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Abstract

In mammals, light entrains the central pacemaker within the suprachiasmatic nucleus (SCN) via
both a direct neuronal projection from the retina and an indirect projection from the
intergeniculate leaflet (IGL) of the thalamus. Although light comparable in intensity to moonlight
is minimally effective at resetting the phase of the circadian clock, dimly lit and completely dark
nights are nevertheless perceived differentially by the circadian system, even when nighttime
illumination is below putative thresholds for phase resetting. Under a variety of experimental
paradigms, dim nighttime illumination exerts effects that may be characterized as enhancing the
plasticity of circadian entrainment. For example, relative to completely dark nights, dimly lit
nights accelerate development of photoperiodic responses of Siberian hamsters transferred from
summer to winter day lengths. Here we assess the neural pathways underlying this response by
testing whether IGL lesions eliminate the effects of dim nighttime illumination under short day
lengths. Consistent with previous work, dimly lit nights facilitated the expansion of activity
duration under short day lengths. Ablation of the IGL, moreover, did not influence photoperiodic
responses in animals held under completely dark nights. However, among animals provided dimly
lit nights, IGL lesions prevented the short-day typical expansion of activity duration as well as the
seasonally-appropriate gonadal regression and reduction in body weight. Thus, the present data
indicate that the IGL plays a central role in mediating the facilitative effects of dim nighttime
illumination under short day lengths, but in the absence of the IGL, dim light at night influences
photoperiodic responses via residual photic pathways.
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Introduction

The mammalian circadian pacemaker within the suprachiasmatic nucleus (SCN) is entrained
to the 24 h environment primarily by light. The circadian system’s best-characterized
responses to light (e.g., phase resetting and melatonin suppression) rely on mechanisms that
are functionally and anatomically distinct from those of the image-forming visual system.
Specifically, the former responses are characterized by higher intensity thresholds, a unique
action spectrum with peak sensitivity to short wavelength light, and the capacity for photon
integration over several hours (Brainard et al., 1982, Takahashi et al., 1984, Nelson and
Takahashi, 1991a, b). These classic circadian responses to light are mediated in large part by
intrinsically photosensitive retinal ganglion cells (ipRGCs) that contain the photopigment
melanopsin (Berson, 2003, Gooley et al., 2003). In addition to intrinsic photosensitivity,
ipRGCs relay signals from rods and cones, which can influence both ipRGC and SCN
function (Belenky et al., 2003, Hattar et al., 2003, Bullough et al., 2005, Guler et al., 2008).

Photic entrainment in mammals is mediated exclusively by input from the retina and is
conveyed to the SCN by the retino-hypothalamic (RHT) and geniculo-hypothalamic tracts
(GHT) (Meijer and Schwartz, 2003). The RHT is formed by axon collaterals of ipRGCs
(Morin et al., 2003, Hattar et al., 2006), and this tract is both necessary and sufficient for
circadian photoentrainment (Johnson et al., 1988a). The GHT, in contrast, arises from the
intergeniculate leaflet (IGL) within the lateral geniculate nucleus of the thalamus, a structure
that also receives ipRGC input (Harrington and Rusak, 1989, Morin et al., 2003, Hattar et
al., 2006). Although the IGL is not required for photo-entrainment to standard light:dark
cycles, it nevertheless modulates a variety of circadian responses to light (Harrington and
Rusak, 1986, Pickard et al., 1987, Edelstein and Amir, 1999, Redlin et al., 1999, Morin and
Pace, 2002). In particular, IGL lesions influence circadian entrainment under seasonally
changing and skeleton photoperiods, suggesting that this structure is important for
entrainment under conditions that would be experienced by animals in nature (Harrington
and Rusak, 1986, Pickard et al., 1987, Pickard, 1989, Shinohara et al., 1993a, Edelstein and
Amir, 1999, Freeman et al., 2004). The IGL also mediates nonphotic inputs to the SCN
(Johnson et al., 1988h, Janik and Mrosovsky, 1994, Wickland and Turek, 1994).

