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Abstract

In addition to entraining circadian rhythms, light has acute effects on sleep and wakefulness in mammals. To determine whether light and

darkness have similar effects in birds, the only non-mammalian group that displays sleep patterns comparable to mammals, we examined the

effects of lighting changes on sleep and wakefulness in the pigeon. We quantified sleep behavior (i.e., bilateral or unilateral eye closure) in

pigeons maintained under a 12 :12 LD cycle, and immediately following a change from a 12 :12 to a 3 :3 LD cycle. During both LD cycles,

sleep was most prevalent during dark periods. During the 3 :3 LD cycle, darkness had the greatest sleep promoting effect during the hours

corresponding to the subjective night of the preceding 12 :12 LD cycle, whereas light suppressed sleep across circadian phases. As previously

suggested, the light-induced decrease in sleep in the subjective night might be partly mediated by the suppression of melatonin by light.

Although the sleep promoting effect of darkness was modulated by the circadian rhythm, sleep in darkness occurred during all circadian

phases, suggesting that darkness per se may play a direct role in inducing sleep. In addition to the effects of lighting on behavioral state, we

observed an overall bias toward more right eye closure under all lighting conditions, possibly reflecting a response to the novel testing

environment.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Light plays a critical role in organizing the timing of

behavior in various animals. In addition to entraining

endogenous circadian rhythms, light and darkness have

acute effects on sleep and wakefulness. In nocturnal

mammals such as rats, light promotes sleep whereas

darkness promotes wakefulness [1,2]. Light and darkness

exert the opposite effect on behavioral state in diurnal

mammals, including humans [3,4]. These acute responses to

changes in lighting occur immediately after lighting

transitions and during all phases of the circadian cycle

[1,2,5], although they are modulated by the circadian
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rhythm; changes in lighting have a greater effect on shifting

behavioral state during the subjective night than during the

subjective day [1,5].

The investigation of acute effects of light on behavioral

state and the underlying neural mechanisms has been largely

restricted to nocturnal mammals. Consequently, the extent to

which these findings reflect a fundamental aspect of sleep–

wakefulness regulation remains unclear. In contrast to

mammals, the acute effects of light and darkness on sleep

and wakefulness have undergone relatively little examina-

tion in birds. From a comparative standpoint, birds are of

particular interest because they are the only non-mammalian

taxonomic group to show sleep patterns similar to mam-

mals, including both slow-wave sleep and rapid eye-

movement (REM) sleep [6–8]. Moreover, birds possess

retino-recipient subcortical brain regions homologous to

those implicated in mediating the effects of light on

behavioral state in mammals, such as the pretectum [9–
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Fig. 1. Overhead view of observation chamber used to videotape the

behavioral state of pigeons during the 12 :12 and 3 :3 LD sessions.
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12]. Finally, birds are of interest because unlike most

mammals, they can engage in unihemispheric slow-wave

sleep [13], thereby providing an opportunity to examine the

effects of lighting conditions on regional sleep regulation.

The effects of light on sleep and wakefulness have been

examined in diurnal pigeons (Columba livia). A 93%

reduction in sleep was reported in pigeons during the first

24 h after being switched from a 12 :12 LD cycle to constant

bright light (LL) [14], an effect that seemed to persist in

constant LL for up to 74 days. The researchers suggested

that LL-induced sleep suppression is mediated via the

dampening of melatonin release from the pineal gland [15],

since sleep could be restored in LL by infusing physio-

logical levels of melatonin [16,17]. Although these data

suggest that melatonin may be involved in the induction of

sleep during the normal dark period, darkness per se may

also exert an acute sleep-promoting effect in diurnal birds

independent of that mediated by melatonin release, or other

circadian outputs.

To determine whether light and darkness have effects on

behavioral state independent of those mediated by the

circadian rhythm, lighting changes need to be dissociated

from the circadian rhythm. Reductions in locomotor activity

have been reported in captive diurnal birds exposed to acute

darkness during the subjective day [18,19], suggesting that

darkness per se can induce sleep. However, this darkness-

induced reduction in activity could simply reflect a shift

from a state of active wakefulness to quiet wakefulness.

