 

appear to transmit circadian information between ocular pacemakers; 6) in the absence of 

the ocular pacemakers, the pineal-SCN complex cannot drive persistent rhythmicity of 

blood melatonin profiles in DD; and 7) explanted quail retinal tissue possesses a light-

entrainable circadian clock that can synthesize and secrete melatonin rhythmically.  The 

Japanese quail is proving to be an excellent model for the study of vertebrate circadian 

organization. 
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Table 1. Melatonin levels in the eyes of intact birds following exposure 
to an AP protocol.   
Birds were subjected to an alternate-patch (AP) protocol, released into DD 
and sacrificed on days 2 and 5.  Data are expressed as mean melatonin levels 
+ SE.  Significance levels between the left and right eyes of birds were 
determined using a paired t-test (NS = not statistically significant). 

 

MELATONIN LEVELS (PG/EYE) 

Group  Left eye Right eye Statistical 
Significance 

Intact  
Day 2 

(N = 18) 

 
2342 + 109 

 
843 + 73 

 
P < 0.0001 

Intact  
Day 5 

(N = 14) 

 
403 + 27 

 
412 + 41 

 
NS 
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Table 2.  Recoupling of ocular pacemakers in intact birds following an 
APSP protocol. 
Values of α and daily mean body temperature measured from intact birds (N 
= 9) on days 1-10 of constant darkness following an APSP protocol (+ SE).  
Statistical differences were measured using paired t-tests, and significance 
was determined at the 0.05 level.  The α and mean body temperatures with 
similar superscripts are not significantly different.  Used with permission 
from The American Physiological Society: Steele et al., 2003, Am J Physiol 
Regul Integr Comp Physiol. 
 
 

DAY α, HRS MEAN BODY 
TEMPERATURE, °C 

1 17.9 + 0.9a 41.40 + 0.11a 

2 15.7 + 0.5b 41.41 + 0.12a 

3 13.4 + 0.9c 41.36 + 0.13b 

4 12.2 + 0.9c 41.29 + 0.15c 

5 10.5 + 0.9d 41.27 + 0.16c,d 

6 9.6 + 0.7d,e 41.22 + 0.17c,e 

7 9.4 + 0.5d,e 41.15 + 0.18f 

8 9.1 + 0.5e 41.18 + 0.17d,e,f 

9 9.1 + 0.7e 41.16 + 0.16e,f 

10 9.2 + 0.7e 41.16 + 0.14e,f 
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Table 3. Melatonin levels in the eyes of intact birds following an APSP 
protocol.   
Intact birds were exposed to an alternate-patch protocol (AP) followed by a 
skeleton photoperiod (SP).  Quail were released into DD killed on day 2.  Data 
are expressed as mean melatonin levels + SE.  Significance levels between the 
left and right eyes were determined using a paired t-test. 

 

MELATONIN LEVELS (PG/EYE) 

Group  Left eye Right eye Statistical 
Significance 

Intact  
Day 2 

(N = 8) 

 
1,363 + 176 

 
1,974 + 215 

 
P < 0.001 
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Table 4. Melatonin levels in the eyes of ONX birds following an AP 
protocol.   
Optic-nerve section birds were subjected to the alternate-patch (AP) 
protocol, released into DD and sacrificed on day 5.  Data are expressed as 
mean melatonin levels + SE.  Significance levels between the left and right 
eyes were determined using a paired t-test. 

 

MELATONIN LEVELS (PG/EYE) 

Group  Left eye Right eye Statistical 
Significance 

ONX 
Day 5 

(N = 17) 

 
699 + 50 

 
497 + 55 

 
P < 0.01 
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Table 5. Comparison between ONX birds and Control (sham-ONX) birds 
following exposure to an APSP protocol.   
ONX birds and Control (sham-ONX) birds were exposed to an alternate-patch 
protocol (AP) followed by a skeleton photoperiod (SP). Phase of freerun refers 
to the retrojected steady-state phase of the recoupled pacemakers where 
circadian time (CT) 0 refers to 12 hrs after the onset of the last light pulse.  
Stabilization of the freerunning period (τs) refers to the earliest day during 
which a retrojected line coincided with the onset of the rise of body temperature 
above the mean daily body temperature.  Statistical significance between groups 
was determined using a student t-test. 

