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ABSTRACT Each year more than 250,000 infants in the
United States are exposed to artificial lighting in hospital
nurseries with little consideration given to environmental
lighting cycles. Essential in determining whether environmen-
tal lighting cycles need to be considered in hospital nurseries
is identifying when the infant’s endogenous circadian clock
becomes responsive to light. Using a non-human primate
model of the developing human, we examined when the
circadian clock, located in the hypothalamic suprachiasmatic
nuclei (SCN), becomes responsive to light. Preterm infant
baboons of different ages were exposed to light (5,000 lux) at
night, and then changes in SCN metabolic activity and gene
expression were assessed. After exposure to bright light at
night, robust increases in SCN metabolic activity and gene
expression were seen at ages that were equivalent to human
infants at 24 weeks after conception. These data provide direct
evidence that the biological clock of very premature primate
infants is responsive to light.

Circadian rhythms are endogenously generated rhythms that
have a period length of about 24 hrs and profoundly affect
human physiology and behavior (1–3). Notable examples of
circadian rhythms include the sleep–wake cycle and daily
rhythms in hormone production (2–4).

Circadian rhythms are generated by a biological clock
located in the hypothalamic suprachiasmatic nuclei (SCN) (1,
4–6). To ensure that the oscillations of the circadian clock are
synchronized with the 24-hr light–dark cycle, circadian
rhythms are entrained by light via the retinohypothalamic tract
that projects from the retina to the SCN (7).

We now know that the SCN begin oscillating in utero (8, 9),
and the circadian system can influence physiology at very early
stages of development (10, 11). Depending on the species
examined, photic regulation of the SCN develops either pre-
natally or postnatally (12–14). In humans, the retinohypotha-
lamic tract has been identified at 36 weeks of gestation (15),
and functional entrainment of circadian phase has been ob-
served in term baboon infants (16). However, we do not know
whether the primate clock is functionally responsive to light at
earlier stages. Considering that more than 250,000 infants per
year are exposed to artificial lighting in hospital nurseries in
the United States (17), identifying when the primate SCN
become responsive to light is of considerable clinical impor-
tance in determining whether environmental lighting cycles
can indeed influence the developing infant.

Because of the limitations of studying humans, it is not
possible to determine when the circadian clock of human
infants becomes functionally responsive to light. Thus, to
provide insights into the developing human clock, we studied
baboons, because they are favored models for human preterm
infants (11, 18–20). Here, we provide direct evidence that the

biological clock of very premature primate infants is responsive
to light.

MATERIALS AND METHODS

Animals. Baboon infants (Papio spp.) were studied at the
Southwest Foundation for Biomedical Research (San Antonio,
TX) or at the University of Illinois (Chicago, IL). All studies
were approved by the subcommittees for animal care at Yale
University, University of Illinois, and the Southwest Founda-
tion for Biomedical Research. After mating, pregnant dams
were maintained in diurnal light–dark cycles consisting of 12
hrs of each per day (lights on 0700 to 1900 hrs; 1,000 lux or
greater). Infants were delivered by Cesarean section at 1000
hrs on the appropriate postconceptual (PC) day and immedi-
ately blindfolded. Infants born at PC day 160 were kept in
individual newborn incubators (Ohio, Madison, WI). Infants
born earlier than 160 PC days were incubated, mechanically
ventilated, and kept on warming tables (32°C). All infants were
infused i.v. with 5% dextrose in 0.45% saline at a rate of 150
mlykg per day. For ventilated infants, blood gases were ob-
tained every 2–4 hrs, and oxygenation and ventilation were
adjusted to maintain normal levels of pH, 02 pressure, and CO2
pressure. Constant illumination (1,000 lux) of the nursery was
provided by Phillips Cool White fluorescent lights (Sommer-
set, NJ). For light-at-night studies, illumination was provided
by 500-W halogen lamps. Light intensity was measured with a
SPER Scientific light meter (Itaska, IL) that was placed near
the animals’ eyes.