Since the direct behavioral observations and/or electro-

physiological recordings required to confirm sleep have not

been performed, it remains unclear whether changes in

lighting affect behavioral state during the subjective day in

birds. We examined the acute effects of a short light dark

cycle (3 :3 LD) on sleep behavior in pigeons previously

maintained under a 12 :12 LD cycle.
2. Methods

2.1. Animals and apparatus

Six pigeons (three female and three male) at least 6

months old were purchased from a local breeder. The

pigeons were housed in individual home cages under a

12 :12 LD cycle (lights on at 09:00 hours and off at 21:00

hours) for at least 1 month prior to the start of the

experiment. A mixed-grain pigeon feed, water and grit

were provided ad libitum. Prior to testing, each bird was

acclimated to the behavioral observation chamber. Through-

out acclimation the LD cycle was maintained on the same

12 :12 LD cycle as in the home cage room.

The chamber consisted of a hexagonal glass enclosure

(35.0 cm wide�46.0 cm high) placed in the center of a

sound-attenuating testing box (Med Associates Inc., 70.0

cm long�35.5 wide�56.0 cm high) (Fig. 1). A fan

provided ventilation (1.3 m3\min) and masked environ-
mental noise (32 dBA). The chamber was located in a dark,

empty animal housing room to further isolate the pigeon

from external stimuli. Each bird was recorded on videotape

via four infrared sensitive cameras positioned around the

glass enclosure. Two fluorescent lights suspended over the

glass enclosure provided light during the light phase (200

lx), and an infrared light source provided luminance for the

infrared cameras during the dark phase. A circular platform

(23.0 cm in diameter�7.5 cm high) was positioned in the

center of the glass enclosure to encourage the birds to stay

centered within the field of view of the cameras. Since birds

exhibit more consolidated sleep when surrounded by other

birds [20,21], mirrors (30.0 cm�30.0 cm) were positioned

on two sides of the enclosure. Food and water were

available ad libitum within the enclosure.

2.2. Experimental protocol

To determine the effects of acute lighting changes on

sleep and wakefulness behavior, we videotaped each bird in

the observation chamber for 24 h under a 3 :3 and 12 :12 LD

cycle. Each bird experienced both lighting conditions with

at least 1 week separating the 3 :3 and 12 :12 LD sessions.

All birds were maintained in their home cage under a 12 :12

LD cycle prior to each session. For the 3 :3 LD session,

pigeons were placed in the chamber at 18:00 hours with the

lights on, as in their home cage. At 21:00 hours the lights

turned off, also in synchrony with their normal home cage

schedule. However, at 00:00 the lights turned on again, and

alternated between off and on every 3 h until the birds were

removed from the chamber the following day at 18:00

hours. For the 12 :12 LD session, pigeons were also placed

in the chamber at 18:00 hours but the light schedule

remained the same as in their home cage.

2.3. Behavioral state scoring

The behavioral state of the bird was determined by

examining a still image from the videotape at the start of

each minute across the 24 h sessions. Because eye closure is



Table 1

Mean percent time spent in each eye state as a function of LD schedule and lighting condition

Eye state Overall Light Dark

12 :12 3 :3 12 :12 3 :3 12 :12 3 :3

Both closed 41.2% 26.1% 4.2% 2.6% 78.9% 50.1%

Only one closed 9.6% 13.4% 9.6% 11.0% 9.6% 15.9%

Left 1.1% 2.1% 1.2% 0.6% 0.9% 3.6%

Right 8.3% 11.3% 7.9% 10.4% 8.6% 12.3%

Both or one closedT 52.3% 40.1% 14.2% 13.5% 89.0% 66.5%

T Sum of all other eye closure states, including instances where only one eye was visible on the video image and that eye was closed.
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associated with electrophysiologically defined sleep in

every bird examined [8,13], sleep was scored if one or

both eyes were closed. An eye was scored as closed if the

eyelid occluded more than two-thirds of the eye [22]. Given
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previous reports of a bias for closing one particular eye

during sleep in young chickens (Gallus gallus domesticus)

[23–25], we recorded whether the right or left eye was

closed during unilateral eye closure.
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2.4. Data analysis and statistics