 
 

 ONX Control 
(sham-ONX) 

Statistical 
Significance 

Phase of 
Freerun 

(CT, hrs + SE) 

 
7.1 + 0.7 

N = 7 

 
6.8 + 0.6 

N = 7 

 
NS 

τs 
(days + SE) 

 
8.0 + 0.6 

N = 6 

 
5.4 + 0.3 

N = 7 

 
P < 0.02 
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Table 6. Recoupling of ocular pacemakers in ONX birds following an 
APSP protocol. 
Values of α measured from rhythmic ONX birds (N = 6) on days 1-10 of 
constant darkness following an APSP protocol (+ SE).  Statistical 
differences were measured using paired t-tests, and significance was 
determined at the 0.05 level.  The α measurements with similar 
superscripts are not significantly different.   

 

DAY α, HRS 
1 21.3 + 0.4 a 

2 20.9 + 0.5 a,b 

3 19.0 + 0.6 c 

4 18.8 + 0.8 d 

5 18.2 + 0.7 c,d,e 

6 17.6 + 0.7 e,f 

7 15.8 + 0.8 g 

8 14.9 + 1.5 f,g,h 

9 14.7 + 1.2 h 

10 13.9 + 1.0 h 
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Table 7. Comparison between CGX and SCGX birds with intact birds 
following exposure to an APSP protocol.   
CGX and SCGX birds were exposed to an alternate-patch protocol (AP) 
followed by a skeleton photoperiod (SP). Phase of freerun refers to the 
retrojected steady-state phase of the recoupled pacemakers where circadian time 
(CT) 0 refers to 12 hrs after the onset of the last light pulse.  Stabilization of the 
freerunning period (τs) refers to the earliest day during which a retrojected line 
coincided with the onset of the rise of body temperature above the mean daily 
body temperature.  No statistical significance was seen across groups for phase 
of freerun comparisons ( F > 0.41) or tau stabilization comparisons ( F > 0.62) 
using ANOVA. 

 
 

 CGX SCGX Intact Statistical 
Significance 

Phase of 
Freerun 

(CT, hrs + SE) 

 
5.9 + 0.6 

N = 6 

 
5.5 + 0.6 

N = 6 

 
6.5 + 0.4 
N = 11 

 
NS 

τs 
(days + SE) 

 
5.5 + 0.5 

N = 6 

 
5.7 + 0.5 

N = 6 

 
6.1 + 0.4 

N = 9 

 
NS 
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Table 8. Comparison between melatonin-implant birds and Control 
(blank-implant) birds following exposure to an APSP protocol.   
Melatonin-implant birds and Control (blank-implant) birds were exposed to an 
alternate-patch protocol (AP) followed by a skeleton photoperiod (SP). Phase of 
freerun refers to the retrojected steady-state phase of the recoupled pacemakers 
where circadian time (CT) 0 refers to 12 hrs after the onset of the last light 
pulse.  Stabilization of the freerunning period (τs) refers to the earliest day 
during which a retrojected line coincided with the onset of the rise of body 
temperature above the mean daily body temperature.  Statistical significance 
was determined using a student t-test. 

 
 

 Melatonin-
Implant 

Control  
(blank-implant) 

Statistical 
Significance 

Phase of 
Freerun 

(CT, hrs + SE) 

 
5.9 + 0.7 

N = 8 

 
5.7 + 0.4 

N = 7 

 
NS 

τs 
(days + SE) 

 
7.2 + 0.5 

N = 6 

 
5.4 + 0.3 

N = 7 

 
P < 0.01 
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Table 9. Recoupling of ocular pacemakers in melatonin-implant birds 
following an APSP protocol. 
Values of α measured from rhythmic melatonin-implant birds (N = 6) on days 1-10 
of constant darkness following an APSP protocol (+ SE).  Statistical differences 
were measured using paired t-tests, and significance was determined at the 0.05 
level.  The α measurements with similar superscripts are not significantly different.   

