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We investigated the effects of exposure at ecologically relevant levels of dim
light at night (dLAN) on sleep and the 24 h hypothalamic expression pattern
of genes involved in the circadian timing (per2, bmal1, reverb-β, cry1, ror-α,
clock) and sleep regulatory pathways (cytokines: tlr4, tnf-α, il-1β, nos; Ca2+-
dependent pathway: camk2, sik3, nr3a; cholinergic receptor, achm3) in diurnal
female zebra finches. Birds were exposed to 12 h light (150 lux) coupled
with 12 h of absolute darkness or of 5 lux dim light for three weeks.
dLAN fragmented the nocturnal sleep in reduced bouts, and caused sleep
loss as evidenced by reduced plasma oxalate levels. Under dLAN, the
24 h rhythm of per2, but not bmal1 or reverb-β, showed a reduced amplitude
and altered peak expression time; however, clock, ror-α and cry1 expressions
showed an abolition of the 24 h rhythm. Decreased tlr4, il-1β and nos, and
the lack of diurnal difference in achm3 messenger RNA levels suggested
an attenuated inhibition of the arousal system (hence, awake state pro-
motion) under dLAN. Similarly, changes in camk2, sik3 and nr3a
expressions suggested dLAN-effects on Ca2+-dependent sleep-inducing
pathways. These results demonstrate dLAN-induced negative effects on
sleep and associated hypothalamic molecular pathways, and provide
insights into health risks of illuminated night exposures to diurnal animals.
1. Introduction
The major environmental consequence of urbanization is the transformation of
the temporal (day-night) environment, with largely unexplained health conse-
quences [1]. The evidence, largely accumulated from nocturnal rodents,
suggests that artificial light at night (LAN) impacts a wide range of biological
functions including sleep [1–3]. Similar LAN-induced negative effects have
been found on daily cycles of the activity-rest and melatonin secretion, and on
metabolism, reproduction, depression and cognitive performance in several song-
birds including Indian weaver birds, Ploceus phillipinus [4]; blackbirds, Turdus
merula [5]; great tits, Parus major [6–8]; Indian house crows, Corvus splendens [9];
zebra finches, Taeniopygia guttata [10,11] and tree sparrows, Passer montanus
[12]. In particular, female great tits were awake for a greater portion of
the night inside the nest-box when it was dimly illuminated [6]. Similarly,
free-living blue tits (Cyanistes caeruleus) adjusted their awakening time to the
prevailing light condition [13], and Indian house crows showed increased sleep
and decreased awakening latency under a LAN environment [9].

In diurnal vertebrates, a crucial adaptation is the daily sleep-wake cycle,
with sleep as the night (hence, awake as day) component of the 24 h temporal
environment. The daily sleep-wake pattern is governed by the internal circa-
dian clock, which operates in a closed transcriptional-translational feedback
loop (TTFL) formed by a set of core clock genes [14]. TTFL is functionally
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arranged in positive (brain muscle arnt like (bmal1); circadian
locomotor output cycles kaput (clock)) and negative ( period
(per); cryptochrome (cry)) limbs [14]. Furthermore, the
orphan nuclear receptor genes (retinoid-related orphan receptors
(rors) and reverse transcript of erythroblastosis (rev-erbs)) stabil-
ize TTFL by acting as activator and repressor, respectively,
of bmal1 transcription [14].

