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†Laboratoire d’Anatomie Comparée, Muséum National d’Histoire Naturelle, Paris, France.
‡Laboratoire de Pharmacologie, Faculté de Pharmacie, Châtenay-Malabry, France.

Key words: circadian rhythmicity, melatonin, serotonin, retina, quail, glaucoma.

Abstract

As previous studies have suggested that melatonin and serotonin may be involved in the regulation
of intraocular pressure, retinal concentrations of melatonin, 5-HT, and related indoleamines
measured at day and at night were studied during the development of a glaucoma-like disorder with
increased intraocular pressure in the al mutant quail. Indoleamine levels were determined by HPLC
with electrochemical detection in 1-month-, 3-month-, and 7-month-old al mutant and control quails.
Morphology and numbers of melatonin-synthesizing and 5-HT-containing cells, labelled
immunohistochemically with an anti-hydroxyindol-0-methyltransferase (HIOMT) antibody and an anti-
5-HT antibody, respectively, were studied. Major findings were that: (1) no significant changes in
morphology of melatonin-synthesizing cells or in the morphology and density of 5-HT-containing
amacrine cells were observed during the d velopment of glaucoma: (2) 5-HT metabolism was
modified during the night at 1 month of age and during the day after 3 months; and (3) melatonin
metabolism was modified during the night at 7 months and during the day after 3 months. These
results demonstrate a relationship between the temporal evolution of this avian glaucoma and a
dysfunction in indoleamine retinal metabolism.

Melatonin, once thought to be produced only by the pineal Exogenous melatonin reportedly can modify intraocular
pressure (11, 12), but this action of melatonin depends ongland, appears now to be present in various nervous or non-

nervous tissues such as the Harderian gland, gut, ciliary body experimental conditions. Intracameral melatonin increases
intraocular pressure in cat (13) whereas topical applications,and retina (review in 1–3). Melatonin is synthesized from

serotonin (5-HT) via the consecutive actions of two enzymes: intravenous, intra-arterial and intravitreal injections are
ineffective in rabbits (14). In humans, oral melatonin lowersserotonin N-acetyl transferase (NAT) and hydroxyindole-

0-methyl transferase (HIOMT). The synthesis is rhythmically intraocular pressure when administered in the evening (12).
Because of the possible role of melatonin in the regulationregulated, and the highest levels are generally detected at

night. These fluctuations are controlled by the rhythmic of intraocular pressure, it is interesting to examine whether
melatonin levels are modified in glaucoma: a widespreadactivation of serotonin N-acetyl transferase (4).

Melatonin is involved in a number of retinal events: it ocular disorder characterized, in most cases, by an elevation
of intraocular pressure.promotes the dark-adaptive electrophysiological responses in

horizontal cells (5), elicits dark-adaptive retinomotor move- Our study was performed in an avian model, the hypopig-
mented al mutant of quail Coturnix coturnix japonica with aments in cones and pigment epithelium (6), activates rod

outer segment disk shedding (7) and inhibits evoked dopa- sex-linked recessive gene, which, 3 months after hatching,
displays characteristics similar to a human glaucoma: alteredmine release (8, 9). In turn, dopamine modulates melatonin

synthesis by serotonin N-acetyl transferase inactivation (10). cellular arrangement of the iridocomeal angle, elevated intra-
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ocular pressure, buphthalmy and ganglion cell degeneration HIOMT immunoreactivity was mainly located in photo-
receptors (Figs 3, 4). Rare cell bodies were also labelled in(15–18). Recently, impaired retinal metabolism of dopamine

correlated with tyrosine-hydroxylase immunoreactive cell loss the innermost part of the inner nuclear layer (Fig. 3). Their
processes could not be distinguished. These cells werewas observed in this model (19). We have now assayed the

retinal content of melatonin and related indoleamines: 5-HT restricted to the peripheral retina.
The morphology and the localization of 5-HT and HIOMT(which may also be involved in the regulation of intraocular

