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Abstract 

 

Previous biochemical findings from our lab revealed that PERIOD (PER) proteins 

globally regulate the molecular oscillator through both transcriptional and posttranslational 

mechanisms. Furthermore, our lab demonstrated that PER rhythms define a critical rhythmic 

nodal point in the generation of circadian rhythms. Deciphering the phase shifting mechanism is 

important for developing effective pharmacological or environmental (e.g., phototherapy) 

interventions to treat many circadian diseases, including sleep disorders in shift workers. Our 

novel inducible Per2 transgenic mouse in Per1/2-null background provides a unique opportunity 

to address how perturbations in Per expression can cause phase shifts and the opportunity to 

delve into whether the clock can be reset to a desirable phase by manipulating PER rhythms in a 

calculated manner. Although photic stimuli acutely induces both Per1 and Per2, manipulation of 

Per2 alone should be enough to mimic light-induced phase shifts, because Per-deficient mice are 

similar to wild type mice in their phase delays and advances in response to light pulses. This 

experiment aimed to demonstrate how we could use this novel genetic construct to gain an in-

depth understanding of how we can artificially regulate rhythms in humans.  
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Introduction 

Circadian clocks govern important daily activities such as sleep/wake cycles, hormone 

secretion, and metabolic homeostasis. In mammals, a master clock located in the suprachiasmatic 

nucleus (SCN) of the hypothalamus drives behavioral circadian rhythms, adjusts itself according 

to light input, and synchronizes clocks in peripheral tissues such as the liver and kidney
26

. Even 

in the absence of a light:dark (LD) cycle, the rest–activity rhythm persists with a periodicity of 

approximately 24hr, instead of redistributing across the 24hr day. Recently, it has been 

demonstrated that the core circadian clock proteins regulate thousands of genes by directly and 

rhythmically binding them
19

, suggesting that circadian rhythmicity of these proteins determines 

how the whole genome is regulated in a circadian manner and how circadian physiology is 

shaped.   

 The clock is built upon a transcriptional negative feedback loop in which the transcription 

activator complex (CLOCK:BMAL1) activates numerous downstream genes, including those 

encoding the inhibitory complex (PER:CRY), which gradually inhibits the activator complex
2
.  

The PER:CRY complex is then progressively degraded through specific proteasomal degradation 

mechanisms and is not immediately replaced due to its repressed transcription and the delay in 

PER re-accumulation, thus freeing CLOCK:BMAL1 and enabling the loop to start over
20

.
 

Previous studies from our lab have shown that PER proteins display the most dramatic circadian 

oscillations. PER is the rate-limiting component in the feedback loop, and drives the feedback 

inhibition as the scaffolding protein, which mediates rhythmic interaction between the activator 

and inhibitor complexes
27

. Moreover, mathematical modeling of circadian oscillators posits that 

the more steps in the feedback loop, the greater the robustness of the oscillation
8
. Consistent with 

this model, we have found that the rate-liming component, PER, is heavily regulated at the 
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posttranscriptional level and at multiple stages of the feedback loop
27

.  Any modulations and 

defects in these steps has serious consequences on the generation of circadian rhythms, as shown 

in many genetic models including knockout mice deficient in kinases (CK1δ and ε) that target 

PER.  

 Proper synchronization of an organism’s circadian clock plays an essential role in 

maintaining homeostasis. The clock has influential effects on metabolism, hormone secretion, 

and the regulation of an organism’s behavior. A desynchronized clock is known to facilitate 

sleep/wake disturbances, which in turn can alter an organism’s behavioral activity
3
. Entrainment 

is better known as a mechanism that forces internal period (tau) of the biological clock to assume 

the same period (T) as the environmental cycle
7
. Although light is known to be the most 

powerful zeitgeber that regulates the circadian clock, other non-photic stimuli such as drug and 

food administration can exert a strong influence on the circadian system
32

. Our lab has shown 

that PER oscillations are essential for proper rhythmicity to occur at both cellular and behavioral 

levels
27

.  

Inputs to the clock include photic signals (light pulses during darkness or different 

light/dark cycles) and non-photic signals (including availability of food, social interaction, and 

neurotransmitters)
5,10,13,22,23,24,32

.  In most organisms, it has been found that a light pulse can be 

applied to reset its clock accordingly. It has been reported that light pulses given during the 

subjective day have no phase consequence, light pulses given early in the subjective night result 

in a phase delay, and light pulses given late in the subjective night result in a phase advance
7
. 