The disruption of the daily sleep-wake pattern results in
sleep deprivation (=sleep debt), which can be assessed by the
measurement of the circulating oxalate (oxalic acid) levels
[15]. However, there are conflicting reports on the reliability
of plasma oxalate levels as a biomarker of sleep debt in birds.
Under a LAN environment, plasma oxalate levels were signifi-
cantly dropped in sleep-deprived adult great tits [8], like in rats
and humans [15]; however, the oxalate levels were found elev-
ated in developing great tits [16]. Under a LAN environment,
even in the absence of an immune challenge, changes in the
brain cytokines parallel the sleep disruption, suggesting their
involvement in the regulation of sleep [1]. A recent study
found tissue-specific 24 h rhythms under 12 L : 12 D (LD) and
its disruption under dLAN in genes coding for the pro- (IL-
1β, IL-6) and anti-inflammatory (IL-10) cytokines in the hypo-
thalamus and liver of zebra finches [17]. In particular, however,
there is evidence for interleukin-1β (IL-1β) and tumour necrosis
factor-α (TNF-α), which are synthesized and released via acti-
vated toll-like receptor 4 (TLR4), playing roles as the
promoter of sleep and regulator of sleep duration [18]. The
involvement (at least partially) of TLR4 in sleep loss is also
suggested by the lack of cerebral reaction in TLR4-deficient
mice [18]. Reciprocally induced IL-1β and TNF-α activate the
nuclear factor-κB (NF-ΚB), which via the nitric oxide pathway
(shown by nitric oxide synthase (NOS) activity) promotes sleep
by acting directly on the hypothalamic preoptic neurons
[19,20]. This involves the CamK2 hyperpolarization pathway:
camk2 knockout (KO) shortened, and sik3 knockin (encoded
SIK3 protein kinase gene acting downstream to CamK2)
enhanced sleep duration in mice [21,22]. Similarly, KO mice
for NR3A, a Ca2+-dependent N-methyl-D-aspartate receptor
subunit, showed a significantly shortened sleep and disturbed
sleep homeostasis [21,23,24]. Likewise, ACHM3 (a cholinergic
muscarinic receptor subunit and expressed in the ventrolateral
preoptic area) was shown to contribute significantly to sleep-
wake homeostasis in pigeons, mainly by the activation of
hypothalamic mechanisms that maintain the awake state [25].

The mechanism(s) underlying LAN-induced effects on
sleep-wake homeostasis is (are) poorly understood in diurnal
vertebrates. To this end, songbirds can be a good experimental
system because they share many sleep traits with mammals
[26]. Like in mammals, sleep allows birds to recover from
daily stress, and to consolidate memory, conserve energy and
maintain the body temperature and homeostasis [26–28].
Here, therefore, we investigated LAN-effects on sleep and
associated molecular correlates in diurnal zebra finches,
which show profound LAN-induced negative behavioural
and physiological effects [10,11]. We first performed behav-
ioural assays to monitor the sleep and activity-rest pattern,
and assayed plasma oxalate levels as a biomarker of sleep
effects in adult female zebra finches that were exposed daily
to 12 h light (150 lux) coupled with 12 h of absolute darkness
or of dim light (5 lux). Then, we measured the hypothalamic
expression of genes involved in the circadian timing (per2,
bmal1, reverb-β, cry1, ror-α and clock), and in the promotion of
sleep (cytokines: tlr4, tnf-α, il-1β and nos; Ca2+ dependent
hyperpolarization pathway: camk2, sik3 and nr3a) andmainten-
ance of the awake state (muscarinic cholinergic receptor, achm3)
in diurnal zebra finches.
2. Material and methods
(a) Animal maintenance and experiment
This study was approved by the Institutional Animal Ethics Com-
mittee (IAEC) of the Department of Zoology, University of Delhi,
India (DU/ZOOL/IAEC-R/2018/03). The experiment was car-
ried out on adult female zebra finches (T. guttata) that were born
and raised in our indoor facility under 12 h daily photoperiod
(12 L : 12 D; L =∼150 lux; D = 0 lux; temperature = 24 ± 2°C). For
this study, we chose females to avoid any potential sex-dependent
response to an altered light environment.We also expected a larger
response in female birds, based on a previous songbird study in
which, when compared with males, female great tits spent a
greater proportion of the night awake in response to the artificial
LAN environment [6]. The experimental protocol has been
described in detail in a previous publication [11]. Briefly, 72 females
(age: 8–10 months) were individually housed (cage size = 42 ×
30 × 54 cm) kept in separate light-proof wooden boxes (size =
58 × 52 × 68 cm); hence, birds were isolated such that they could
not see and hear their neighbours. After a week of acclimation to
12 L : 12 D, as before, birds were randomly separated in two
equal groups. For the next three weeks, half of the birds remained
on 12 L : 12 D (LD group: L =∼150 lux; D = 0 lux); however, for the
other half of birds, the absolute darkness of 12 h night
was replaced by 5 lux dim light (dLAN group: L = 150 ± 5 lux;
D = 5 lux ± 1 lux). We chose 5 lux for dLAN based on the average
night-time illumination intensity of three different locations in a
6 km2 area around Delhi University that we had measured, and
this was consistent with previous dLAN studies in songbirds
[7,9]. The white light illumination was provided by Philips
(India, 220 V-240 V) compact fluorescent bulbs emitting a radiance
of 220 lumens. Each cage was fitted with two such bulbs, one of
which was used for providing dLAN at 5 lux light intensity to
birds under dLAN. Reduction in the light intensity at night was
achieved by covering the bulb with a black paper sheet having
multiple slits. We checked and verified intermittently the light
intensity both during the day and night by using the Macam
Q203 radiometer. To all birds, food (Setaria italica seeds) and
water were available ad libitum.
(b) Behavioural assay of 24 h activity and sleep
patterns