pressure (20)); 5-hydroxyindole acetic acid (5-HIAA); and immunoreactive cells remained unchanged in both strains at
all stages. No degenerating cells were observed in mutantN-acetyl serotonin (NAS) in this mutant quail. We also used

an immunohistochemical approach to characterize 5HT-con- quails, and the densities of 5-HT-containing amacrine cells
were similar to control quails (Table 1). However, the pro-taining and melatonin-synthesizing cells to observe possible

degeneration as previously observed for tyrosine hydroxylase- gressive increase in cell density observed from 1 to 7 months
in control quails was not observed in mutant quail, in whichimmunoreactive cells (19).
the mean density of 5-HT immunoreactive cells appeared
more heterogeneous as indicated by a higher standardResults
deviation.

Immunohistochemistry of 5-HT and HIOMT
Biochemical assays

In the retina, three cell types were observed which were immuno-
reactive to 5-HT. Cells with pyriform somata (7 mm mean At 1-month of age, the retinal 5-HT content, when measured

at night, was higher in mutant than in control quails. Bydiameter, measured on 25-mm thick vibratome sections) were
located in the innermost part of the inner layer among amacrine contrast, in daytime, the 5-HT content was not significantly

different between strains. At 7 months, whereas an increasecells (Fig. 1). A single primary dendrite or more rarely two,
emerged from the vitreal pole of somata, and branched to form in 5-HT contents was observed in control quails, no significant

change was noted in mutant quail (Figs 5, 6).a plexus in stratum 1 of the inner plexiform layer. One or two
vertical branches reached stratum 5 to form another plexus. The retinal 5-HIAA content always appeared higher during

the day than at night in both strains and at all stages. However,Numerous small bipolar cells with a pear-shaped cell body
(34 mm diameter) in the outermost part of the inner nuclear no differences were observed between strains in both day and

night levels except at 1 month when levels were higher inlayer were also immunoreactive (Fig. 1). Thin processes
emerged from both vitreal and scleral poles of their somata. mutant than in control animals (Figs 5, 6). The 5-HIAA/5-HT

ratio, an indicator of 5-HT metabolism, was higher by dayThe scleral processes arborized in the outer plexiform layer and
the vitreal processes reached the outermost part of the inner (Table 2) than at night (Table 3) in both strains at 1 and 7

months. The ratio was also considerably increased in 7-month-plexiform layer. 5-HT immunoreactivity was also observed in
photoreceptors: both in cones and in rods (Fig. 2). old mutant quail during the day. NAS could not be detected

during the day in any animal. At night, the NAS content was
significantly higher at 7 months in control quail compared to
younger stages, whereas no variation with age was observed
in the mutant animal strain. The night NAS content was the
same in both strains at 1 and 3 months whereas it was reduced
in mutant quails only at 7 months (Fig. 5). At all stages and
in both strains, melatonin content was higher at night than by
the day (Figs 5, 6) except in 3-month-old mutant quails where
no significant difference was noted between night and day. A

T 1. Densities of 5-HT Immunoreactive Cells.
Comparison Between Mutant (MQ) and Control (CQ) Quails
at All Ages.*

5-HT-immunoreactive cell density

1 month 3 months 7 months p(1–3) p(3–7)

CQ 198±11 260±3 317±10 0.02 0.01
MQ 252±66 282±20 256±20 NS NS
p(CQ-MQ) NS NS NSF. 1. 5-HT-containing amacrine and bipolar cells observed in a 25-mm

thick vibratome section of 7-month-old mutant quail retina. A 5-HT
amacrine cell (arrow) is located in the innermost part of the inner nuclear *Comparison by Newman-Keuls, n=four retinas/ages (one retina=one

