
10.1177/0748730404271573 ARTICLEJOURNALOF BIOLOGICALRHYTHMS / February 2005Gorman et al. / DIM ILLUMINATION AND ENTRAINMENT

Scotopic Illumination Enhances Entrainment of
Circadian Rhythms to Lengthening Light:Dark Cycles
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Abstract Endogenously generated circadian rhythms are synchronized with
the environment through phase-resetting actions of light. Starlight and dim
moonlight are of insufficient intensity to reset the phase of the clock directly, but
recent studies have indicated that dim nocturnal illumination may otherwise
substantially alter entrainment to bright lighting regimes. In this article, the
authors demonstrate that, compared to total darkness, dim illumination at night
(< 0.010 lux) alters the entrainment of male Syrian hamsters to bright-light T
cycles, gradually increasing in cycle length (T) from 24 h to 30 h. Only 1 of 18
hamsters exposed to complete darkness at night entrained to cycles of T > 26 h. In
the presence of dim nocturnal illumination, however, a majority of hamsters
entrained to Ts of 28 h or longer. The presence or absence of a running wheel had
only minor effects on entrainment to lengthening light cycles. The results further
establish the potent effects of scotopic illumination on circadian entrainment and
suggest that naturalistic ambient lighting at night may enhance the plasticity of
the circadian pacemaker.
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The circadian pacemaker of hamsters exhibits a
daily rhythm in responsiveness to the phase-shifting
effects of light that is described by the PRC, which can
be used to predict the success of entrainment to non-
24-h light regimens (i.e., T cycles). Briefly, circadian
rhythms do not entrain to external light cycles with
periods (T) longer than the sum of the free-running
period and the maximum phase delay from the PRC
(Johnson et al., 2003). Besides phase shifting the pace-
maker, light may also acutely induce or suppress (i.e.,
mask) behaviors that are also under circadian control
(Mrosovsky, 1999).

Although this simple model of T cycle entrainment
has demonstrated explanatory and predictive power
(Daan and Aschoff, 2001), it does not take into account
the fact that the shape of the PRC changes as a function

of entrainment history (Pittendrigh et al., 1984).
Whereas the maximum phase delay induced by a 15-
min light pulse is approximately 1 h in hamsters previ-
ously entrained to long day lengths (e.g., 14 h light/
day), much larger delays (e.g., 6-12 h) can be elicited
by identical pulses following entrainment to shorter
day lengths (e.g., 10 h light/day). Day length appears
to modulate the PRC via its effects on the waveform of
the circadian rhythm, as reflected in the duration of
the active phase (α): hamsters entrained, by whatever
means, to exhibit short αs have lower amplitude PRCs
(Elliott and Kripke, 1998; Pittendrigh et al., 1984;
Puchalski and Lynch, 1988). In practice, lengthening T
cycles tend to result in compression of α (Pittendrigh
and Daan, 1976a, 1976b). Any resulting dampening of
the PRC would thus serve to impede entrainment to
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more extreme T cycles. A study that employed grad-
ual twilight transitions between light and dark failed
to observe this typical pattern of α compression
(Boulos et al., 2002). Notably, the range of entrainment
was markedly increased under these conditions.

In nature, of course, nocturnal animals are
exposed to twilight transitions and to varying intensi-
ties of starlight and moonlight. Typical laboratory
conditions—characterized by square wave light transi-
tions and complete darkness or red light at night—are
ecological anomalies. Although starlight and moon-
light appear to be inadequate to induce circadian
phase shifts or to suppress melatonin secretion in
hamsters (Brainard et al., 1984; Brainard et al., 1982;
Nelson and Takahashi, 1991; but see Rahman et al.,
2004), such low-intensity light nevertheless markedly
alters their circadian entrainment (Gorman et al.,
2003). Specifically, dim nocturnal illumination
(reported as < 0.10 lux and subsequently shown to be
< 0.020 lux) facilitated a “split” activity pattern in
response to an exotic 24-h light:dark:light:dark cycle
(Gorman and Elliott, 2004; Gorman et al., 2003). In a
more ecological paradigm, dim nocturnal illumina-
tion accelerated photoperiodic reentrainment of Sibe-
rian hamsters following transfer from long to short
day lengths (Gorman and Elliott, 2004). Both of these
entrainment paradigms involve changing phase rela-
tionships between 2 circadian oscillators. We pro-
posed earlier that dim light may favor these forms of
temporal reorganization because it alters the coupling
between multiple oscillators (Gorman and Elliott,
2004). As the phase relationship between component
circadian oscillators putatively determines α in con-
ventionally entrained hamsters (Elliott and Tamarkin,
1994; Illnerova, 1991; Pittendrigh and Daan, 1976c),
we assessed whether the presence of dim illumination
at night would alter the entrainment to lengthening T
cycles. The most common measure of circadian
rhythms in rodents—wheel running—may likewise
alter oscillator coupling (Cambras et al., 2000; Lax
et al., 1998). For this reason, we also examined T cycle
entrainment in hamsters housed with and without
running wheels.