Two perches placed in each cage at unequal heights facilitated
the perching activity of the bird within the cage environment.
The cage was mounted with a passive infrared motion sensor
(DSC, LC100 PI Digital PIR motion detector, Canada) that con-
tinuously monitored general activity (movement) of the bird in
its cage. The movements collected in 5 min bins for each individ-
ual were stored separately in a computerized recording system.
The collection, collation, graphics and analysis of activity were
done by using the ‘The Chronobiology Kit’ software program
from Stanford Software Systems, Stanford (USA), as described
in several previous publications from our laboratory [9].
Double plotted activity records were graphed and presented as
an actogram for each bird, wherein successive days were plotted
sideways and underneath to show a better visual illustration of
the timing and pattern of 24 h activity-rest behaviour. For statisti-
cal analysis of the effect of the light condition of activity
behaviour, we extracted activity in 20 min bins for seven con-
secutive days for each bird. We first averaged activity for
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Figure 1. Effects on activity and sleep behaviours. Adult female zebra finches were exposed to 12 h light (150 ± 5 lux) coupled with 12 h of absolute darkness
(0 lux) or of dim light (dLAN, 5 ± 1 lux). Representative double plotted actogram show a 24 h activity-rest pattern under LD (a) and dLAN (d ). Black and white
portions denote the active and rest states, respectively. Twenty four hour activity-rest profile in 20 min bins (mean ± s.e.) is also shown for both LD (b) and dLAN
(e). Representative sleepogram (24 h distribution of sleep-wake pattern over 2 days) under LD (c) and dLAN ( f ), with sleep (black) and awake (white) states. (g)
illustrates representative images of behavioural postures showing back sleep, front sleep and awake states. Mean (±s.e.) hourly profile of the sleep duration (h),
total sleep duration (i), total sleep bouts ( j ), sleep bout length (k), and sleep and awakening latency relative to lights on and lights off, respectively (l, m) during
12 h of the night period. The asterisk (*) indicates a significant difference, as determined by GLMM (h) or by Student’s t-test (i–m). p < 0.05 was considered a
statistically significant difference. (*p < 0.05; **p < 0.01).
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20 min bins over 24 h for each individual, and then calculated
and presented the mean (±s.e.) 24 h activity profile.

We monitored the birds’ postures in the cage by using a night
vision camera and recorded it as sleep or awake state (figure 1),
as per a behavioural assay standardized and used in other
bird studies [6,9,13,29]. Videographs were analysed for sleep
and awake state by using Observer XT 10 software from
Noldus Information Technology (Wageningen, The Nether-
lands), and sleep states were identified by the resting postures,
as described in other birds [6,9,13]. We scored sleep mainly
in two behavioural postures when bird had its eyes closed
(=front sleep) and when it had tucked its beak on the scapula
(=back sleep) [29]. We further described and scored nocturnal
sleep in four states (parameters): sleep onset (first sleep bout
lasting ≥30 s) and offset (last sleep bout lasting ≥10 s),
sleep latency (interval from light off to sleep onset), awakening
latency (interval from sleep offset to light on), and sleep fre-
quency (sleep bouts per night). The scores obtained from
videographs over 2 days were averaged, and from this mean
(±s.e.), bout and duration of sleep both for each hour and total
12 h ‘night’ was calculated.