quail ) and 40 samples/retina. p(CQ-MQ): statistical comparison betweenlayer (INL) and its processes are distributed into two levels: stratum (st)
1 and 5 of the inner plexiform layer (IPL). 5-HT bipolar cells (small CQ and MQ at the same stage. p(1/3) and p(3/7): statistical comparison

between the age considered and the previous age. NS: not significant.arrows) are located in the INL. Thin processes arborize in the outer
plexiform layer (OPL) and in the IPL. The same pattern of 5-HT No significant differences were observed between strains whatever the

stages.immunolabelling is observed in control quails. Scale bar: 10 mm.
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F. 2. (a,b) 5-HT containing photoreceptor cells observed in a 10 mm paraffin section of 7-month-old control (a) and mutant (b) quail retina fixed
by Bouin fixative. Note that all photoreceptors are labelled. Scale bar: 10 mm.

T 2. 5-HIAA/5-HT Ratios in Control (CQ) and Mutant
(MQ) Quails in Daytime (d) Conditions at Each Age.*

5-HIAA/5-HT

1 month 3 months 7 months p(1–3) p(3–7)

CQd 0.44±0.05 0.58±0.11 0.38±0.03 NS 0.02
MQd 0.48±0.03 0.46±0.08 0.73±0.08 NS 0.02
p(CQ-MQ) NS NS 0.001

*Comparison by Newman-Keuls test, n=10 pairs of retinas for each
condition at each age. p(CQ-MQ): statistical comparison between CQ
and MQ at the same age and light conditions. p(1/3) and p(3/7):
statistical comparison between the age considered and the previous age.
NS: not significant. 5-HIAA/5-HT ratio does not change in both strains
at all ages except in 7-month-old MQ where an increased ratio.

T 3. 5-HIAA/5-HT Ratios in Control (CQ) and Mutant
(MQ) Quails in Night Time (n) Conditions at Each Age.*

F. 3. HIOMT-immunoreactive cell (black arrow) in the inner nuclear
5-HIAA/5-HTlayer (INL) observed in a semi-tangential 10 mm paraffin section of

7-month-old mutant quail retina. Processes are not visible. Photoreceptor
1 month 3 months 7 months p(1–3) p(3–7)cells (white arrow) are also labelled. Scale bar: 10 mm.

CQn 0.22±0.02 0.54±0.06 0.22±0.02 0.001 0.001
progressive increase in melatonin content was observed from MQn 0.23±0.02 0.42±0.04 0.24±0.01 0.001 0.001
3 to 7 months in control quails in both day and night samples. p(CQ-MQ) NS NS NS
Compared to control quails, the night melatonin content was

*Comparison by Newman-Keuls test, n=10 pairs of retinas for eachreduced in mutant quails at 7 months, while the day content
condition at each age. p(CQ-MQ): statistical comparison between CQremained higher in mutant quails after 3 months (Figs 5, 6).
and MQ at the same age and light conditions. p(1/3) and p(3/7):
statistical comparison between the age considered and the previous age.
NS: not significant. 5-HIAA/5-HT ratio does not change in both strains.Discussion

5-HT and HIOMT-immunoreactive cells
contained mainly in amacrine and bipolar cells (23). The
5-HT immunoreactive cells that we observed in quail retinaThe function of 5-HT in the retina remains poorly under-

stood. Endogenous retinal 5-HT contents are high in non- were subpopulations of amacrine and bipolar cells similar to
those previously observed in chicken retina (25, 26), but themammals but low or null in mammals (21–23) except in

Prototherians (24). In non-mammals, 5-HT is thought to be mean diameter of their somata appeared smaller (3 mm
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F. 4. (a,b) HIOMT-immunoreactive photoreceptor cells (rods and cones) in 10-mm paraffin section of 7-month-old mutant (a) and control (b) quail
retina. Note that all photoreceptor are labelled. Scale bar: 10 mm.