METHODS

General

Male Syrian hamsters of Harlan stock
(HsdHan:AURA; Harlan, Indianapolis, IN) were born

into our colony on 14 h of light and 10 h of dark daily
(LD14:10, lights off at 1900 PST), with lighting gener-
ated by 40-W fluorescent bulbs that yielded a light
intensity of 100 to 300 lux at the cage lid. No lights,
including computer indicator lights and so forth, were
present at night. Hamsters were group housed in
polypropylene cages (48 × 27 × 20 cm) on corncob bed-
ding with food (Purina Rodent Chow #5001; Ralston
Purina, St. Louis, MO) and water ad libitum.

Procedure

At 5 weeks of age, hamsters were singly housed
and randomly assigned to 1 of 3 experimental groups
that were exposed to identical lengthening T cycles.
The groups varied in their exposure to running wheels
and in the intensity of scotophase illumination.
DimWheel hamsters (n = 18) were housed with
Nalgene running wheels (34 cm diameter) in standard
polypropylene tubs (48 × 27 × 20 cm). Two 40-W fluo-
rescent bulbs controlled by a 7-day programmable
timer generated a mean photophase light intensity of
96.5 ± 7.6 lux at a standard position on the cage floor.
At all times, the room was also illuminated by three
0.03-W electroluminescent fixtures (2.5 × 4 cm; Austin
Innovations, Austin, TX) with a peak ± half band-
width of 507 ± 30 nm to produce a “darkness” light
intensity < 0.010 lux at the brightest location in the
typical cage. This illuminance value corresponds to
irradiance values of < 9 × 109 photons cm–2 sec–1 or
3.30 × 10–5 W m–2. A2nd group of hamsters was housed
in the same room in cylindrical cages (26 cm diameter
× 35 cm high) lacking running wheels (light intensity
was 159.7 ± 22.8 lux). Activity rhythms of these ani-
mals were monitored by passive infrared (PIR) motion
detectors (Coral Plus; Visonic, Bloomfield, CT)
mounted 33 cm above the cage floor (DimPIR; n = 18).
In an adjacent room, DarkPIR hamsters (n = 18) were
similarly housed without wheels, with identical fluo-
rescent lamps generating 205.6 ± 26.9 lux but with no
scotophase illumination. Cage changes for all groups
were scheduled at 2-week intervals and, whenever
possible, were done during the photophase in an
effort to minimize induced locomotor activity, which
can be a potent phase-shifting stimulus (Mrosovsky,
1988).

Lengthening T cycles were generated by modifying
the length of the original scotophase. Because nega-
tive masking of activity by light might make it difficult
to observe failed entrainment, the original 14-h
photophase was modified to include a second 5-h
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scotophase in its center. The resulting LDLD cycle is
thus technically a “skeleton” photoperiod in which
the first 3 phases (L4.5:D5:L4.5) substitute for a full 14-
h photophase, and the remaining scotophase varies in
length. This photoregime reflects a hybrid between
more commonly used full photoperiods and shorter
skeleton pulses that may more closely mimic dawn/
dusk exposure of nocturnal animals in nature. The aim
was to provide an entraining LD cycle that might be
stronger than a skeleton with much briefer light
pulses while still unmasking the expression of pace-
maker-driven activity. The specific consequences of
our novel hybrid design have not yet been
investigated.