The activity-rest pattern was recorded throughout the
experiment, but for the behavioural assay of sleep birds were
videographed over 2 days ending a day before the last day of
the experiment. Here, we present data on both activity and sleep
behaviours for the same six birds from each condition. Although
we monitored behavioural responses of only 6 of 36 birds in this
study, we believe that by using an identical experimental pro-
cedure, the data are representative of the overall behavioural
response pattern of birds in each light condition.
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(c) Assay of plasma oxalate levels
As a biomarker of the sleep loss, we measured circulating oxalic
acid levels in nine blood samples collected by puncturing the
wing-vein in a heparinized capillary tube in the middle of the
light period. The handling and blood collection were completed
in less than 1 min to avoid anystress-induced effect. Bloodwas cen-
trifuged for 10 min at 3381 g at 4°C, and plasmawas separated and
stored at −20°C. Plasma oxalate levels were measured by using a
commercially available colorimetric assay kit (Cat. no. K663–100;
Biovision Inc., Milpitas, CA, USA), as per the manufacturer’s pro-
tocol and as detailed in the electronic supplementary material,
methods section. These nine blood samples included six birds for
which we recorded data on activity and sleep behaviours.

(d) Measurement of messenger RNA expression of
candidate genes

At the end of the experiment, birds were sacrificed by decapitation
at 4 h intervals beginning just before hour 0 (=light on; n = 6 per
time point; hour 0 sampling was completed before light on).
Because each bird was separately housed in a light-proof box, it
could be taken out for sacrifice without disturbing its neighbour
that was still inside its own box; this could be easily verified by
activity recordings. Brain from the head kept on ice post-decapi-
tation was carefully removed, snap frozen in dry ice and stored
at −80°C until processed for messenger RNA (mRNA) assays.
The hypothalamus was excised out as described in Sharma et al.
[30], and total RNA was extracted using Tri reagent (AM9738;
Ambion), as per the manufacturer’s protocol. One microgram of
total RNAwas treated with RQ1 RNase-free DNase (M6101, Pro-
mega, Madison, WI, USA) and reverse transcribed using a
Revert Aid first strand cDNA synthesis Kit (Thermoscientific,
K1622). At all six times of the day, wemeasuredmRNA expression
of six genes of the negative and positive limbs of circadian TTFL
( per2, bmal1, reverb-β, ror-α, cry1 and clock), and of eight genes
involved in the promotion of sleep (cytokines: tlr4, tnf-α, il-1β
and nos; Ca2+-dependent hyperpolarization pathway: camk2, sik3
and nr3a) and the maintenance of awake state (muscarinic cholin-
ergic receptor, achm3) Using gene-specific primers (electronic
supplementary material, table S1) and SYBR green chemistry,
both target and reference (β-actin) genes were run in duplicates on
the Applied Biosystems Step One plus system, and relative
mRNA expression levels were calculated by the 2−ΔΔCt method
[31], as validated and reported in several publications from our lab-
oratory [11,30]. We used β-actin as a reference (control) gene, which
was found to bemost stable between three genes that were tested as
controls earlier by our laboratory [30]. Further details are given in
the electronic supplementary material, methods section.

(e) Statistics
All statistical analyseswere performed usingGRAPHPAD PRISM v. 6.0
and IBM SPSS statistics software v. 20, as appropriate. Student’s
t-test compared data at one time point between two light con-
ditions. We constructed general linear mixed effect models
(GLMM) for behavioural responses. Light condition and time of
day were included as fixed effects, and the identity of study sub-
jects was included as a random effect. We also fitted general
linear models (GLM) to test the effects of the light condition,
time of day, and their interactions on gene expressions. If there
was a significant interaction effect, we ran Bonferroni post-test
for multiple comparisons. Furthermore, the persistence of a 24 h
rhythm in gene expressions was tested by unimodal cosinor
regression {y =A+ [B*cos (2*pi (X-C)/24)]}; A, B and C are the
mesor (mean value for 24 h expression), the amplitude (maximum
change in mRNA expression levels relative to the mesor) and the
acrophase (the estimated time of peak mRNA expression) of 24 h
(daily) rhythm, respectively. The significance of cosinor regression
analysiswas calculated using the number of samples, r2 values and
predictors—the mesor, amplitude and acrophase (https://www.
danielsoper.com/statcalc/calculator.aspx?id=15 [32]). If 24 h vari-
ation in mRNA expressions showed a significant daily rhythm,
then we used an extra sum of squares F-test to determine the
significant difference in the rhythm waveform parameters. For
statistical significance, α was set at 0.05.
3. Results
(a) Effects on activity, sleep and plasma oxalate levels
All birds showed a diurnal pattern in the activity-rest behav-
iour, with activity consolidated during light phase of 12 L :
12 D. However, 24 h distribution of activity showed an overall
significant effect of the light condition (F1,720 = 20.102, p <
0.0001) and time of day (F71,720 = 28.446, p < 0.0001), but not
of the light condition × time of day interaction (F71,720 = 1.143,
p = 0.205; GLMM test). Similarly, sleep was restricted to largely
at night (black regions figure 1a); sleep bouts were absent
during the daytime (white blank regions, figure 1a) in both
LD (dark night) and dLAN (dimly illuminated night) con-
ditions (figure 1). However, we found dLAN-induced
alteration in the sleep behaviour. To begin with, the duration
of nocturnal sleep bouts showed a significant effect of the
light condition (F1,120 = 221.36; p < 0.0001) but not of the time
of day (F11,120 = 1.1482; p = 0.147) or the light condition × time
of day interaction (F11, 120 = 0.888; p = 0.554) (GLMM test;
figure 1d). Particularly, the length ( p = 0.0014) and frequency
( p = 0.0017) of sleep bouts as well as the total duration of
nocturnal sleep ( p < 0.0001) were decreased in dLAN birds,
compared to LD controls (Student’s unpaired t-test;
figure 1e–g). Under dLAN, the delayed sleep onsets led to a
significant increase in the sleep latency (p = 0.0058), and a sig-
nificant decrease in the awakening latency (p = 0.0043;
Student’s unpaired t-test; figure 1h–i). Plasma oxalate concen-
tration faithfully reflected differences in the nocturnal sleep;
the levels were significantly decreased indicating sleep debt
in dLAN birds, compared to LD controls (p = 0.0286; Student’s
unpaired t-test; figure 2).