 

DAY α, HRS 
1 20.5 + 1.1 a 

2 19.4 + 0.9 a,b 

3 18.3 + 1.1 a,b,c 

4 18.3 + 1.0 a,b,c 

5 16.9 + 1.2 d 

6 15.8 + 1.4 e 

7 15.5 + 1.3 e,f 

8 14.6 + 1.0 e 

9 14.9 + 1.0 e,f 

10 14.7 + 0.9 e,f 
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Figure 1. Schematic of the avian circadian system.   
Circadian oscillators (OSC) can reside in the pineal gland, the eyes and in the “central 
system,” presumably in the suprachiasmatic area.  The pineal gland receives neural input 
from the superior cervical ganglion and is linked to the rest of the system via output of 
melatonin.  The eyes may be linked by melatonin or neurally, via the retinohypothalamic 
tract (RHT).  Light can entrain oscillators in the pineal and eyes directly, it can entrain 
the central system via extraretinal receptors (ERRs) in the brain, and it can entrain the 
central system via photoreceptors in the pineal and eyes.  Rhythmicity in some elements 
of the system (i.e., SCN, pineal) may damp in the absence of inputs from the rest of the 
system.  This behavior may be due to a damping of the oscillators comprising the 
pacemakers or to an uncoupling of the multiple oscillators comprising the pacemakers.  
Used with permission from Wiley and Sons Publishing: Underwood et al., 2001, Microsc 
Res Tech.  
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Figure 2. Ocular melatonin levels in quail exposed to constant darkness. 
Ocular melatonin levels in the left and right eyes of birds killed during the midsubjective 
day (open circles, N = 11) or midsubjective night (closed circles, N = 14) after 43–57 
days in constant darkness (DD).  Used with permission from The American Physiological 
Society: Steele et al., 2003, Am J Physiol-Regul Integr Comp Physiol. 
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Figure 3. Ocular melatonin levels in quail subjected to an AP protocol.   
Average difference (+SE) in melatonin levels in the left vs. right eyes of birds subjected 
to the alternate-patch (AP) protocol.  Birds were killed during the projected midnight of 
the left eye on day 2 of DD or the projected midnight of the left eye on day 5 of DD.  
Also shown is the average difference between the melatonin content of the left and right 
eyes of the birds from Expt. 1 that had not been previously given an AP protocol and 
killed during their midsubjective day or night after 43–57 days in DD.   
* Significant difference between groups (ANOVA, P > F = 0.001). Means comparison 
via student t-test, P = 0.001 revealed AP Day 2 group significant from other groups.  
Used with permission from The American Physiological Society: Steele et al., 2003, Am 
J Physiol-Regul Integr Comp Physiol. 
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Figure 4. Body temperature record of an intact bird subjected to an APSP protocol. 
Double-plotted actograph (A) and strip-chart (B) records of a quail subjected to the 
alternate-patch protocol (AP), a skeleton photoperiod (SP; LDLD 1:11:1:11 cycle), and 
then DD.  In the actograph format (A), each horizontal line represents 48 hours of data 
and the first day of data is plotted in the upper-left corner of the actograph. Subsequent 
days are plotted to the right and below previous days in order to facilitate visual 
inspection.  A pen deflection is shown for each 10-min interval in which the body 
temperature was above the mean daily body temperature.  The left and right boxes 
indicate where the right and left eyes were patched, respectively.  The diagonal line was 
eye fitted through the steady-state daily rise in body temperature and retrojected to the 
first day of DD. B: 15-day strip-chart recording of body temperature in the same bird 
beginning 3 days before entry in DD.  The open bars on the x-axis represent the 1-hr light 
pulses, and the dark bars represent darkness.  Used with permission from The American 
Physiological Society: Steele et al., 2003, Am J Physiol-Regul Integr Comp Physiol. 
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Figure 5. Body temperature record of an intact bird subjected to an APSP protocol 
that showed prolonged splitting. 
Double-plotted actograph record of a quail subjected to the APSP protocol that took 
significantly longer (~27 days) to regain coupling.  The other birds took an average of 5–
6 days to regain coupling.  Used with permission from The American Physiological 
Society: Steele et al., 2003, Am J Physiol-Regul Integr Comp Physiol. 
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Figure 6. Body temperature record of an intact bird subjected to an IPSP protocol. 