F. 6. 5-HT, 5-HIAA, and melatonin contents of control (CQ, &) andF. 5. 5-HT, 5-HIAA, NAS and melatonin concentrations in control
mutant (MQ,%) quail in daytime conditions at each age (NAS was not(CQ,%) and mutant (MQ,&) quail in nighttime conditions at different
detected during the day). Comparison by Newman-Keuls test (n=10ages. Comparison by Newman-Keuls test (n=10 pairs of retinas for
pairs of retinas for 5-HT, 5-HIAA and NAS; n=five pairs of retinas for5-HT, 5-HIAA and NAS; n=five pairs of retina for melatonin) for each
melatonin) for each condition at each age. #, significant differencescondition at each age. #, significant differences between CQ and MQ;
between CQ and MQ; *, significant differences between the stage*, significant differences between the age considered and the previous
considered and the previous stage (P<0.05). 5-HT: note the lower 5-HTage (P<0.05). 5-HT: note the higher concentration in 1-month-old MQ
content in 7-month-old MQ compared to 7-month-old CQ. 5-HIAA:compared to 1-month-old CQ. 5–HIAA: apart from a higher content of
similar to nocturnal conditions, note the higher content of 5-HIAA in5-HT in 1-month-old MQ compared to CQ, no significant difference is
1-month-old MQ compared to 1-month-old CQ. Melatonin: note thenoted between MQ and CQ at later age. NAS: the increased concentration
low levels of melatonin in CQ at all ages whereas in 3-month-old MQ,observed in 7-month-old CQ is not detected in MQ. Melatonin: the same
the concentration of melatonin is considerably increased. Melatoninpattern as for NAS is observed.
concentration is decreased in 7-month-old MQ but remains twofold
higher than in 7-month-old CQ.

instead of 6 mm for bipolar cells, and 7 mm instead 12 mm for
amacrine cells). In chicken, a population of amacrine cells
has been reported to be immunoreactive to an anti- proposed that 5-HT is only accumulated by these cells (26)

and possibly used as a melatonin precursor (29). This seemsphenylalanine hydroxylase antibody which also recognizes
the 5-HT synthetic enzyme tryptophan-hydroxylase (27, 28). unlikely in the quail since HIOMT immunoreactivity was

not observed in bipolar cells. Alternatively, the 5-HT inIt has thus been proposed that 5-HT may be a neuro-
transmitter in amacrine cells (26). In contrast, as no biosyn- bipolar cells might serve as a ‘borrowed transmitter’ or a

co-transmitter (26, 30, 31).thetic enzyme in bipolar cells was detected, it has been
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Numerous photoreceptors are labelled by the anti-5-HT mostly during light adaptation (21, 39). The released 5HT is
then probably catabolized into 5-HIAA as attested by theantibody. 5-HT synthesis in such cells has been suggested in

chicken due to the presence of tryptophan-hydroxylase activ- higher 5-HLAA55-HT ratio observed during daytime.
However, at night, 5-HT may be mainly involved in melatoninity in the outer retina (32), and in rats because photoreceptors

contain aromatic -aminoacid decarboxylase, an enzyme synthesis. Accordingly, in control quails, 5-HIAA, content is
lower at night while NAS and melatonin contents are higher.involved together with tryptophan-hydroxylase in 5-HT syn-

thesis (33). Tryptophan-hydroxylase activity and mRNA The same pattern is observed in mutant quails suggesting
that diurnal serotoninergic neurotransmission is not affected.have also been reported in isolated photoreceptors of Xenopus

leavis (34). Because high levels of tryptophan-hydroxylase The nocturnal level of melatonin did not increase with age
in mutant quail, unlike control quail. A parallel profile wasmRNA are generally found in regions of the central nervous

system where melatonin is synthesized (35), we propose that demonstrated for its direct precursor, NAS. Moreover,
although melatonin contents were higher at night than by5-HT in quail photoreceptors may serve as a melatonin

precursor. This suggestion is strengthened by HIOMT immu- day at 1 month in mutant quails, this difference became
attenuated later and in spite of elevated diurnal contents ofnoreactivity in photoreceptors.