(b) Effect on mRNA expressions of candidate genes
(i) Circadian clock genes
Figure 3 shows the results. There were significant changes in
the level and 24 h rhythm of circadian clock gene expressions
(electronic supplementary material, tables S2 and S3). per2

https://www.danielsoper.com/statcalc/calculator.aspx?id=15
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mRNA expression showed a significant effect of the light con-
dition (χ2 = 33.438, p < 0.0001), the time of day (χ2 = 106.920,
p < 0.0001) and of the light condition × time of day interaction
(χ2 = 23.58, p < 0.0001; GLM test, electronic supplementary
material, table S3). In particular, per2 mRNA levels were
significantly reduced at hour 4 and hour 8 under dLAN, com-
pared to LD ( p < 0.05; Bonferroni’s post hoc test). However,
reverb-β, cry1 and clock expressions showed a significant
effect of the time of day (reverb-β: χ2 = 30.474, p < 0.0001;
cry1: χ2 = 56.473, p < 0.0001; clock: χ2 = 14.696, p = 0.012), but
not of the light condition or the light condition × time of
day interaction (GLM test; electronic supplementary material,
table S3). Similarly, bmal1 expression showed a significant
effect of the time of day (χ2 = 62.438, p < 0.0001) and light
condition × time of day interaction (χ2 = 47.568, p < 0.0001),
but not of the light condition (GLM test; electronic sup-
plementary material, table S3). Particularly, as compared to
LD, bmal1 mRNA levels were significantly decreased and
increased at hour 8 and hour 12, respectively, under dLAN
(p < 0.05; Bonferroni’s post hoc test). Intriguingly, we found
neither the effect of the light condition, nor of the time
of day or light condition × time of day interaction on ror-α
expression.Most interestingly, cosinor analysis revealed a sig-
nificant 24 h rhythm in per2, bmal1 and reverb-β expressions in
both LD and dLAN, and in cry1, clock and ror-α expressions
in LD, but not in dLAN (Fischer’s test, electronic supplemen-
tary material, table S2). However, we found significant
changes in the 24 h rhythm waveform of per2, but not of
bmal1 and reverb-β genes. There was a significantly decreased
mesor and amplitude, and altered acrophase of per2 mRNA
rhythm in birds under dLAN, compared to LD controls
(Fischer’s test, electronic supplementary material, table S2
and figure 3).
(ii) Cytokine-induced and Ca2+-dependent gene pathways
Of eight genes that we measured, the cosinor analysis revealed
a significant rhythm under LD alone in the mRNA expression
of sik3, nr3a and achm3 genes (figure 4; electronic supplemen-
tary material, table S3). However, there were changes over
24 h and/or between light conditions in several genes
(figure 4). For example, mRNA expression of il-1β showed a
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Figure 4. Effect on mRNA expression of genes involved in cytokine-induced and Ca2+-dependent gene pathways. Mean (±s.e.) 24 h hypothalamic mRNA expression
of tlr4 (a), tnfα (b), il-1β (c), nos (d ), camk2 (e), sik3 ( f ), nr3a (g) and achm3 (h) genes measured at 4 h intervals beginning before light on (hour 0 = light on) in
zebra finches exposed to 12 h light (150 ± 5 lux) coupled with 12 h of absolute darkness (0 lux) or of dim light (dLAN, 5 ± 1 lux). The asterisk indicates a
significant difference as determined by Bonferroni’s post-test after a significant interaction effect indicated by the GLM test (electronic supplementary material,
table S3). p < 0.05 was considered a statistically significant difference. Whereas the inverted arrow heads indicate the time of peak mRNA expression during
the day, the double arrow-headed vertical lines denote the amplitude of daily mRNA oscillations (LD: red; dLAN: blue), as determined by the rhythmometric
test (electronic supplementary material, table S2). (Online version in colour.)
