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Abstract 
Mice subjected to an irregular light-dark cycle are known to lose their capacity 
to synchronize their behavioral rhythm to environmental light, and to show 
endophenotypes related to depressive disorders. Here we observed that a sus-
ceptible strain of mice (C3H/HeJ) subjected to an irregular 3.5 hr:3.5 hr 
light-dark cycle showed an enhanced acoustic startle reflex and deficits in 
prepulse inhibition. As impaired sensorimotor gating is associated with the 
onset of a variety of mental disorders such as schizophrenia and major de-
pressive disorder, irregular environmental light without circadian pho-
to-entrainment may cause stress that has the potential to be involved in hu-
mans’ susceptibility to neuropsychiatric abnormalities. 
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1. Introduction 

Sleep disorders are commonly associated with prevalent neuropsychiatric dis-
orders such as mood disorders and anxiety disorders [1]. It is speculated that 
etiological factors responsible for mental disorders are also in conflict with the 
circadian and homeostatic regulation of sleep-wake cycles [2]. However, the 
possible cause-effect relationship and the exact mechanisms underlying the link 
between disturbed sleep-wake cycles and mental disorders are unknown. Rodent 
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models of neuropsychiatric disorders have provided insights into the nature of 
the stressors interacting with sleep-wake rhythms. LeGates et al. [3] reported 
that mice subjected to an ultradian cycle consisting of 3.5 hr of light and 3.5 hr 
of dark (T7) lost their circadian photo-entrainment capacity and showed a 
rhythm of activity governed by the central biological clock in the suprachias-
matic nuclei (SCN) [4]. These mice showed depression-like behaviors and 
learning disability [3]. In the present study, we observed that in a susceptible 
strain of mice, the same environmental conditions caused impaired sensorimo-
tor gating. 

2. Materials and Methods 
2.1. Animals 

All procedures were conducted following U.S. National Institutes of Health 
(NIH) guidelines [5] and were approved by the Animal Experiment Committee 
at Toin University of Yokohama. Male C3H/HeJ and C57BL/6N mice (12 weeks 
old) were obtained from Sankyo Laboratory (Shizuoka, Japan) and maintained 
in the animal facility at the university. 

2.2. Experimental Procedure 

The mice were housed individually in light-controlled housing equipped with an 
infrared sensor for activity monitoring (Mm Monitoring System ver. 2.0, System 
Biotics, Kanagawa, Japan). Food and water were offered ad libitum. Two groups 
of mice (n = 4) for each strain were initially entrained to a 12 hr:12 hr light-dark 
cycle (T24), after which one group was switched to a 3.5 hr:3.5 hr light-dark 
cycle (T7) for another 2 weeks. The other control group remained in the T24 
cycle. The light intensity during the light period was 800 lx. Activity monitor-
ing was conducted with Mouse Pathfinder software ver. 3.0 (System Biotics). A 
sucrose-preference test was conducted as described [6] using two bottles, one 
containing water and the other containing water with varying concentrations of 
sucrose (Nacalai Tesque Inc, Kyoto, Japan). 

2.3. Prepulse Inhibition (PPI) of Acoustic Startle Reflex 

We measured the prepulse inhibition (PPI) of the acoustic startle response using 
an SR-LAB system (San Diego Instruments, San Diego, CA) as described [7]. 
The sound-attenuating chambers of this system are equipped with a cylindrical 
acryl glass animal enclosure and a small electric fan which generates a 65-dB 
background noise and provides ventilation. Broadband sound pulses are pre-
sented via a speaker positioned directly above the animal. An accelerometer af-
fixed to the animal enclosure’s frame detects the transduced motion resulting 
from the animal’s startle response (whole body flinch). Sound pulse parameters 
are controlled using SR-LAB software, which also records the startle response. 

For the measurement of the PPI, each animal was acclimated to the enclosure 
for 5 min before being tested during 32 discrete trials. In the first two trials, the 
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magnitude of the startle response evoked by a 120-dB sound pulse (30-msec du-
ration) was measured. These first two startling pulses were presented to habi-
tuate the animals to the testing procedure and were omitted from the data analy-
sis. In the subsequent 30 trials, the startle pulse was either presented alone or at 
100 msec after the presentation of 30-msec prepulses with intensities 6, 9, 12, 
and 15 dB above the background noise. Each prepulse was presented five times 
and varied randomly among the trials. The animals were subjected to the startle 
pulse alone during the other 10 trials spaced randomly. The average intertrial 
interval was 15 sec (range 5 - 30 sec). The percent PPI was calculated as 100 − 
[(startle response to the prepulse followed by the pulse trial/startle response to 
the pulse-alone trials) × 100]. 

2.4. Statistical Analysis 

All statistical analyses were performed using GraphPad Prism ver. 5 (GraphPad 
Software, La Jolla, CA). 

3. Results 
3.1. The Effect of the Aberrant Light-Dark Cycle on the Circadian 

Rhythm of General Activity 

Figure 1 compares actographs of representative C3H/HeJ and C57BL/6 mice. In 
the T24 (normal) cycle, the C3H/HeJ mice showed activity strictly controlled by 
the daily light-dark cycle, i.e., being active during the dark period and inactive  

 

 
Figure 1. Comparison of the general activity rhythms of C3H/HeJ and C57BL/6 male 
mice (12 wks old). Representative actograms for each single mouse housed individually 
with an infrared sensor for activity monitoring are shown. In each row, the cumulative 
event-counts in 1 min are shown by the vertical bar graphs, and clock time over the pe-
riod of 48 hours is shown on the horizontal axis. Actograms from day 10 to day 14 (T24 
cycle) and those from day 15 to day 25 (T7 cycle) are shown consecutively from top to 
bottom. 
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Figure 2. Reduction of the general activities of C3H/HeJ and C57BL/6 mice in the aber-
rant 3.5 hr:3.5 hr light-dark cycle (T7). Average cumulative event-counts per hr on day 11 
(T24 cycle) and day 21 (T7 cycle) for groups of mice (n = 4) were compared by paired 
Student’s t-test (*p < 0.05). Error bars indicate SEM. 

 
during the light period. In contrast, the C57BL/6 mice under the normal T24 
cycle showed a less stringent pattern, being occasionally active even during the 
light period. These characteristics of the actographs of the two strains of mice 
are in keeping with a previous report [8]. 