Comparisons of conditions were done using within

subjects results from repeated measures ANOVA of the 10

m averages of state. Between subjects comparisons were

done using averages by bird. The probability of closing the

left eye only with that of closing the right eye only was

compared with t-tests. All computations were done using R

(http://www.r-project.org).
3. Results

Pigeons recorded under the 12 :12 LD cycle exhibited

sleep behavior (i.e., bilateral and unilateral eye closure)

52.3% of the time (Table 1). Sleep was largely restricted to

the dark period of the 12 :12 LD cycle; overall, sleep

comprised 89.0% of the dark phase and only 14.2% of the

light phase (F(1143)=2619, pb0. 01). The birds spent less

time sleeping during the 3 :3 LD cycle (40.1%) than during

the 12 :12 LD cycle (52.3%) (F(1287)=112, p b0.01).

Sleep in the 3 :3 LD cycle was more prevalent in the dark

(66.5%) than in the light (13.5%) (F(1143) = 1072,

p b0.01). The expression of sleep was also significantly

(F(1143)=92, p b0.01) different between the subjective day

(32.2%) and the subjective night (47.8%) without regard to

lighting condition. This was attributable to an interaction

(F(1143)=177, p b0.01) between the effect of darkness and

the effect of time of day on sleep such that there was less

sleep in the dark periods that occurred during the subjective

day (50%) than during the dark periods that occurred during

the subjective night (85%) (Fig. 2). The amount of sleep in

light periods was low (16% during the daytime and 10%

during the nighttime) similar to that during the 12 h light

period in the 12 :12 LD cycle. Fig. 2 shows that the effects
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of lighting changes on sleep in the 3 :3 LD cycle were

largely due to changes in bilateral eye closure.

In addition to the effects of light and dark on sleep and

wakefulness, we observed lateralization of unilateral eye

closure. There was a bias for closing the right eye more than

the left overall (t11=3.8, p b0.01; Fig. 3), as well as under

both the 12 :12 (t5=2.6, p =0.05) and 3 :3 LD cycles

(t5=2.6, p b0.05). Neither light-dark nor subjective day-

night shifted this bias.
4. Discussion

Our results demonstrate acute effects of light and

darkness on sleep and wakefulness behavior in pigeons.

Pigeons previously maintained under a 12 :12 LD cycle

showed acute behavioral responses to lighting changes

when switched to a 3 :3 LD cycle. In comparison to the

corresponding hours of the 12 :12 LD cycle, where sleep

behavior (i.e., eye closure) occurred primarily at night, sleep

behavior was markedly reduced during the 3 h light periods

in the subjective night and elevated during the 3 h dark

periods in the subjective day. In contrast, sleep during light

periods in the subjective day and dark periods in the

subjective night did not differ significantly from that

observed during the corresponding hours of the 12 :12 LD

cycle.

The amount of sleep during dark periods in the 3 :3 LD

cycle varied as a function of circadian time, with sleep in

darkness being greatest during the subjective night. The

uniform response to 3 h light periods across the day,

however, suggests that light is capable of masking potential

circadian changes in sleep propensity during the subjective

night, and possibly even during the subjective day, as

revealed by the increase in sleep during darkness in the
Left Right

LD 3:3

r the entire 12 :12 and 3 :3 LD sessions plotted for individual birds.
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subjective day. This alerting effect of light is similar to a

previous report of sleep suppression by LL in pigeons [14],

and might partly involve the suppression of nocturnal

melatonin release from the pineal gland [15–17,26,27,34]

and retina [28,29], as well as direct alerting effects.

The induction of sleep by darkness during the subjective

day does not appear to be mediated by the release of

melatonin from the pineal gland or retina. In pigeons

switched from a 12 :12 LD photoperiod to constant dim (0.1

lx) lighting, the circadian rhythm of melatonin release

persists in the pineal gland [26] and retina [30], with low

levels during the subjective day and high levels during the

subjective night. Similarly, in chickens and rats maintained

under a 12 :12 LD photoperiod, levels of N-acetyltransfer-

ase (the rate limiting enzyme involved in the biosynthesis of

melatonin from serotonin [31]) and melatonin in the pineal

gland are low and do not increase in response to acute

darkness during the subjective day of the circadian rhythm

[32,33]. As with the biosynthesis of pineal melatonin in

chickens and rats, darkness during the subjective day only

induces melatonin synthesis in the rat retina if presented late

in the day; darkness in the early part of the subjective day

does not cause an increase in retinal melatonin, indicating

that the circadian rhythm also gates the biosynthesis of

retinal melatonin [27]. Although, the corpus of evidence

suggests that the 3 h dark periods occurring during the

subjective day probably did not cause melatonin to increase

in our pigeons, measurements of melatonin levels are

needed to determine whether increased levels might have

induced sleep during these periods.