Additionally, phase responses can be categorized into two main categories Type 1 and Type 0 

resetting. Type 1 resetting displays small shifts in an animals' behavior, while Type 0 resetting 

shows large phase shifts, typically 12 hours
15

. It is generally believed that clock entrainment in 
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mammals occurs by type 1 resetting, with maximum phase shifts of a few hours, and thus 

requires multiple days to produce large phase shifts; this limitation leads to problems such as jet 

lag and shift work sleep disorder in modern human society
11,17,18,35

.   

 It has been demonstrated that the clock will continue to function in an oscillatory fashion 

when a single gene within the PER or CRY family is mutated
4,35,37

. Per1-deficient mice display 

approximately a 0.5-1 hour shorter, yet rhythmic endogenous period when compared to their 

wild type litter mates and Per2-deficient mice display about a 1.5 hour shorter period in constant 

darkness (DD). However, if both Per genes are deficient, behavioral and molecular arrythmicity 

occurs 
4,34,38

. Hence, it would be plausible to hypothesize that restoring functionality to one of 

the Per genes would result in normal behavioral and molecular rhythmicity.   

 From our earlier studies, we found that our inducible Per transgenic mice in wild type (wt) 

background (PTG) show robust rhythmicity as long as transgenic PER2 is not fully induced (to 

levels 3-4 fold higher than peak levels of endogenous PER2). Thus, the clock functions as long 

as the constitutively expressed PER is within the physiological range and may undergo circadian 

oscillations in phosphorylation and abundance.  This is further supported by previous studies 

showing that PER proteins undergo strong oscillations when transcription or translation is 

inhibited
6
.  If PER can exhibit circadian oscillations even when Per is constitutively expressed, it 

is very likely that posttranscriptional oscillations in PER can drive behavioral rhythms. To study 

if expression of PER near endogenous levels through artificial manipulation can drive circadian 

rhythms in mice, we generated inducible Per2 transgenic mice in Per1/2-deficient background
4
.   

 Moreover, we recently showed that the mouse clock can be manipulated such that type 0 

resetting, involving large phase shifts of up to 12 hrs (i.e., a complete phase reversal), can be 
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induced by a single light pulse if given at the right time
28

. This raises the exciting possibility that 

the human clock can also be rapidly reset. Numerous studies suggest that Per is at the interface 

receiving and incorporating input signals into the oscillator. Per expression is rapidly induced or 

repressed in response to these signals, and these changes in Per are believed to cause phase shifts 

in PER rhythms
1,9,12,21,29,30

, which in turn alters the phase of circadian rhythms such as 

wake/sleep rhythms. However, input signals could induce additional effects in clock cells besides 

Per induction. We have recently tested whether artificial Per induction, isolated from these other 

effects, is sufficient to mediate phase shifts in the clock. Our preliminary data showed that 

circadian rhythms can be predictably manipulated by artificial manipulation of Per expression.  

We used our inducible Per2 transgenic-Per1/2 deficient mice to put this assumption to the test, 

in order to study how transient perturbations in Per expression can cause durable shifts in the 

oscillator and behavioral rhythms. 

 

Materials and Methods: 

1. Animals and Wheel Running Activity 

All animal protocols were carried out in accordance with the National Institute of Health 

Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal 

Care and Use Committee of Florida State University. Mice were given ad libitum access to food 

throughout the experiment and administration of regular ddH2O and tetracycline H2O was in 

accordance with the approved protocol. Mice were singly house in a cage (29.5cm x 11.5cm x 

12cm) with unlimited access to a running wheel (diameter, 11cm). The cages were equipped with 

a magnetic switch with an LCD Counter, which records wheel revolutions. The cages were 
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attached to an electronic hub, directly linked to a computer, which collected the wheel running 

activity. The animals were placed in an LD 12:12 light:dark cycle for 7 days, followed by a 

period of 14 days in constant darkness (DD). The animals remained in DD and the water was 

then replaced with either tetracycline or Doxycycline as indicated. Using the Actimetrics/ 

ClockLab software, behavioral actograms were able to be generated for data analysis.  