After hamsters were in individual cages for 2
weeks, T cycles were lengthened abruptly from 24 h to
25 h. At weekly intervals thereafter, T cycles were
lengthened in 20-min increments. After 1 week in T30,
the fluorescent lights were permanently disconnected
beginning with the 5-h scotophase. Two weeks later,
hamsters were euthanized with sodium pento-
barbital, and body weight and testis mass were
determined.

Data Collection and Analysis

Locomotor activity rhythms were monitored with a
VitalView data collection system (Mini Mitter, Bend,
OR), which counted the number of electrical closures
triggered by a half wheel revolution or by movement
below the PIR detector. Activity counts were compiled
into 6-min bins, and further circadian analyses were
conducted using ClockLab software (Actimetrics,
Evanston, IL).

Because the period of the putatively entraining
zeitgeber changed weekly, traditional methods of
plotting actograms were of limited utility for visualiz-
ing entrainment patterns. Accordingly, an alternate
set of activity records was prepared with the abscissa
plotted in angular degrees of the external lighting
cycle rather than in hours (Fig. 1). Because the external
cycle length varied from 24 h to 30 h, the data series
recorded during each cycle was adjusted to a standard
number of data points (240/day) to match that col-
lected under T24. With lengthening T cycles, this
adjustment could be accomplished by deletion of
equally spaced bins throughout each cycle. Thus, for
T30, every 5th bin was deleted to reduce the number of
data points from 300 (10/h) to 240. These altered plots
were only used for presentation purposes and for

determining the phase angle of entrainment (see
below).

Periodogram Analysis

To determine the dominant period of the locomotor
activity rhythm of each hamster, chi-square
periodograms were calculated over 1-week intervals
of unmanipulated activity data. The statistically sig-
nificant peak in the range of 21 to 33 h with the highest
power was identified and recorded. In addition, to
identify any oscillations in the data that might reflect
free-running activity (or relative coordination) of a cir-
cadian pacemaker not entrained to long T cycles,
periodograms were examined for the presence of any
additional, statistically significant peaks in a more
narrowly defined “circadian” range (22-26 h). This
analysis for secondary peaks was conducted only
after T cycles had lengthened to T27, at which point
the periods of free running and entrained peaks might
be clearly distinguished. For all periodogram analy-
ses, the significance level was set at p < 0.001. Using
the Fisher exact probability test, groups were com-
pared for the proportion of hamsters that exhibited
period peaks in the circadian range (indicating failed
entrainment) and for the proportion that met the joint
criteria of exhibiting period peaks matching T (±1 h)
and not exhibiting any significant periodicity in the
circadian range (indicating successful entrainment).

For animals meeting the joint entrainment criteria
described above, the phase angle of entrainment was
determined over 7-day intervals at T24, T25, T26, T27,
and T28. Least squares regression lines were calcu-
lated through eye-fitted activity onsets, and predicted
onset for the central day was calculated.

At the conclusion of the experiment, the rhythms of
hamsters free-running in constant conditions were
assessed for period, phase, and waveform. Allowing
for 2 days of transient cycles, the dominant free-
running period was determined with chi-squared
periodogram analysis over the following 10 days of
data. Using this period, an educed circadian wave-
form was generated over this interval. From this activ-
ity profile plot, activity onset and offset were taken as
the first and last points above the daily mean and sus-
tained for 2 additional bins. Activity duration was the
difference between these 2 values. The phase of activ-
ity onset and the period of the rhythm were used to
project backwards to the 1st cycle in DD to determine
activity onset at the beginning of the free-running con-
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Figure 1. Representative double-plotted actograms and periodogram analyses of hamsters exposed to identical lengthening T cycles
paired with completely dark (left) or very dimly illuminated (< 0.010 lux; right) scotophases. In panels A and B, each line of the traditionally
double-plotted actograms represents 48 h. Because the lighting cycle changed weekly, times of light and darkness could not be represented
graphically. Every full-hour T cycle in effect is noted beside each plot, as is the time of entry into constant conditions (DD; dark or dim). Pan-
els C and D represent the same data, with the abscissa double-plotted in 360 angular degrees of T. Thus, each line represents 2 complete
cycles of the zeitgeber, which is lengthening at weekly intervals. In these plots, shading is used to indicate timing of the scotophases. Fol-
lowing transfer to constant conditions, the data are plotted 48 h/line. Panels E and F illustrate results of chi-squared periodogram analyses
conducted at weekly intervals for the same 2 hamsters and plotted as a function of the zeitgeber period (y-axis). The z-axis represents the
calculated statistical amplitude above the value required for statistical significance at p < 0.001 (ClockLab). In other words, higher peaks are
more statistically significant. All unshaded peaks are statistically significant atp < 0.001.



ditions. The Rayleigh test was used to test for random-
ness of the distribution of these projected activity
onsets (Batschelet, 1981).