Light below the intensity of moonlight (~0.3 lux at full moon; (Biberman et al., 1966,
Thorington, 1980, Brainard et al., 1984) has been demonstrated to be only minimally
effective at resetting circadian phase or suppressing melatonin secretion (Brainard et al.,
1982, Nelson and Takahashi, 1991a, b). Nevertheless, across a wide array of circadian
entrainment paradigms, dim nighttime illumination below this intensity (0.004 - 0.1 lux)
alters entrainment of activity rhythms when compared to entrainment under identical LD
cycles with complete darkness at night (Gorman et al., 2006, Evans et al., 2009). For
example, after transfer from long day to short day photoperiods, Siberian hamsters exposed
to dimly lit nights display accelerated photoperiodic responses (i.e., expansion of nocturnal
activity (a), gonadal regression, and weight loss; Gorman and Elliott, 2004). Additional
effects of dim illumination in hamsters include enhanced re-entrainment to simulated jetlag
protocols (Evans et al., 2009, Frank et al., 2010), elevated incidence of bifurcated rhythm
entrainment under 24 h light:dark:light:dark (LDLD) cycles (Gorman et al., 2003, Gorman
and Elliott, 2004, Evans et al., 2005), and an increase in the upper limit of entrainment to
non 24-h days (Gorman et al., 2005). Taking the larger corpus of published results, the
collective effects of dim light are consistent with the hypothesis that dim nighttime
illumination enhances circadian plasticity with respect to both changes in phase and in
waveform. The potent and pervasive effects of dim light appear to differ both qualitatively
and quantitatively from classical circadian responses to brighter light (Evans et al., 2007),
raising the possibility that dim light responses are mediated by physiological mechanisms
categorically distinct from those underlying phase shifting and melatonin suppression.
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The present study is the first to assess the photic pathway that transmits dim nighttime
illumination to the central pacemaker by determining whether its influence persists
following lesions of the IGL. If the IGL is the primary conduit of this signal, then IGL-
lesioned animals housed under dimly lit nights should respond like animals held under
completely dark nights. If the IGL plays no role in the facilitative effects of dim light, then
ablation of the IGL would not compromise the dim light effect. The results demonstrate that
the IGL mediates the facilitative effects of dim nighttime illumination on expansion of
activity duration in short photoperiods. Moreover, the data suggest that other photic
pathways are capable of transmitting dim nighttime illumination to the central pacemaker
with results opposite of those under the intact condition.

Experimental Procedures

Breeding and Initial Husbandry

Male Siberian hamsters (Phodopus sungorus) were selected from a colony established at
UCSD since 1994 and maintained under a 24 h light:dark cycle with 14 h light and 10 h
darkness (LD 14:10, lights on: 0600 PST, lights off: 2000 PST; photophase: ~100 lux,
scotophase: 0 lux). After weaning, hamsters were group-housed inside polypropylene cages
(48 x 27 x 20 cm) on open racks. Ambient temperature was maintained at 22 + 2° C with ad
libitum access to water and food (Purina Rodent Chow #5001, St Louis, MO). Experimental
procedures were approved by the Institutional Animal Care and Use Committee, University
of California, San Diego and were conducted in compliance with all the rules and
regulations of this committee.