Lighting changes during the subjective night have the

greatest effects on behavioral state, in both diurnal pigeons

and nocturnal rats [1,5], albeit in opposite directions. In both

cases, light during the subjective night appears to suppress

nocturnal behavior; i.e., sleep in pigeons and wakefulness in

rats. Both effects may be partly mediated by the suppression

of nocturnal melatonin by light, and are consistent with the

idea that nocturnal melatonin acts as a neuromodulator that

facilitates nighttime behavior, rather than as a direct sleep-

inducing agent [35,36]. Nevertheless, the fact that lighting

changes induce changes in behavioral state in pigeons and

rats during the subjective day, when the levels of melatonin

are low and refractory to changes in lighting, indicates that

other mechanisms may also mediate lighting-induced

changes in behavioral state. In rats, the retino-recipient,

subcortical visual system appears to be involved in

orchestrating some of the acute effects of lighting on sleep

[11,37]; similar subcortical structures may be involved in

the acute effects of lighting in pigeons as well. Alternatively,

photoreceptors in the lateral septum of pigeons [38] may

mediate the effects of lighting on behavior [39]. Finally, the

increase in sleep during darkness may be secondary to

darkness-induced immobility, rather than a direct effect of

darkness on sleep.

Although darkness had an overall sleep-promoting effect,

sleep behavior included both bilateral and unilateral eye
closure, a more vigilant form of sleep. In birds, including

pigeons [22], unilateral eye closure is associated with an

interhemispheric asymmetry in slow-wave sleep-related

electroencephalographic slow-wave activity (2–4 Hz), with

the hemisphere contralateral to the closed eye showing

greater slow-wave activity when compared to the ipsilateral

hemisphere (i.e., unihemispheric slow-wave sleep); bilateral

eye closure is associated with bihemispheric slow-wave

sleep or REM sleep [13]. The association between unilateral

eye closure and an interhemispheric asymmetry in SWS has

been shown in six bird species recorded under a variety of

experimental conditions (reviewed in Ref. [13]). Birds

engage in unilateral eye closure to monitor their environ-

ment visually during sleep, and the amount of unilateral eye

closure may change in response to alterations in a birdTs
sleeping environment [20–22].

Unlike a previous study of pigeons [22], we observed an

overall bias for closing the right eye more than the left

during episodes of unilateral eye closure. The bias for right

eye closure may be related to lateralization of cognitive

function in the avian brain [40]. Results from young

chickens suggest that the pigeonsT perception of the testing

environment may explain the bias for right eye closure.

When presented with a novel item, young chickens show a

shift towards more right eye closure [23], a response

consistent with the tendency to view novel items with the

left eye/right hemisphere during wakefulness [41,42].

Consequently, the bias for right eye closure in our pigeons

may reflect a response to the novel testing environment,

both in the 12 :12 and 3 :3 LD cycle. The lack of an overall

bias for right eye closure in the earlier study may indicate

that the testing environment was more familiar to those

pigeons. Indeed, unlike the current study, the pigeons in the

earlier study were continuously housed in their testing

chamber for at least 2 weeks under a stable 12 :12 LD cycle

before sleep and wakefulness were measured.

In summary, light and darkness have acute effects on

sleep behavior in pigeons that are both independent of and

modulated by the circadian rhythm. Although light during

the subjective night might induce wakefulness by suppress-

ing melatonin, the induction of sleep by darkness in the

subjective day is unlikely to involve melatonin. As in

nocturnal rats, the acute effects of light on behavioral state

in pigeons may also involve subcortical visual structures.

Future studies aimed at comparing the neural mechanisms

that mediate the dichotomous behavioral responses to light

and darkness in nocturnal rats and diurnal pigeons may

influence our understanding of acute light effects in humans.
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