RESULTS

A representative actogram of a DarkPIR hamster
and 1 of the most consistently entrained DimPIR ham-
sters are illustrated in Figure 1, which, for comparison,
double-plots the same data in the traditional 24-h for-
mat and in terms of 360 angular degrees of the chang-
ing T cycle. As illustrated in Figure 1A, the dark-
exposed hamster (DarkPIR) expresses a free-running
rhythm with τ < 24 h beginning around the time of
transfer to T26. The angular degree plot (Fig. 1C)
shows that, from T26 onwards, activity of this animal
consistently drifted earlier with respect to the lighting
regime. In contrast, the traditional plot of the dim-
exposed hamster (Fig. 1B; DimPIR) highlights that
activity onsets were progressively decelerated from
T25. There is no indication of rhythmicity with a
period near 24 h until the very end of the record, when
the hamster was maintained under constant condi-
tions. The angular degree plot (Fig. 1D) shows that
activity is consistently restricted to the long daily
scotophase until T29. Thereafter, activity onset
advances into the earlier afternoon scotophase, and
activity is divided between the 2 scotophases. Subse-
quently, upon release from T30, activity free-runs in
constant conditions from a phase that appears to be
consistent with its previously entrained phase. A sur-
face plot of the periodogram analyses conducted at
weekly intervals illustrates that the DimPIR animal
consistently shows a dominant periodicity that
lengthens in direct proportion to the external lighting
cycle (Fig. 1F). Upon transfer to constant darkness, the
rhythm changes abruptly to near 24 h. In contrast,
throughout the experiment, the DarkPIR hamster
showed no significant periodicity to match the
lengthening T cycle (Fig. 1E).

The various patterns of entrainment, masking, and
relative coordination are illustrated in the angular
degree plots of Figure 2. Figure 2A illustrates the free-
running and simultaneously masked rhythm charac-
teristic of the vast majority of DarkPIR hamsters. As in
Figure 1C, the rhythm consistently drifts earlier (left-
ward) with respect to the lighting cycle. The enlarged
actogram detail (single plotted) emphasizes that activ-
ity is consistently suppressed during the photophases.
During each scotophase, activity alternately appears

and disappears for several cycles (i.e., “beats”) as sub-
jective night cycles in and out of phase, respectively,
with darkness. In Figure 2B, the rhythm free-runs for a
short time early in the activity record but subse-
quently adopts a stable phase relationship between
T26 and T28. The actogram detail shows that there is
no “beating” pattern comparable to that of dark-
exposed hamsters. Each cage change, however,
induced locomotor activity. The 2nd highlighted cage
change appears to trigger a brief loss of entrainment,
but a pervasive free-running rhythm never develops,
and the free run in DD is continuous with the overall
pattern of entrainment. The DimPIR hamster in Figure
2C appears to be entrained throughout. Note that as
the T cycle lengthens, activity onsets and offsets occur
progressively earlier relative to the lighting cycle. The
enlarged actogram detail also highlights the lack of an
apparent free-running component. The running
wheel record in Figure 2D illustrates entrainment
until T27, an interval of relative coordination from T27
until T29, and a free-running rhythm thereafter.

For each animal, the most significant period peak of
the activity rhythm each week is plotted in Figure 3.
Among DarkPIR hamsters, only 1 hamster adopted a
dominant period that matched that of the zeitgeber
beyond T26 (Fig. 3A). The remaining hamsters
expressed periods that were not systematically related
to T but were instead not much different from 24 h. In
contrast, this pattern was observed for only 2 DimPIR
hamsters; the majority of DimPIR animals had period
peaks that generally tracked the T cycle, as did all dim-
exposed hamsters with wheels (Fig. 3B, 3C). For both
groups, an increasing fraction of hamsters exhibited
peaks that diverged from T as the zeitgeber period
was lengthened; however, the periodogram peak
often matched T again in subsequent weeks, suggest-
ing that animals were exhibiting relative coordination.