Surgical Procedures

At 30 days of age, animals were positioned in a stereotaxic apparatus (Leica Microsystems,
Bannockburn, IL) under deep sodium pentobarbital anesthesia (80 mg/kg, i.p.). Bilateral
radiofrequency lesions (1 mA, 15 secs) were produced with a high voltage stimulus isolator
(A360D; WPI, Berlin, Germany) controlled by a Pro4 timer (WPI, Berlin, Germany) using
coordinates determined in preliminary studies using age-matched animals (AP: -2.2 mm,
ML: £2.75 mm from bregma, and DV: -4.2 mm below dura; skull level). Successful lesions
typically damaged at least some portions of the surrounding dorsal and ventral lateral
geniculate nuclei in addition to the IGL (Figure 1). For sham lesions, the electrode was
lowered to the same coordinates for the same amount of time but no current was passed. For
both IGL- and sham-lesioned hamsters, the microelectrode was withdrawn after an
additional 4 secs, and the head was cleaned, sutured and salved with nitrofurazone before
animals were injected i.p. with buprenorphine (0.05 mg/kg) and returned to a clean cage.
Hamsters remained group-housed for at least four weeks post-operatively.

Short Day Photoperiod Entrainment

IGL- and sham-lesioned hamsters were weighed and transferred to individual cages housed
within experimental chambers (photophase intensity: 500 lux provided by broad-spectrum,
cool white fluorescent bulbs). Each cage was equipped with a passive infrared motion
detector (PIR, Coral Plus, Visonic, Bloomfield, CT) positioned ~16 cm above the cage floor
for continuous monitoring of locomotor activity rhythms. Hamsters were maintained under
LD 14:10 for one week to assess baseline entrainment (Figure 2). The lighting cycle was
then changed to a short day photoperiod (LD10:14; lights on 0800 PST) with either dimly lit
(DIM-1GLx, DIM-Intact) or completely dark nights (DARK-1GLx, DARK-Intact). Dim
nighttime illumination (0.03  0.002 lux, mean intensity equivalent to 5.4 x 10" W/cm?2 and
1.5 x 1019 photons/cm?2sec) was provided by narrowband, green light-emitting diodes
(LEDs, 0.03 W, A =560 = 23 nm). DIM and DARK groups did not differ in photophase
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light intensity (p > 0.5). Animals remained under the short day photoperiod with one of
these two different scotophase conditions for eight weeks.

During the eighth week under LD10:14, body weight and testis size were measured.
Hamsters were lightly anesthetized with isoflurane vapors (Aerane, Fort Dodge, lowa, USA)
for external measurement of the length and width of the left testis using calipers. The
product of testis length and the squared testis width was used to estimate testis volume
(estimated testes volume, ETV), which yields a reliable index of testis size (Gorman and
Zucker, 1997).

Under deep sodium pentobarbital anesthesia, animals were perfused transcardially with a
phosphate buffered solution, followed by 4% paraformaldehyde. Brains were postfixed
overnight, cryoprotected in 20% sucrose solution for two days, and then frozen. Coronal
sections (30 wm) were prepared for immunohistochemical analysis using the avidin biotin
technique. Free-floating sections were incubated for 48 h with NPY antibody (1:5K dilution,
Chemicon, Cat.#AB1583). After incubation, the sections were immunostained using an
ABC elite kit (antiperoxidase rabbit 1gG; Vectastain). Lesions were assessed by a researcher
blind to the experimental treatment of the animals via examination of the stained sections for
the presence of NPY immunoreactivity (NPY-ir) within the SCN (Figure 2), with the
absence of NPY-ir indicating that IGL input was functionally destroyed (DIM-IGLXx: n = 19;
DARK-IGLx: n = 17) and dense NPY-ir indicating IGL input was intact due either to sham
surgery (DIM-Intact: n = 9; DARK-Intact: n = 9) or a missed lesion (DIM-Intact: n = 3;
DARK-Intact: n = 6). Behavioral responses of animals with sham and missed lesions did not
differ from one another (p > 0.18) and data from these two groups were combined for
statistical analyses. Importantly, inclusion of animals with missed lesions did not alter the
results of statistical analyses or the overall conclusions of this study.