Deoxyglucose (DG) Studies. DG (2-deoxy-D-[14C]glucose)
studies were performed as described (21, 22). In brief, indi-
vidual animals were exposed to light at specified times and, 5
min later, injected with 100 mCiykg of DG (Amersham Phar-
macia; specific activity 5 60 Ciymmol; 1 Ci 5 37 GBq) via
umbilical venous lines. Illumination was continued until the
animals were euthanized 45 min later with an overdose of
pentobarbital (100 mgykg; i.v.). The hypothalamus was dis-
sected, frozen in chilled 2-methylbutane (220°C), and stored
at 280°C. Slide-mounted frozen tissue sections (20 mm thick)
were then air-dried and exposed to Kodak Biomax MR
radiography film. SCN metabolic activity was assessed by
determining the relative OD of the SCN (OD of SCNyOD of
adjacent hypothalamus). For each specimen, the relative OD
values for three consecutive sections in the midportion of the
SCN were determined. To capture images, a Bio-Rad Gel Doc
1000 system was used, and OD values were computed with
MOLECULAR ANALYST Software (Bio-Rad) with Kodak auto-
radiographic standards.

In Situ Hybridization. Tissue sections adjacent to those used
for DG studies were used. In situ hybridization for c-fos,per1
mRNA were performed by using methods similar to those
described (16). The Riboprobe system (Promega) was used to
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generate [35S]a-thio-UTP-labeled antisense and sense cRNA
probes. A 400-bp fragment of the mouse c-fos cDNA was used
as the template for fos cRNA probe generation as described
(11). A 400-bp fragment of the mouse per1 gene was used as
the template for per1 cRNA probe generation. Slides were
apposed to Kodak Biomax MR film to generate autoradio-
graphic images. In situ hybridization signal was quantified by
measuring the relative OD of the SCN as described above.

RESULTS
Photic Responsiveness of the SCN in Preterm Infants.

Previous studies have shown that the SCN of term baboon
infants (gestation length 180–185 days) are responsive to light
at birth and that photic responsiveness is retina-mediated (16).
To address when the developing primate circadian system first
becomes responsive to light, we studied progressively younger
preterm baboon infants. To test for photic responsiveness,

FIG. 1. Autoradiographic images of preterm baboon-brain sections showing SCN DG uptake after exposure to 5,000 lux of light at night. The
infants shown are either 160 (Upper) or 125 (Lower) PC days of age and were either blindfolded (Right) or directly exposed (Left) during light
exposure. The images are at mid-SCN levels. Arrows identify the SCN.

FIG. 2. Relative OD values of individual animals generated from DG-uptake studies at PC days 160 (A) and 125 (B). Animals were exposed
directly (dotted bars) or blindfolded (black bars) during exposure to 5,000 lux of light. Relative OD values are means 6 SEM of three determinations
at mid-SCN level per animal.
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changes in SCN metabolic activity and gene expression were
monitored after light exposure at night (16). If the SCN are
innervated functionally by the retina, light exposure at night
induces a large increase in SCN metabolic activity and gene
expression, whereas changes are not seen if the SCN are not
innervated by the retina (16).

To assess changes in SCN metabolic activity, we first
studied SCN DG uptake in two preterm baboon infants at
160 PC days of age. After Cesarean-section delivery at 1000
hrs, animals were blindfolded immediately. Then, animals

were exposed to light at night at 2230 hrs. One animal
remained blindfolded during light exposure, and another
animal was exposed to light directly (5,000 lux) without a
blindfold.

After light exposure, a robust increase in relative DG uptake
was apparent in the autoradiographic images of the SCN of the
animal that was not blindfolded (Figs. 1 and 2A). In contrast,
no discernible SCN images were visible in autoradiographs
generated from the animal that remained blindfolded during
light exposure (Figs. 1 and 2A).

FIG. 3. In situ hybridization images generated with 35S-labeled cRNA probes showing c-fos (Upper) and per1 (Lower) mRNA expression at PC
day 125 after exposure to light at night with (Right) or without (Left) blindfolds. Arrows identify the SCN.