When subjected to the aberrant T7 cycle, both strains of mice lost the rhyth-
mic pattern of activities temporarily, and then gradually began to show rhythms 
governed by their own central circadian pacemaker showing the gradual shifts of 
active periods. There was also a gradual decline of total activity as detected by 
the infrared sensors in both strains of mice under the T7 cycle (Figure 2). These 
mice showed significant reductions of sucrose preference (anhedonia), which is 
an endophenotype associated with human depressive disorder (data not shown). 

3.2. Enhanced Startle Reflex and Deficits in PPI in the C3H/HeJ 
Mice 

As shown in Figure 3(a), after being subjected to the T7 cycle, the C3H/HeJ 
mice showed a significant enhancement of the magnitude of the startle response, 
a phenomenon which is known to be associated with anxiety disorder [9]. These 
mice also showed reduced PPI as evidenced by the average startle responses after 
three of the four levels of prepulses tested (Figure 3(b)). In C57BL/6 mice, there 
was no significant enhancement of the magnitude of startle reflex or a reduction 
of PPI. 

4. Discussion 

In mice as well as in humans, the circadian rhythm of general activity is go-
verned by the central circadian pacemaker that is operated by the neurons in 
the suprachiasmatic nucleus (SCN) [10]. The rhythmic oscillation of clock gene 
expressions is adjusted and synchronized to the daily light-dark cycle [11]. 
Melanopsin-expressing intrinsically photosensitive neurons in the retina are  
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(a) 

 
(b) 

Figure 3. Tests for acoustic startle response and prepulse inhibition were conducted as 
described in Material and Methods. (a) Enhanced startle response in C3H/HeJ mice (n = 
4) subjected to the aberrant 3.5 hr:3.5 hr light-dark cycle (T7). The difference in the aver-
age response in the T24 and T7 cycles by 120-dB-pulse stimuli without prepulse was 
tested by Student’s t-test. (b) Reduced prepulse inhibition (PPI) observed in C3H/HeJ 
mice (n = 4) subjected to the T7 cycle. Average levels of responses were compared by 
Student’s t-test. *p < 0.05. Error bars indicate SEM. Reduced PPI of C3H/HeJ mice in T7 
cycle was confirmed by two independent experiments. 

 
known to be responsible for this adjustment [12]. Failure in this entraining dis-
turbs the cognitive functions and causes mood disorders [11]. 

LeGates et al. reported that mice subjected to a T7 cycle lost their circadian 
photo-entrainment and showed depression-like phenotypes. However, those 
authors observed that mice lacking intrinsically photosensitive retinal ganglion 
cells (ipRGCs) did not show such phenotypes under the T7 cycle, and they con-
cluded that ipRGCs were responsible for the transduction of stress signal [3]. 
Melanopsin-containing ipRGCs are sensitive to short-wavelength (blue) light 
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and are known to be responsible for the entrainment of circadian cycles [13]. In 
the present study, we observed that the same aberrant light cycle disrupted the 
normal function of sensorimotor gating as measured by the PPI of the acoustic 
startle response. 

The PPI of the startle response is widely used as a measure of the function of 
sensorimotor gating. The acoustic startle reflex is mediated by brainstem nuclei 
such as the nucleus reticularis pontis caudalis in the brainstem [14]. However, 
this startle response is regulated by more rostral structures, including the tem-
poral and medial prefrontal cortex, the ventral striatum, the ventral pallidum, 
and the pontine tegmentum [15] [16]. Impaired PPI has been described in schi-
zophrenia [17], Tourette syndrome [18], obsessive compulsive disorder (OCD) 
[19], and in mood disorders [20]. Various gene-targeted mice have been tested 
for PPI as a quantitative measure of sensorimotor gating, the deficit of which is 
likely involved in the etiological bases of neuropsychiatric disorders. 

Reduced PPI was reported for mice deficient in Disc1 [21] [22], Reln [23], 
Nrg1 [24] [25], Gnaq [26], Smarca2 [27], Nrxn1 [28], and Akt1 [29] genes, 
which have been shown to be linked to the susceptibility to schizophrenia in 
human genetic studies. Mice deficient in genes coding for various neurotrans-
mitters, neuropeptides, and orphan receptors possibly involved in neuronal 
functions were also tested for the deficit of PPI (reviewed by Powell et al. [30]). 
Of particular interest among these studies was that the environmental factors 
were also involved in the PPI. Mice with the transcription factor Nurr1-null he-
terozygous genotype (+/−), which have lower levels of dopamine in the whole 
brain, showed reduced PPI after postnatal early isolation rearing, an effect that 
was not observed with normal in-group rearing [31]. That study provided expe-
rimental evidence that environmental stress contributed to susceptibility to im-
paired sensorimotor gating.  

5. Conclusion  

In the present study, we demonstrated that environmental stress alone as in-
duced by irregular light in the context of the sleep-wake cycle caused impaired 
PPI in the susceptible strain of mice. Our present observations suggest that irre-
gular environmental light without circadian photo-entrainment is likely to be 
involved in the susceptibility to various types of neuropsychiatric disorders. 
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