Data collection and analyses

Activity counts were collected and compiled into 6 min bins by Vital View software (Mini-
Mitter, Bend, OR). Actograms were prepared and analyzed with Clocklab software
(Actimetrics, 8 Evanston, IL). For each day under LD 14:10 and LD 10:14, the time of
activity onset was identified as the first bin after 1700 PST above the daily mean that was
followed within 30 min by at least two bins likewise above the daily mean and preceded by
at least 6 h of low activity levels. The time of activity offset was likewise defined as the last
time point preceded by a bin exceeding the daily mean and followed by at least 6 h of low
activity levels. The temporal difference between activity offset and onset was used to
calculate activity duration (a), and the weekly average a was calculated for each animal.
Additionally, the temporal difference between lights-off and activity onset was used to
calculate phase angle of entrainment, and the weekly average was calculated for each
animal. Lastly, total activity counts were summed on a daily basis, and the weekly average
was calculated for each animal. Because motion detector positioning and animal activity
patterns can conceivably influence detector sensitivity, activity counts should be considered
a semi-quantitative measure of general locomotor levels (Larkin et al., 2001).

Statistical analyses were performed with JMP software (SAS Institute, Cary, NC). Group
differences in a and total activity levels were assessed initially with a full-factorial repeated-
measures ANOVA (Factors: Scotophase Condition (SC), IGL status, SC*IGL Status, Week
Under LD 10:14, Week* SC, Week*IGL Status, Week*SC*IGL Status), where Week 0 is
the last five days under LD 14:10 and Weeks 1-8 are under LD 10:14. In the event of a
significant interaction between Week and a between-subjects factor, subsequent analyses
were conducted using a full-factorial repeated-measures ANOVA partitioned by SC or IGL
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Status. For changes in a, post hoc tests were conducted with full-factorial ANOVA and
planned least squared means (LSM) contrasts to test whether DIM-1GLx animals differed in
predicted ways from the other three groups. For total activity levels, post hoc tests were
conducted weekly after transfer to short days using ANOVA and Tukey-Kramer HSD to
determine whether activity levels over the course of the experiment differed between groups.
Group differences in body weight and ETV measured after eight weeks under short day
photoperiods were assessed with a full-factorial ANOVA and planned LSM contrasts for
post hoc tests. Group differences in phase angle of entrainment were assessed with Kruskal-
Wallis Rank Sums Test. Figures illustrate mean £ SEM.

Overall, activity duration (a) lengthened progressively during the eight week exposure to
the short day photoperiod (Week: F(8,52) = 12.51, p < 0.0001; Figures 2, 3A). Scotophase
condition significantly influenced changes in a under the short day photoperiod (Week*SC:
F(8,52) = 2.97, p < 0.01), in a manner that tended to differ between IGL-Intact and IGL-
Lesioned animals (Week*SC*IGL Status: F(8,52) = 2.07, p < 0.06). When partitioned by
IGL Status, scotophase condition significantly influenced changes in activity duration of
both IGL-Intact (SC: F(1,25) = 4.43, p < 0.05; Week*SC: F(8,18) = 3.39, p < 0.05) and
IGL-Lesioned animals (SC: F(1,34) = 7.46, p < 0.01; Week*SC: F(8,27) = 2.93, p < 0.05).
When partitioned by scotophase condition, IGL Status significantly influenced changes in
activity duration of DIM animals (IGL Status: F(1,29) = 18.65, p < 0.001; Week* IGL
Status: F(8,22) = 2.49, p < 0.05), but not DARK animals (IGL Status: F(1,30) = 0.16, p =
0.69; Week* IGL Status: F(8,23) = 0.42, p = 0.90).