FIG. 4. Relative OD values of the SCN autoradiographic images generated from c-fos (A) and per1 (B) mRNA expression studies. Animals were
studied either with (black bars) or without (dotted bars) blindfolds during 5,000 lux of light exposure. Relative OD values are means 6 SEM of
three determinations at mid-SCN level.
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Next, to test for SCN photic responsiveness at younger ages,
preterm infants at 125 PC days of age were studied. After
Cesarean-section delivery, infants were ventilated mechanically
because of their immature respiratory development. One infant
was blindfolded and exposed to 5,000 lux of light at night, and two
infants were exposed directly to 5,000 lux of light at night.

Similar to the results obtained at PC day 160, exposure to light
resulted in a robust increase of relative SCN DG uptake, whereas
no apparent changes in SCN DG uptake were seen in the
autoradiographs generated from the blindfolded animal (Figs. 1
and 2B).

Next, one preterm infant at 120 PC days of age was exposed to
5,000 lux of light at night. In contrast to the experiments with the
older animals, light exposure did not induce increases in DG
uptake, as no discernible images of the SCN were seen in the
autoradiographs.

Light-Induced Changes in SCN c-fos and per1 Gene Expres-
sion. To complement DG studies, we also tested for light-induced
changes in SCN c-fos and per1 mRNA expression. Both c-fos and
per1 gene expression in the SCN is induced by light exposure at
night if the SCN are innervated functionally by the retina (23–26).
Therefore, in situ hybridization was performed on tissue sections
adjacent to those used for DG studies.

Strong hybridization signals in the SCN region of the animals
exposed to light were seen for both c-fos and per1 mRNA at 160
and 125 PC days of age (Fig. 3 and 4). In contrast, no hybridization
signals were seen in the infants born on PC day 160 or 125 that
had been blindfolded during light exposure or in the infant born
on PC day 120 exposed to light.

DISCUSSION

Because noninvasive methods for examining SCN metabolic
activity in mammals are not available currently, baboons were
used to provide insights into the development of SCN photic
responsiveness. Baboons are favorable models for human pre-
term infants and have been used to develop important therapeu-
tic interventions for preterm infants (11, 18–20, 27). The devel-
opment of the prenatal visual system is also very similar among
monkeys and humans, making non-human primates excellent
models for the development of the visual system in humans (28).

To determine the developmental stage at which the primate
SCN become responsive to light, light-at-night studies on preterm
baboons were carried out with progressively younger infants. At
PC days 160 and 125, which are equivalent 32 and 24 weeks of
gestation for human fetuses, respectively (27), acute light expo-
sure induced robust increases in SCN metabolic activity and
induced c-fos and per1 gene expression. In contrast, at PC day 120,
which is equivalent to 22 weeks of human gestation (27), light-
induced changes in SCN metabolic rates and c-fos and per1 gene
expression were not seen. Thus, there seems to be a develop-
mental window in very premature primate infants when SCN
photic responsiveness develops.

Because there are no humoral or behavior outputs of the
circadian system until several weeks after term birth in human
and baboons (11, 16), it is not possible for us to assess whether
light can entrain circadian phase at such early ages. However,
photic entrainment of circadian phase by low-intensity lighting
(200 lux) can be seen in term newborn baboons (16). Thus, it is
likely that circadian phase will be entrained at the age when the
SCN are responsive to light.

Intriguing evidence suggests that cycled lighting influences
human infant development and behavior. Hospitalized term
infants cared for by a single provider in a regular light–dark cycle
were found to sleep more at night and less during the day than
infants with unstructured patterns of care (29). In one report
involving a small number of subjects, preterm infants cared for in
a nursery with strict light–dark cycles were reported to gain
weight faster and develop sleep–wake cycles sooner than infants
cared for in constant lighting (30). It has also been suggested that

preterm infants cared for in nurseries with cycled lighting are less
ill and grow faster than infants cared for in constant illumination
(31); however, study subjects were randomized poorly in that
report. The discovery of SCN photic responsiveness at develop-
mental stages close to when human infant survival becomes
possible (32, 33) thus provides an important foundation for
assessing whether environmental lighting influences the devel-
oping newborn.

Overall, our results provide direct evidence that primate SCN
are responsive to light at very premature stages, and we also show
that light responsiveness is retina-mediated. Further consider-
ation of the lighting cycles to which preterm infants are exposed
is warranted.
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