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significant effect of the light condition (χ2 = 9.069, p = 0.003)
and time of day (χ2 = 19.58, p = 0.001; GLM, electronic
supplementary material, table S3), but not of the light con-
dition × time of day interaction (figure 4c). Similarly, there
was a significant effect of the time of day (tnf-α: χ2 = 50.04,
p < 0.0001; camk2: χ2 = 12.33, p = 0.031; achm3: χ2 = 15.79, p =
0.007), but not of the light condition or the light condition ×
time of day interaction, on tnf-α, camk2 and achm3 mRNA
expression (GLM, electronic supplementary material, table
S3; figure 4b,e,h). Likewise, tlr4 and nos showed a signifi-
cant effect of the time of day (tlr4: χ2 = 28.79, p < 0.0001; nos:
χ2 = 26.14, p < 0.0001) and light condition × time of day inter-
action (tlr4: χ2 = 16.79, p = 0.005; nos: χ2 = 13.39, p = 0.02; GLM
test, electronic supplementary material, table S3; figure 4a,d),
but not of the light condition. sik3 and nr3a expressions also
showed a significant effect of the light condition (sik3: χ2 =
9.89, p = 0.002; nr3a: χ2 = 7.39, p = 0.007), time of day (sik3:
χ2 = 39.92, p < 0.0001; nr3a: χ2 = 43.39, p < 0.0001) and light con-
dition × time of day interaction (sik3: χ2 = 18.53, p = 0.002; nr3a:
χ2 = 49.13, p < 0.0001; GLM, electronic supplementarymaterial,
table S3 and figure 4f,g). Particularly, at hour 20, sik3 mRNA
levels were significantly reduced in dLAN, compared to LD
( p < 0.05; Bonferroni’s post hoc test; figure 4f ), whereas at
hour 12 and hour 4, respectively, nos and nr3a levels were sig-
nificantly higher under dLAN, when compared with the levels
under LD ( p < 0.05; Bonferroni’s post hoc test; figure 4d,g).
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4. Discussion
We demonstrate that dLAN at ecologically relevant light inten-
sity levels affected activity and sleep behaviours in zebra
finches, similar to those reported in great tits and Indian
house crows [6,9]. There was a disruption in the distribution
of activity, and significantly delayed sleep onsets and advanced
wake ups (hence, a reduction in the duration of nocturnal sleep)
in zebra finches under dLAN. In particular, reduced frequency
anddecreased length of sleep bouts suggested dLANeffects on
the consolidation of sleep in zebra finches. Clearly, considering
the enhanced sleep latency, zebra finches took a longer time to
fall asleep, and spent a greater proportion of the night awake
under dLAN, compared to LD. This is consistent with the pro-
longed daytime activity, and delayed onset of nocturnal sleep
in European blackbirds in response to street lights at night
[33]. Reduced plasma oxalate levels further evidenced dis-
turbed nocturnal sleep (=sleep debt) in zebra finches in
response to dLAN, as has been reported in great tits, rats and
humans [8,15]. Because we did not measure plama oxalate
levels before the experiment began, we cannot comment
whether the large individual variation in levels at the end of
the experiment reflected base line differences in oxalate levels
or individual responsiveness to dLAN.Nonetheless, the overall
significant difference in circulating oxalate levels between the
light conditions does suggest the impact of dLAN on sleep.
Notably, plasma oxalate levels were decreased in adults but
increased in developing great tits in response to the artificial
LAN environment [6,8]. It needs to be investigated if effects
of dLAN would vary with development stage of the bird. Fur-
thermore, dLAN-induced effect in sleep disruption could be
associated with an attenuated nocturnal melatonin peak,
because midnight melatonin levels were reduced to almost
daytime levels in female zebra finches [11]. Concomitant
dLAN-induced negative effects on the sleep-wake pattern
and loss of nocturnal melatonin peak secretion have been
found in great tits, pigeons and Indian house crows [6,7,9].