Replicating the results of a previous study, post hoc tests revealed that DIM-Intact animals
displayed significantly longer a than DARK-Intact animals starting the sixth week after
transfer to short day lengths (Figure 3A; LSM Contrasts, p < 0.05). Consistent with the
hypothesis that the IGL transmits dim light information to the circadian pacemaker, DIM-
Intact animals also displayed larger a than DIM-1GLx animals starting the third week after
transfer to short days (Figure 3A; LSM Contrasts, p < 0.01). However, DIM-1GLx animals
did not behave like DARK animals. Rather, DIM-IGLXx animals displayed shorter a than
both DARK-Intact and DARK-IGLXx animals, with significant differences manifesting five
weeks after transfer to short day lengths (Figure 3A; LSM Contrasts, p < 0.01). As
illustrated in Figure 3B, DIM-IGLx animals also failed to display the short day-induced
physical changes displayed by the three other groups (Body weight loss: SC*IGL Status-
F(1, 59) = 5.96, p < 0.05; Gonadal regression; SC*IGL Status- F(1, 59) = 14.54, p < 0.0005;
LSM Contrasts, p < 0.05).

Inspection of individual activity records supports these findings, although there was
variability in the pattern of entrainment displayed by DIM-IGLx animals. In contrast to
subjects within the other groups, the vast majority of DIM-IGLx animals displayed a short a
entrained to either lights-off (Figure 4A, n = 7/19) or lights-on (Figure 4B, n = 9/19). Only
three DIM-IGLx animals displayed the seasonally-appropriate a expansion over the eight
weeks exposure to the short day photoperiod (Figure 4C, average increase for these three
animals: 3.67 h). DIM-1GLx animals that displayed expansion of a exhibited gonadal
regression and decreased body weight, whereas all DIM-IGLx animals with short a failed to
display these responses. Phase angle of entrainment did not differ significantly between
groups (e.g., Week 8: x2(3) = 6.1, p = 0.11), which is not unexpected given the
heterogeneous entrainment responses of DIM-IGLx hamsters.

Total activity levels changed over time (Week: (F(8,52) = 2.87, p < 0.05), and scotophase
condition significantly influenced changes in total activity levels (Week*SC: F(8,52) = 2.86,

Neuroscience. Author manuscript; available in PMC 2013 February 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Evans et al.

Page 6

p < 0.05) in a manner that differed between IGL-Intact and IGL-Lesioned animals
(Week*SC*IGL Status: F(8,52) = 2.72, p < 0.05). When partitioned by scotophase
condition, IGL status did not influence changes in activity levels of either DIM animals
(Week*IGL Status: F(8,22) = 1.85, p = 0.12) or DARK animals (Week*IGL Status: F(8,23)
=1.66, p = 0.16). When partitioned by IGL status, scotophase condition significantly
influenced changes in activity levels of IGL-Lesioned animals (Week*SC: F(8,27) = 4.66, p
< 0.05) but not IGL-Intact animals (Week*SC: F(8,18) = 1.21, p = 0.34). Post hoc tests
indicated that DARK-1GLx animals displayed higher levels of activity than DIM-IGLx
animals during the last two weeks under the short day photoperiod (Figure 3A), although
this was largely attributable to one DARK-IGLx animal that doubled its activity during this
time.

Discussion

Dim nighttime illumination in IGL-intact animals accelerated expansion of a under short
day lengths, as previously demonstrated (Gorman and Elliott, 2004). Extending prior
research establishing that the IGL is not necessary for photo-entrainment (Pickard et al.,
1987, Johnson et al., 1989), ablating the IGL did not influence circadian entrainment with
completely dark nights in short day photoperiods. Most notably, IGL-lesioned hamsters
provided with dimly lit nights failed to display the accelerated responses to short day
photoperiods displayed by cohorts with an intact IGL, which supports the hypothesis that the
IGL plays a key role in mediating the facilitative effects of dim nighttime illumination in the
expression of short photoperiod responses. Unexpectedly, the vast majority of DIM-IGLx
animals failed to display expansion of activity duration, body weight loss, and gonadal
regression under short day photoperiods, which is the species-typical short day phenotype
that was exhibited by the three other groups during the eight weeks of this study. Thus, dim
nighttime illumination accelerates photoperiodic responses in the intact animal through an
IGL-dependent pathway, but in the absence of the IGL, dim light input actually prevents (or
markedly delays) the behavioral and physiological response to short day photoperiods. This
suggests that dim nighttime illumination was transmitted to the central pacemaker in the
absence of the IGL, but this input prevented most animals from responding appropriately to
the short day photoperiods.