Because a rhythm that is free running but masked
by light may produce a periodogram peak that
matches T, entrainment to long T cycles is more con-
vincingly demonstrated by the absence of any signifi-
cant periodicity in the “circadian” range. Figure 4A
plots the fraction of animals expressing any statisti-
cally significant periodicity between 22 and 26 h (i.e.,
not necessarily the dominant period) in the latter half
of the experiment. Whereas nearly all (17/18)
DarkPIR hamsters had significant periodogram peaks
between 22 and 26 h (not shown), few DimPIR did
until T lengthened beyond 29 h (Fig. 4A; cf. Fig. 3A).
Compared to dim-exposed hamsters monitored with
PIR detectors, a significantly greater proportion of
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the period of the zeitgeber is less than the sum of τ and
the maximum phase delay. Dim light may therefore
affect either τ or the photic PRC. As measured at the
conclusion of the experiment, � was lengthened under
dim light by nearly 0.5 h. This difference may reflect
either a parametric action of light on the oscillator
period, as summarized in the “Aschoff rule,” or an
aftereffect of entrainment to long photoperiods
(Aschoff, 1960; Pittendrigh and Daan, 1976a). In a sep-
arate study of hamsters in constant conditions follow-
ing entrainment to LD14:10, comparable dim illumi-
nation resulted in a very modest lengthening of the
free-running period (0.1 h; unpublished observa-
tions), suggesting that the present effect on τ is likely a
consequence rather than a cause of successful entrain-
ment under dim light. In either case, even the 0.5-h
increase in τ among dim-exposed hamsters would do
little to explain the virtually nonoverlapping distribu-
tions of the upper range of entrainment for dim- ver-
sus dark-exposed hamsters.

Of much greater significance for their successful
entrainment, hamsters exposed to dim illumination
had greater activity durations (α) in constant condi-
tions. A post hoc analysis, moreover, demonstrated a
comparable effect during exposure to T cycles: over
the 3-week interval when T increased from 27 to 28 h,
α was 15.7 ± 1.0 h for dim-exposed hamsters but only
9.9 ± 0.6 h for dark-exposed hamsters. In a number of
circadian paradigms, α varies with the amplitude of
the light-pulse PRC (Elliott and Kripke, 1998;
Pittendrigh et al., 1984; Puchalski and Lynch, 1988).
For example, the maximum phase delay induced by a
15-min light pulse was < 1 h following entrainment to
LD18:6 when α was ~8 h, but the same stimulus
induced ~2.5-h delays when α was ~10 h following
entrainment to LD10:14 (Pittendrigh et al., 1984). In
other studies, even larger phase shifts, reflective of
type 0 resetting, have been elicited from animals with
αs closer to those of the present study (Elliott, 1994).
As phase delays of only ~6 h would be sufficient for
entrainment to T30, an effect on α may parsimoni-
ously account for the differential entrainment success
in dim- versus dark-exposed hamsters. The increased
α in dim light may also account for the reduced gonad
size after 2 weeks in DD among animals lacking run-
ning wheels as the requisite long-duration melatonin
signal would be expected to be realized earlier in dim
versus dark. The larger gonads of animals with wheels
may reflect the well-documented modulation of the
photoperiodic response by wheel-running activity
(Gibbs and Petterborg, 1986).

As T cycles lengthened, dim-exposed animals
shifted from entraining with activity confined only to
the longer scotophase to a pattern with activity in each
of the scotophases (Fig. 1D, Fig. 2B, and Fig. 5). This
advancing of activity onset relative to the original
light offset is predicted with lengthening T cycles, but
it is perhaps surprising that animals would entrain
with a 4.5-h light pulse interrupting the subjective
night. With a very long α, the phase delay necessary to
entrain animals may only occur several hours into
subjective night. In this case, the 4.5-h photophase pre-
ceding the longer scotophase would be the principal
entrainment cue. In some respects, this entrainment
pattern resembles the “split” activity rhythms
adopted by some hamsters exposed to LDLD7:5:7:5
(Gorman et al., 2003). This pattern reflects temporal
dissociation of 2 component oscillators, and the inci-
dence of that configuration is greatly facilitated by
exposure to dim nocturnal illumination (Gorman
et al., 2003). In rats, the simultaneous expression of 2
oscillations—1 entrained and 1 free running—has
likewise been suggested under T cycles (Cambras
et al., 2004; de la Iglesia et al., 2004). We could neither
accept nor reject the idea that a comparable process
occurs in hamsters in the present experiment
(analyses not shown).