2. Administration of Tetracycline and Doxycyline H2O 

Through multiple trial and error experimentation, we decided to use a 200µg/mL 

concentration of tetracycline H2O in 5% sucrose and a 10µg/mL of Doxycycline H2O in 5% 

sucrose to artificially generate the most robust artificial rhythms. Tetracycline and Doxycyline 

administration is indicated in the figures section.  

3.  Calculating the Endogenous Period 

Tetracycline and Doxycycline administration produced robust artificial rhythms. The 

endogenous period generated by the administration of each drug was calculated by generating a 

best fit line to locomotor onset over the course of two weeks.   

4. Western immunoblotting was performed as described previously.
29

 

5. Genetic Construct of the Transgenic Mouse Model  

Generation1: 

 To begin to generate our novel transgenic mice, a mouse with the SCGII tTA 

(tetracycline controlled transactivator protein) gene was bred with a mouse that had an inserted 

Per2Trans gene. This resulted with mice with a 25% chance of having transgenic genes for both 

ScgII and Per2Trans (See PCR results in figures section).  
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Generation2: 

 A Per1/Per2: Ko/Ko line was being previously maintained in our colony room. 

Subsequently, SCGII/Per2Trans/Per1/Per2: Tg/Tg/w/w mice were mated with 

SCGII/Per2Trans/Per1/Per2: w/w/Ko/Ko mice, resulting in mice with a 50% chance of being 

transgenic for the ScgII gene, a 50% chance of being transgenic for the Per2Trans gene, and 

100% chance of being heterozygous for both the Per1 and Per2 genes.  

Generation3: 

 Mice from generation 2, SCGII/Per2Trans/Per1/Per2: Tg/Tg/H/H were mated together to 

produce mice with 100% probability of being transgenic for the SCGII gene, 100% chance of 

being transgenic for the Per2Trans gene, 25% chance of having the Per1 gene knocked out, and 

25% chance of having the Per2 gene knocked out, thus a 1/18 chance of producing the novel 

SCGII/Per2Trans/Per1/Per2: Tg/Tg/Ko/Ko mouse. We generated various other genotypic 

combinations and used SCGII/Per2Trans/Per1/Per2: Tg/Tg/H/Ko mice for behavioral and 

molecular experiments as well (other combinations were used as controls).  This breeding 

scheme took approximately two years to get enough mice to conduct our behavioral studies. 

 

Results  

1. Regulation of Behavior by Water Administration 

 Tetracycline-controlled transcription activation is a method of inducible gene expression. 

Through the use of the antibiotic Doxycycline or one of its derivatives like tetracycline, this 

method is reversible, allowing one to control gene expression by turning transcription on or off 
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accordingly. Tet-on is so named because in the presence of Doxycycline, genes are activated, 

while in the tet-off system, genes are activated in the absence of Doxycycline. The inducible 

tetracycline-controlled transactivator (tTA) system is used to manipulate circadian clock gene 

expression in a tissue-specific, conditional, and reversible manner
20

. Previously, our lab has 

shown that our novel Per2 transgenic mice are completely arrhythmic on regular drinking water. 

Administration of 10µg/ml Doxycycline, which suppresses PER2 expression to endogenous 

levels, induces an artificial rhythm in these mice. During the acquisition of our preliminary data, 

it was concluded that due to the long half-life of Doxycycline, it took more than several hours to 

reach saturating levels of PER2 induction. Therefore, we elected to use tet-H2O at varying doses 

to attempt to restore rhythmicity. After numerous dosing trials, we concluded that a 200µg/mL 

concentration of tet-H2O in 5% sucrose given in a time dependent manner restored behavioral 

rhythms most efficiently in the Tg/Tg/Ko/Ko group. The Tg/Tg/H/Ko group showed more robust 

rhythms when they were given ad libitum access to 10µg/mL of Dox-H2O.   

2. Artificially Restored Period 

 In order to ensure that the SCGII/Per2Trans/Per1/Per2: Tg/Tg/H/Ko and 

SCGII/Per2Trans/Per1/Per2: Tg/Tg/Ko/Ko mice could entrain in a light:dark cycle (LD), they 

were placed in cages with running wheels in a behavioral cubicle with a programmed light:dark 

cycle (lights on at 7am and lights off at 7pm), along with wt, and Per1/2 Ko control mice. After 

7 days of LD, the animals were released into constant darkness (DD), which led to abolishment 

of behavioral rhythms in all groups except for the C57BL6 wt mice (see behavioral actograms). 