The SCN controls photoperiodic responses by regulating the duration of melatonin release
from the pineal gland, which in turn regulates the hypothalamic-pituitary-gonadal axis
(Goldman, 2001). In rats, IGL lesions reduce the amplitude of rhythms in melatonin
precursors (Cipolla-Neto et al., 1995). In the present study, the photoperiodic response was
clearly intact in IGL-lesioned animals since gonadal regression occurred in the IGLx
hamsters exposed to completely dark nights. This result confirms previous findings that IGL
lesions do not abolish photoperiodic responses per se (Smale and Morin, 1990, Menet et al.,
2001, Freeman et al., 2006). Rather, the gonadal and somatic responses are well predicted by
the change in activity duration, which closely tracks the duration of elevated melatonin
secretion in hamsters (Elliott and Tamarkin, 1994). The most parsimonious interpretation is
that IGL lesions and scotopic illumination exert their primary effect on entrainment of the
central circadian pacemaker.

While the IGL is not necessary for photic entrainment, it was deemed a candidate for
transmitting dim nighttime illumination to the central pacemaker for several reasons. First,
as measured electrophysiologically, IGL neurons are characterized by lower photic
thresholds than are SCN neurons (Meijer et al., 1986, Harrington and Rusak, 1989,
Kornhauser et al., 1990, Warren et al., 2003, Muscat and Morin, 2006). Moreover, photic
responses in the IGL are not gated in a circadian fashion like those of the SCN (Park et al.,
1993), which is consistent with data suggesting that dim light can alter circadian function
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even when provided with other stimuli during subjective day (Evans et al., 2005). Lastly and
most important, IGL lesions are reported to alter circadian behavior in ways that appear to
be opposite from the effects of dim nighttime illumination. Specifically, IGL lesions delay
re-entrainment in jetlag protocols and under short day photoperiods and also decrease the
incidence of bifurcated rhythms under “splitting” protocols (Dark and Asdourian, 1975,
Rusak, 1977, Rusak and Boulos, 1981, Harrington and Rusak, 1986, Pickard et al., 1987,
Harrington and Rusak, 1988, Johnson et al., 1988b, Johnson et al., 1989, Jacob et al., 1999,
Morin and Pace, 2002, Freeman et al., 2004, Freeman et al., 2006). In contrast, dim
nighttime illumination accelerates re-entrainment under jetlag and short day paradigms and
increases the incidence of bifurcated entrainment under 24 h light:dark:light:dark cycles
(Gorman et al., 2006, Evans et al., 2009). It remains to be tested whether the IGL mediates
the other entrainment effects of dim nighttime illumination demonstrated in previous studies
(Gorman et al., 2006, Evans et al., 2009). Future studies should also assess whether other
light-responsive structures connected to the IGL play a role in processing dim nighttime
illumination (Morin and Pace, 2002, Zhao and Rusak, 2005).