Double-plotted actograph (A) and strip-chart (B) records of a quail subjected to an in-
phase (IP) patching protocol, SP (LDLD 1:11:1:11), and then DD.  The box on the 
actograph record encompasses the “night” phase of the IP protocol, indicating the times 
during which eye patches were placed over both eyes.  The diagonal line was eye fitted 
through the steady-state daily rise in body temperature and retrojected to the last day of 
the SP. B: 15-day strip-chart recording of body temperature in the same bird beginning 3 
days before entry in DD.  The open bars on the x-axis represent the 1-hr light pulses, and 
the dark bars represent darkness.  Used with permission from The American 
Physiological Society: Steele et al., 2003, Am J Physiol-Regul Integr Comp Physiol. 
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Figure 7. Comparison of freerunning phases in quail subjected to APSP or IPSP 
protocols. 
Retrojected phases of the steady-state freerunning body temperature rhythms of birds 
subjected to the APSP protocol (A, N = 11) or the IPSP patching protocol (B, N = 8) 
plotted on circles representing 24 hrs.  For birds subjected to the AP protocol, the lines 
were retrojected to the first day of DD, and, for the IP birds, the lines were retrojected to 
the last day of the SP. Open bar in B represents the dawn pulse, and the cross-hatched 
bars (in A and B) represent projected 1-hr pulses.  Synchrony within each group is 
represented by the length of the arrow and by r values.  Mean phases were significantly 
different between AP and IP groups (P < 0.005; Mardia-Watson-Wheeler test). Used with 
permission from The American Physiological Society: Steele et al., 2003, Am J Physiol-
Regul Integr Comp Physiol. 
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Figure 8. Body temperature record of an ONX bird subjected to an APSP protocol. 
Double-plotted actograph record of an ONX quail subjected to the alternate-patch (AP) 
protocol, a skeleton photoperiod (SP; LDLD 1:11:1:11 cycle), and then DD.  The left and 
right boxes indicate where the right and left eyes were patched, respectively.  The 
diagonal line was eye fitted through the steady-state daily rise in body temperature and 
retrojected to the first day of DD. 
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Figure 9. Body temperature record of an “arrhythmic” ONX bird subjected to an 
APSP protocol. 
Double-plotted actograph record of an arrhythmic ONX quail subjected to the alternate-
patch (AP) protocol, a skeleton photoperiod (SP; LDLD 1:11:1:11 cycle), and then DD.  
The left and right boxes indicate where the right and left eyes were patched, respectively.  
The diagonal line was eye fitted through the steady-state daily rise in body temperature 
and retrojected to the first day of DD.  A subset of ONX birds that underwent the APSP 
protocol (N = 7 out of 14) became arrhythmic.  The “arrhythmic” ONX birds were not 
included in the calculations of pacemaker recoupling (Tables 5, 6).  
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Figure 10. Body temperature record of a CGX bird subjected to an APSP protocol. 
Double-plotted actograph record of a CGX quail subjected to the alternate-patch (AP) 
protocol, a skeleton photoperiod (SP; LDLD 1:11:1:11 cycle), and then DD.  The left and 
right boxes indicate where the right and left eyes were patched, respectively.  The 
diagonal line was eye fitted through the steady-state daily rise in body temperature and 
retrojected to the first day of DD. 
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Figure 11. Body temperature record of a SCGX bird subjected to an APSP protocol. 
Double-plotted actograph record of an SCGX quail subjected to the alternate-patch (AP) 
protocol, a skeleton photoperiod (SP; LDLD 1:11:1:11 cycle), and then DD.  The left and 
right boxes indicate where the right and left eyes were patched, respectively.  The 
diagonal line was eye fitted through the steady-state daily rise in body temperature and 
retrojected to the first day of DD. 
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Figure 12. Body temperature record of a melatonin-implant bird subjected to an 
APSP protocol. 
Double-plotted actograph record of a melatonin-implant quail subjected to the alternate-
patch (AP) protocol, a skeleton photoperiod (SP; LDLD 1:11:1:11 cycle), and then DD.  
The left and right boxes indicate where the right and left eyes were patched, respectively.  
The diagonal line was eye fitted through the steady-state daily rise in body temperature 
and retrojected to the first day of DD. 