We further suggest that dLAN-induced negative sleep
effects in female zebra finches involved the endogenous circa-
dian clock, because hypothalamic clock gene oscillations were
negatively affected under dLAN. In particular, 24 h changes in
cry1, clock and ror-α mRNA levels were arrhythmic, and per2
24 h mRNA rhythm showed an earlier peak and a reduced
amplitude under dLAN. This is consistent with an earlier
peak expression time of bmal1, per2 and clock, and a delayed
peak expression time of cry1 found in tree sparrows (P. monta-
nus) from the urban (artificial LAN), when compared with the
rural (no LAN) environment [34]. The abolition of 24 h mRNA
rhythm in per2 expressionwas found correlatedwith disrupted
locomotor activity rhythms and caused sleep loss in mice
[35,36]. dLAN also attenuated rhythmic expression of per2 in
the hypothalamus, and of bmal1, per2 and cry1 in the liver of
nocturnal mice [37]. However, it cannot be ascertained from
the present study if dLAN-induced circadian rhythm impair-
ment was causal to sleep disruption or it was the
consequence of dLAN-induced sleep disruption in zebra
finches. This might represent a self-reinforcing physiological
process in which a strongly self-sustained circadian rhythm
improves the sleep quality, and sleep homeostasis influences
the amplitude (and perhaps phase) of the endogenous
circadian rhythm [38].

In general, changes in hypothalamic mRNA levels of genes
are consistent with the involvement of multiple hypothalamic
neuronal pathways for the promotion of sleep and themainten-
ance of awake (arousal) state [39]. For instance, the overall
effects on tlr4, il-1b and nos mRNA levels are consistent with
reduced inhibition of the arousal systems. This, in turn, justifies
the awake state promotion under dLAN. Reduced nocturnal
sleep and altered tlr4 mRNA levels in zebra finches under
dLAN were, in particular, consistent with reduced sleep and
enhanced wakefulness in tlr4-deficient mice [18]. With parallel
dLAN-induced decrease in il-1β and nos mRNA expressions,
we propose a close linkage of the pro-inflammatory cytokines
with dLAN-induced sleep fragmentation in zebra finches.
Indeed, tlr4 activation induces the synthesis and release of
IL-1β and TNF-α, which promote sleep by acting directly on
the hypothalamic preoptic neurons, and via nos, cause nitric
oxide production [19,20]. The diurnal difference in camk2
expression further suggests the involvement of Ca2+-depen-
dent pathways in dLAN-induced sleep disruption in zebra
finches. Changes in camk2, sik3 and nr3a expressions could
also suggest dLAN-induced effects on Ca2+-influx and conse-
quently influences sleep in zebra finches, consistent with
increased sleep duration in sik3mutantmice [22]. Concurrently,
the lack of a diurnal difference in achm3 mRNA levels under
dLAN (opposed to LD) could suggest that the maintenance
of awake statewas associated with activation of the hypothala-
mic preoptic M-cholinoreceptors in zebra finches, as reported
in pigeons [25]. We caution though that these genes are
involved in multiple functions and pathways including sleep,
glutamate signalling, calcium influx, thermogenesis and feed-
ing in vertebrates [18,21–24].
5. Conclusion
dLAN affected the nocturnal sleep and associated hypothala-
mic molecular pathways in diurnal female zebra finches.
Based on changes in mRNA expression of genes comprising
the circadian clock circuitry, cytokine and Ca2+-dependent
pathways, we suggest an integrated hypothalamic control of
sleep-wake state in zebra finches. Thus, by using a diurnal
species and ecologically relevant levels of LAN, we closely
replicated the prevailing urban night environment, and demon-
strated that illuminated nights could negatively impact the
molecular underpinnings of hypothalamic sleep-associated
pathways in diurnal animals.
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