Besides communicating light information to the SCN, the IGL is also a key structure for
transmitting nonphotic stimuli to the SCN (Janik and Mrosovsky, 1992, Harrington, 1997,
Hastings et al., 1997, Mikkelsen et al., 1998), which can influence short day photoperiodic
responses (Freeman and Goldman, 1997, Freeman et al., 2006). Specifically, among an
artificially-selected Siberian hamster line that fails to expand activity duration in short day
lengths, addition of a running wheel restores both a typical pattern of circadian entrainment
to short day lengths as well as photoperiodic responsiveness, which are effects that require
the IGL. In the present study, motion detectors were selected over running wheels to
monitor activity rhythms with the specific purpose of limiting the possible confound of
nonphotic cues differentially affecting the responses of animals with and without IGL
lesions (Mrosovsky, 1995, Redlin et al., 1999, Lewandowski and Usarek, 2002). Activity
levels of intact animals in dimly lit and completely dark nights did not differ, and the status
of the IGL did not influence activity levels in animals provided dimly lit nights, despite
marked differences in the response of these two groups. While we observed a decrease in the
activity levels of DIM-IGLx animals relative to DARK-IGLx animals, it is unlikely to be a
causal factor determining the differences in activity duration since the difference in activity
levels appeared two weeks after the activity duration first differed between these two
groups. Thus, there is little reason to expect that the circadian effects of IGL lesions under
dimly lit nights observed in the present study are attributable to differences in feedback
effects of locomotor activity. This conclusion is consistent with the results of previous
studies that indicate dim nighttime illumination does not act merely by increasing nonphotic
feedback to the central pacemaker, but instead operates as a photic stimulus to affect
circadian function in a novel manner (Evans et al., 2005, 2007).

If dim light effects on circadian rhythmicity were mediated exclusively by the IGL, then
DIM-IGLXx animals should resemble DARK animals, which they did not. Instead, dim
nighttime illumination in the absence of the IGL prevented (or markedly delayed) the
species-typical response to the short photoperiod. DARK animals bearing IGL lesions were
clearly able to display the full suite of short day responses, which demonstrates that the lack
of response in DIM-1GLx animals must be due to the presence of dim nighttime illumination
and not due to unintended consequences of IGL lesions (e.g., (Pickard, 1985, Smale and
Morin, 1990). This suggests that dim nighttime illumination was transmitted to the central
pacemaker in the absence of the IGL, but this input prevented most animals from responding
appropriately to the short day photoperiods. Although the residual pathway mediating this
effect of dim light cannot be determined from the present experiment, the RHT is an obvious
candidate. This result establishes the potential for opposing actions of dim light mediated by
at least two distinct neural pathways to the central pacemaker, which can be addressed in
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future studies. Preliminary results of fluence response studies also suggest that there are
multiple photic mechanisms through which dim nighttime illumination influences the
response to short photoperiods. In IGL-intact hamsters, activity duration in short days
increases monotonically over a limited range of increasing nighttime irradiances; however,
activity duration is shortened as irradiance is increased further (Gorman and Elliott,
unpublished observations), similar to the effects of constant bright light as described by
Aschoff’s second “rule” (Aschoff, 1960, Pittendrigh, 1960, Aschoff, 1979). IGL lesions may
increase the sensitivity to nighttime light and thus would be predicted to alter the shape of
this fluence-response curve.

In IGL-intact animals, dim nighttime illumination can prevent a form of short day “non-
responsiveness” that has been well characterized in Siberian hamsters (Gorman and Elliott,
2004). This previously documented form of short day “non-responsiveness” is subject to
artificial selection (Puchalski and Lynch, 1986, Kliman and Lynch, 1992), and in both
unselected and selected lines of hamsters, requires prior exposure to day lengths above a
critical value (~LD15:9) for the trait to manifest (Gorman and Zucker, 1997, Goldman and
Goldman, 2003). Animals that display this traditional non-responder phenotype almost
exclusively entrain to lights-on under short days (i.e., display a large negative phase angle of
entrainment), which suggests that these animals fail to expand activity duration due to a
lengthening of the central pacemaker’s free-running period (Freeman and Goldman, 1997,
Gorman and Elliott, 2004, Freeman et al., 2006). This traditionally observed entrainment
pattern differs from that detected in the present sample of DIM-IGLx animals, in that
animals were equally likely to entrain to either lights-on or lights-off. This mixed pattern of
entrainment suggests that the failure to expand activity duration in the present study is not
due to a systematic lengthening of free-running period by dim light or a systematic change
in the photic phase response curve, but is instead due to an overall decrease in the plasticity
of circadian waveform. Because animals in the present study were never exposed the long
day lengths typically required to induce the short day “non-responder” phenotype, it is not
clear whether there is a mechanistic relationship between that reported in previous studies
and that observed here.