The quail retina, like that of the chicken, exhibits a high melatonin at 3 and 7 months, NAS content remained unde-
tectable. The increase in melatonin content observed after 3concentration of melatonin (36). Although HIOMT can also

methylate 5-HT and 5–HIAA, its affinity is 10–20-fold higher months in mutant quail may indicate a breakdown in its
rhythmic metabolism (either in its synthesis as noted above,for NAS, suggesting that HIOMT immunoreactivity is a

good marker for melatonin-synthesizing cells. HIOMT immu- and/or its degradative mechanisms).
Intraocular pressure, eye growth and melatonin synthesisnoreactivity is mainly observed in quail photoreceptors. Since

no unlabelled photoreceptors were observed, both cones and are rhythmic events (40–42) and all three are impaired during
the development of glaucoma in mutant quail. The correlationrods appear to be able to synthesize melatonin. The rare

HIOMT immunoreactive cells in the amacrine cell layer could between imbalance of retinal melatonin synthesis, elevated
intraocular pressure and buphthalmy fits well with thenot be identified because their processes were not observed,

but they resembled those described by Guerlotté et al. (37) involvement of retinal melatonin in the control of intraocular
pressure and eye size. Indeed, subcutaneous administrationin the chicken retina.

The development of glaucoma does not significantly affect of melatonin has been shown to increase eye weight and
intraocular fluid content in the hamster (43), and a signific-the morphology or the density of the 5-HT-and HIOMT-

immunoreactive cells. No cellular degeneration was observed antly higher melatonin content is observed in the retina of
another avian model of glaucoma induced by light (44).contrary to the previously reported disappearance of tyrosine-

hydroxylase immunoreactive amacrine cells (19). However, melatonin is also rhythmically synthesized by the
ciliary body (2) and further experiments are needed to
document the respective role of retina and ciliary body inIndoleamine content
providing the eye with melatonin.

In control quails, 5-HT, NAS and melatonin contents evolved
concurrently during the 7 months following hatching: little

Material and methodsor no change was observed between 1 and 3 months, followed
One hundred and two mutant quails, gene symbol al, and 102 normal controlby a marked increase at 7 months. A similar evolution in
quails Coturnix coturnix japonica were provided by the Institut National decontrol animals has been reported for dopamine and was
la Recherche Agronomique (INRA, Jouy-en-Josas, France). The birds wereinterpreted as a late maturation of aminergic pathways (19). kept under a 14 light510 dark photoperiod (light on at 6.00 a.m.; light off at

Since no change in 5-HIAA content was observed with 8.00 p.m.) from hatching until they were killed by decapitation. Mutant quails
were killed at 1 month, in May (before the appearance of clinical signs ofincreasing age, the late maturation may concern the
glaucoma), at 3 months, in August (when the first pathological signs wereindoleamine system involved in melatonin synthesis.
apparent, especially increased intraocular pressure), and at 7 months, inHowever, indole levels also appear to be sensitive to seasonal
December (when glaucoma was well established). Control quails were killed

fluctuations (38) and the increase observed may be due, at according to the same schedule. The experiments were performed in accord-
least partially, to this variation. For this reason, results ance to the legal requirement in the UK.
reported by different authors cannot always be compared. In

Immunohistochemistry
this study, retinas of both strains were rigorously collected