 
 
 
 
 
 
 



 

 119

 
 
 
Figure 13. Body temperature record of an “arrhythmic” melatonin-implant bird 
subjected to an APSP protocol. 
Double-plotted actograph record of a melatonin-implant quail subjected to the alternate-
patch (AP) protocol, a skeleton photoperiod (SP; LDLD 1:11:1:11 cycle), and then DD.  
The left and right boxes indicate where the right and left eyes were patched, respectively.  
The diagonal line was eye fitted through the steady-state daily rise in body temperature 
and retrojected to the first day of DD.  A subset of melatonin-implant birds that 
underwent the APSP protocol (N = 7 out of 15) became arrhythmic.  The “arrhythmic” 
melatonin-implant birds were not included in the calculations for pacemaker recoupling 
(Tables 8, 9).  
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Figure 14. Melatonin profiles of EX and sham-EX birds in prolonged DD. 
Blood melatonin levels in individual sham-operated birds (N = 14, upper graph) and EX 
(blinded birds; N = 13, lower graph) measured after 87 days in DD.  To facilitate visual 
comparisons, the freerunning blood melatonin rhythms in each bird were aligned so that 
the maximum levels occurred at the same time point (time 12 hr).  Subsequent blood 
melatonin levels are presented, maintaining the order sequence of bleeding.  Because 
blood samples were taken every 6 hr over 24 hrs, some peaks of melatonin secretion may 
have been missed.  Figure used with permission from The American Physiological 
Society: Steele et al., 2003, Am J Physiol-Regul Integr Comp Physiol. 
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Figure 15. Tissue culture of retinal explants in DD without supplementation. 
Retinal explants (N = 10) cultured in media without supplementation of additional 
melatonin precursors presented as average melatonin levels (pg/0.5ml) + SE. 
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Figure 16. Tissue culture of retinal explants in DD with 5-HTP or 5-HT 
supplementation. 
Melatonin levels (pg/0.5ml) from individual retinal explants cultured in media 
supplemented with 5-hydroxytryptophan (5-HTP; open circles, N = 2) or serotonin (5-
HT; closed circles, N = 2). 
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Figure 17. Tissue culture of retinal explants in DD with 5-HT supplementation. 
Retinal explants (N = 6) cultured with serotonin (5-HT) exhibited robust rhythms of 
melatonin secretion that persisted for the entire duration of tissue culture.  Retinas were 
exposed to one day of LD 12:12 prior to release into DD.  Data are expressed as % daily 
mean (+ SE). 
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Figure 18. Tissue culture of retinal explants exposed to light-dark cycles. 
Entrainment of melatonin production and release by light-dark cycles in retinas cultured 
with 5-HT.  Open circles represent retinal explants (N = 8) exposed to the same LD 12:12 
cycle (lower light-dark bars) to which animals were exposed in vivo.  Closed circles 
represent retinal explants (N = 6) that received a 6-hr phase advance (upper light-dark 
bars) on the first night of tissue culture.  Data are expressed as % daily mean (+ SE). 
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