The mutant Per mice displayed complete arrythmicity in constant darkness, while the wt mice 

showed an endogenous period of ~23.5 hours, which is consistent with previously reported 

literature
25

.  All of the groups were initially given 200µg/mL tetracycline water. Later in the 
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experiment, as indicated in the actograms, the Tg/Tg/H/Ko animals were switched to 10µg/mL 

Dox-H2O to test whether or not Doxycycline had the same effect as tetracycline. Both the 

Tg/Tg/H/Ko and Tg/Tg/Ko/Ko mice showed a restored rhythm, although the Tg/Tg/H/Ko 

displayed a more robust rhythm. Regardless of whether or not the Tg/Tg/H/Ko mice were given 

tetracycline or Doxycycline water, an artificial rhythm was induced. Furthermore, the artificially 

restored period length of the Tg/Tg/H/Ko on Doxycycline was significantly shorter than the 

period of the Tg/Tg/Ko/Ko mice. This data can be attributed to a genetic dosing effect, as there 

may still be some PER1 expression leaking in the heterozygous animals contributing to the 

facilitation of the robust rhythmicity. However, a rhythm was not successfully restored in the 

Tg/Tg/Ko/Ko mice on 10µg/mL Doxycycline. It is plausible to hypothesize that this effect could 

be due to the long half-life of Doxycycline causing significant feedback inhibition to the 

Per2Trans gene. On the other hand, the wt and the Per1/2: Ko control mice were unaffected by 

the administration of tetracycline; the Tg/Tg/Ko/Ko mice remained arrhythmic, while the wt 

mice retained their endogenous period of 23.5 hours.  

 While in DD on tetracycline water, the artificially restored period length of the 

Tg/Tg/H/Ko mice was significantly shorter than the period of wt mice. This is most likely due to 

the fact that the intact allele from Per1 is playing a role in helping the feedback inhibition 

process to be more robust, thus, creating the shorter period. Furthermore, the artificially induced 

period of the Tg/Tg/Ko/Ko mice was not significantly different when compared to the wt mice 

period. Since there is only artificial induction of PER2 and complete absence of PER1 in the 

Tg/Tg/Ko/Ko mice, this could explain why when the period is restored it is less robust when 

compared to the period of the Tg/Tg/H/Ko mice. 
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 To acutely induce PER2 expression, regular water bottles were switched to 200µg/mL 

tet-H2O in 5% sucrose for 6 hour intervals. When regular water was used from CT12 to CT18 in 

PTG mice, behavioral rhythms were delayed by ~7 hrs (n=3).  However, when regular H2O was 

used from CT20 to CT2, behavioral rhythms were advanced by ~4 hrs (n=3). The phase-

dependent delay and advance are consistent with phase resetting responses by photic stimuli.  

 All of the animals displayed an entrained circadian locomotor profile, although the 

Scg2/Per2Trans/Per1/Per2: Tg/Tg/Ko/Ko mice showed a somewhat weaker activity profile 

when compared to the Per1/2: Ko/Ko controls. Next, the animals were released into DD with 

regular H2O for 2 weeks. During this time, all of the animals displayed completely arrhythmic 

activity profiles. Tet-H2O was administered to both the Scg2/Per2Trans/Per1/Per2: 

Tg/Tg/Ko/Ko and the Per1/2: Ko/Ko controls during the subsequent 2 weeks from 11am to 5pm 

while they remained in DD. During the remaining hours of the day, the animals received regular 

H2O. An observable rhythm was observed in these animals, although the onset of rhythmic 

activity varied slightly between animals.  