Twenty-four retinas (four from each strain obtained from four quails, at theat the same period of the year for each age to obtain three stages) were prepared for immunohistochemistry; for each animal, one
comparative data on indoleamine levels for a given age. retina was prepared for whole mount and the other for sections. All birds were

decapitated at 2.00 p.m. and enucleated. Retinas were dissected free from5-HT content differed between strains initially in nighttime
pigment epithelium. Those prepared for paraffin sections were fixed in Bouinat 1 month whereas changes in daytime occurred only at 3
fixative for 48 h at 4 °C, then cut in 10-mm sections. Those prepared for wholeand 7 months. Thus, despite the lack of apparent morpholo-
mounts or vibratome sections (25 mm) were fixed in 4% buffered paraformal-

gical change in indoleamine-containing cells, a dysfunction dehyde for 4 h. Sections and whole mounts, were incubated, respectively,
in the indoleamine system is present in mutant quails before for 24 h or 72 h in rabbit antiserum against 5-HT (Immunotech, France);

diluted 15500 or against HIOMT (generously provided by Dr P. Voisin,the appearance of clinical signs of glaucoma.
Poitiers, France); and diluted 151,000 in phosphate buffer saline (PBS).5-HT may be involved in two distinct functions in the
Immunoreactivities were demonstrated by the avidin-biotin peroxydase tech-avian retina: neurotransmission and melatonin synthesis. nique (ABC kit, Vectastain, USA). Controls were made by omitting the

5–HT is considered to be a neurotransmitter at least in a primary antiserum or by replacing it by non-immune rabbit serum at the same
concentration as the antibody. No labelling was observed in control sections.subpopulation of amacrine cells. These cells release 5-HT
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31 Schütte M, Witkovsky P. Serotonin-like immunoreactivity in the retina to myopia development and retinal dopamine levels. J Comp Physiol A
of the clawed frog Xenopus leavis. J Neurocytol 1990; 19: 504–518. 1993; 172: 263–270.

32 Thomas KB, Tigges M, Iuvone PM. Melatonin synthesis and circadian 43 Quay WB. Increases in volume, fluid content and lens weight of eyestryptophan hydroxylase activity in chicken retina following destruction
following systemic administration of melatonin. J Pineal Res 1984;of serotonin immunoreactive amacrine and bipolar cells by kainic acid.
1: 3–13.Brain Res 1993; 601: 303–307.

44 Aimoto T, Rohde BH, Chiou GCY, Lauber JK. N-acetyltransferase33 Nguyen-Legros J, Krieger M, Simon A. Immunohistochemical localiz-
activity and melatonin level in the eyes of glaucomatous chickens. J Oculation of L-DOPA and aromatic -aminoacid decarboxylase in the rat
Pharmacol 1985; 1: 149–160.retina. Invest Ophthalmol Vis Sci 1994; 35: 2906–2915.

45 Trouvin JH, Prioux-Guyonneau M, Cohen Y, Jacquot C. Rat brain34 Green CB, Cahill GM, Besharse JC. Tryptophane hydroxylase is
monoamine metabolism and hypobaric hypoxia: a new approach. Genexpressed by photoreceptors in Xenopus leavis retina. Visual Neurosci
Pharmacol 1986; 17: 69–73.1995; 12: 663–670.

46 Chanut E, Nguyen-Legros J, Versaux-Botteri C, Trouvin JH, Launay M.35 Dumas S, Darmon MC, Delort J, Mallet J. Differential control of
Determination of melatonin in rat pineal, plasma and retina by hightryptophan hydroxylase expression in raphe and in pineal gland: evidence
performance liquid chromatography with electrochemical detectionfor a role of translation efficiency. J Neurosci Res 1989; 24: 537–547.
J. Chrom B 1998; 709: 11–18.36 Pang SF, Chow PH, Wong TM, Tso ECF. Diurnal variations of

47 Bradford MM. A rapid and sensitive method for the quantification ofmelatonin, N-acetylserotonin in the tissues of quails (Corturnix sp.),
microgram quantities of proteins utilizing the principle of protein-dyepigeons (Columbia livia) and chickens (Gallus domesticus). Gen Comp

Endocrinol 1983; 51: 1–7. binding. Ann Biochem 1976; 72: 248–254.

© 1998 Blackwell Science Ltd, Journal of Neuroendocrinology, 10, 863–869