The effects of dimly lit nights on the expansion of activity duration in IGL-intact animals
found within the present study closely mirror those of a previous study using this species
(Gorman and Elliott, 2004). This earlier study also reported that dim nighttime illumination
produced greater gonadal regression and body weight loss after 8 weeks of short
photoperiods, whereas there was no difference in testis size or body weight in IGL-intact
animals held under dimly lit and completely dark nights in the present study. This
discrepancy likely reflects the manner in which the short photoperiod was introduced, since
the relative phasing of the LD14:10 and LD10:14 photocycles differed across these studies
and this variable is known to affect entrainment and gonadal regression rates (llinerova et
al., 1986, Gorman et al., 1997). The longer winter scotophase was achieved in the present
study through symmetric changes in the time of lights-on and lights-off, whereas the earlier
study only advanced lights-off. The latter method of introducing the short photoperiod
retards the photoperiod response and would thus be a more sensitive assay. Nevertheless, the
current results support the hypothesis that the IGL plays a key role in mediating the effects
of dim nighttime illumination under short photoperiods.

In conclusion, the present study adds to a growing body of evidence that highlights the
importance of IGL input under a variety of conditions that incorporate naturalistic lighting
elements. In the wild, day lengths change gradually with the seasons; nocturnal rodents
commonly minimize daytime light exposure by resting in darkened burrows; and nocturnal
activity occurs under dim illumination from the moon and stars (Biberman et al., 1966,
Thorington, 1980, Brainard et al., 1984, but see Daan et al., 2011). Laboratory conditions

Neuroscience. Author manuscript; available in PMC 2013 February 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Evans et al.

Page 9

simulating some aspects of a naturalistic environment reveal that the IGL does contribute to
photo-entrainment (Shinohara et al., 1993a, Shinohara et al., 1993b, Edelstein and Amir,
1999). Outside the laboratory, nocturnal rodents likely never encounter square-wave lighting
cycles that are static or change abruptly. Likewise, IGL lesions modulate entrainment of
Syrian hamsters held under sinusoidal light:dark cycles (Pickard, 1989) and influence short
day responses of Siberian hamsters exposed to decreasing simulated natural photoperiods
(Freeman et al., 2004). Thus, while the IGL is not necessary for entrainment under standard
laboratory photocycles, the IGL does appear to influence entrainment in functionally
significant ways under photic conditions like those experienced in nature.
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Figure 1.
Line drawing illustrating the lesion of a representative hamster with a complete ablation of

the IGL (area of lesion indicated by dotted line). d = dorsal lateral geniculate nuclei, v =
ventral lateral geniculate nuclei.
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Figure 2.

Representative double-plotted actograms depicting general locomotor activity rhythms of
animals transferred from long day (LD 14:10) to short day photoperiods (LD 10:14), with
the inset illustrating the results of histological analyses of NPY-ir within the SCN of each

animal. Internal shading within center of each actogram indicates the timing of the

scotophase (either dimly lit or completely dark). Activity counts were recorded with passive

infrared motion detectors (actograms scaled 0 to 5 counts/ 6 min bin).
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Figure 3.

Short day induced changes in behavioral and physiological measures. A) Weekly measures
of activity duration (top) and activity counts (bottom). Week 0 is the last five days under LD
14:10 and Weeks1-8 are under LD 10:14. B) Measures of estimated testes volume (top) and
body weight loss (bottom) collected during the eighth week of short day photoperiod.
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Figure4.

Variability in the pattern of entrainment displayed by IGL-lesioned animals provided LD
10:14 with dim nighttime illumination. Unlike other groups, the majority of DIM-1GLx
animals displayed a short active phase entrained unambiguously to either lights-off (A, 7/19
animals) or lights-on (B, 9/19 animals). Only three DIM-IGLXx animals displayed an
expansion of activity duration under LD 10:14 (C).
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