Besides facilitating a split activity pattern under 24-
h LDLD cycles, dim nocturnal illumination was
shown in Siberian hamsters to accelerate elongation of
α following transfer from long to short photoperiods
(Gorman and Elliott, 2004). Unlike the effect in stan-
dard short day lengths, the present increase in α under
dim scotophase illumination occurred despite at least
occasional exposure to bright light during subjective
night. That is, as true entrainment gave way to relative
coordination under lengthening T cycles, hamsters
were repeatedly exposed to bright light at all phases of
their circadian cycle, and yet, as measured in constant
conditions, α was extremely long and not particularly
variable. In other studies, infrequent exposure to light
pulses during subjective night—following loss of
entrainment in T cycles or by design in PRC studies—
commonly produces short activity durations
(Pittendrigh and Daan, 1976a, 1976b; Pittendrigh
et al., 1984). Each of the various paradigms affected by
dim nocturnal illumination—LDLD-induced split-
ting, short-day reentrainment, and entrainment to T
cycles—involves changes in phase relationships of
component circadian oscillators. These convergent
effects suggest that the critical action of dim light may
be on the coupling between circadian oscillators

46 JOURNAL OF BIOLOGICAL RHYTHMS / February 2005



comprising the SCN pacemaker, a hypothesis that is
being pursued in additional studies.

In Syrian hamsters, the addition of simulated twi-
light transitions between light and dark unambigu-
ously enhanced entrainment to long and short T cycles
compared to abrupt light:dark transitions (Boulos
et al., 1996; Boulos et al., 2002). Boulos et al. (2002) also
reported expanded αs under lengthening T cycles.
The obvious overlap with the present results raises 2
questions: is the critical action of our dim illumina-
tion, like twilight, during the beginning and end of
subjective night? And is the gradual ramping up and
down of light intensity, not present in our study, nec-
essary for twilight to enhance entrainment? Low-sen-
sitivity melanopsin-containing retinal ganglion cells
(RGCs) have been identified as photoreceptor media-
tors of light-induced phase shifts of the circadian
pacemaker (Berson, 2003; Panda et al., 2002; Ruby
et al., 2002). As the dim illumination in this study was
orders of magnitude lower than required for phase
shifting, the present effects were likely mediated by a
distinct mechanism, most plausibly a high-sensitivity
rhodopsin-based channel via either classical RGCs or
other intrinsically photosensitive RGCs.

The presence or absence of a running wheel did not
alter entrainment to the same extent that dim noctur-
nal illumination did. Effects of wheel access were most
salient in terms of the proportion of hamsters express-
ing a circadian component at very long T cycles, and
this was apparent only on alternate weeks. As cage
changes were conducted at this same interval, it is
plausible that animals with and without wheels were
differentially sensitive to this stimulus. Wheel run-
ning induced by a cage change can induce phase shifts
(Mrosovsky, 1988). Cage changes were scheduled dur-
ing lights-on to minimize induced wheel-running
activity and thereby to minimize loss of entrainment.
Wheel running was indeed minimized, but a pro-
longed interval of general locomotor activity was dis-
tinctly visible following a cage change in a substantial
fraction of hamsters monitored with motion detectors.
As other aspects of entrainment (i.e., the clustering of
onsets upon release into constant conditions and the
matching of activity periodicity with T) were not
markedly affected by wheel access, this variable
appears to be of minor importance in entrainment to
these T cycles.

In conclusion, circadian entrainment to bright-light
cycles across several experimental paradigms is
greatly altered by the addition of nighttime illumina-

tion of an intensity that is ecologically realistic but
nevertheless commonly regarded as biologically inef-
ficacious. The functional significance of spectral and
temporal characteristics of starlight and moonlight
remains to be determined, but the potent effects in the
laboratory suggest that these may be critical environ-
mental cues for optimal entrainment under natural
conditions. In addition, if these effects can be general-
ized to other species, chronobiologists may have a
new, highly efficacious, minimally invasive tool with
which to manipulate circadian systems.
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