 The question arose in regards to whether or not we could artificially induce behavioral 

rhythmicity depending on what time the tet-H2O was administered. In order to test this 

hypothesis, we repeated entrainment and DD exposure, but decided to reverse the tet-H2O 

administration in a 12 hr fashion. Hence, tet-H2O bottles were given from 11pm to 5am and the 

animals had free access to regular water for the remaining hours of the day/night. The onset of 

activity and the onset of rest were altered in a 12 hour manner. This finding provided direct 

evidence that depending on administration time of tet-H2O, PER rhythmicity can be artificially 

induced using our novel transgenic mouse model.   
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3. Light Pulse Experiment  

Environmental cues such as exposure to light are known to govern circadian oscillators not 

only in the suprachiasmatic nucleus, but also in peripheral clocks
14

. Mice, being a nocturnal 

species, display robust locomotor rhythms during the subjective night. It is well documented that 

exposing an animal to a light stimulus early in the subjective night and late in the subjective 

night will cause a phase delay and phase advance, respectively
31

. To determine if the 

Tg/Tg/H/Ko animals were responsive to light or if their rhythms were indeed completely 

artificially induced, the mice were exposed to one hour light pulses at the following times: CT15 

(to induce a phase delay) n=2, CT21 (to induce a phase advance) n=2, CT12 n=1 (to test if the 

animals had a phase response to a light pulse during an unresponsive time). Wild type animals 

were given the same light pulses (CT15 n=4, CT21 n=4, CT12 n=2)   In order to determine 

when the light pulses should be given, several calculations had to be made. Each animal’s tau 

value (measurement of daily period length) was determined for 7 days of behavior prior to the 

day the light pulses were to be given. The onset of activity [circadian time (CT) 12] was 

predicted for each mouse using linear regression (Clocklab; Actimeterics). Least square fits 

were then determined to calculate the value of tau. With this data, the beginning and end time of 

the light pulse were determined. 

 The animals in both groups were exposed to the one hour pulse and then returned to their 

home cages. The wild-type animals showed phase delay and phase advance responses at CT 15 

and 21, respectively. The Tg/Tg/H/Ko animals did not show phase alterations at any of the times 

the light pulses were given. In order to completely rule out light as a factor, a 4 hour light pulse 

experiment was performed on the Tg/Tg/H/Ko mice: 2 mice at CT15, 2 mice at CT21 and 1 

mouse at the arbitrary time CT06.  
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 Ex: Mouse ID # 510 

  Tau Value = 22.9 hours 

  Onset of Activity = 11:35am 

  11:35-(1 hour and 6 minutes) = 10:29am   +1 hour day light savings = 11:29am 

  4 hour light pulse (CT15-CT19) translated to: 2:29pm - 6:29pm 

 A four hour light pulse will allow us to further confirm if the tetracycline is causing a 

masking effect that could not be ruled out through a one hour light pulse alone. In theory, a four 

hour light pulse would show a lack of behavior for four hours in the behavioral actogram, and 

then the mouse should pick up its activity in the same phase the next day, if a masking effect was 

not occurring. The data collected from the four hour light pulse experiment suggested that these 

animals were responsive to light, but they did show less dramatic phase shifts when compared to 

wild type light pulse data that had been previously collected by our lab. Upon data analysis, it 

was determined that a one hour light pulse induced the same response in wild type mice when 

compared to the four hour light pulse in the Tg/Tg/H/Ko mice, suggesting that these mice do in 

fact have a leaking feedback loop compensating for the reduced phase shift. Furthermore, it 

would be interesting to test what effect these light pulses would have on the Tg/Tg/Ko/Ko mice.  

 

Discussion 

 Our findings showed that the use of the tet-off system does in fact induce a rhythm in our 

novel transgenic mouse. The over-expression of PER2 through the use of the Per2Trans gene 

causes mice to become arrhythmic after entrainment in LD (Figure 4e). Through administration 
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of 200µg/mL tet-H2O in 5% sucrose, a rhythmic phase can be artificially induced (Figure 4e).  

Behavioral rhythmicity was then artificially induced depending on what time the tet-H2O was 

administered. By altering administration of tetracycline in a 12hr fashion, the onset of behavioral 

activity was shifted in a 12hr manner. This experiment provided concrete evidence that PER 

rhythmicity can be artificially induced using our novel transgenic mouse model.   

 In order to test the possible behavioral differences that could be induced by use of either 

tetracycline or Doxycycline administration,  mice were  initially entrained in LD for one week. 

They were then released into DD for 2 weeks to induce behavioral arrhythmicity. Tet-H2O was 

then administered to artificially induce a rhythm. After 14 days, Dox-H2O was administered, and 

the period was found to be shorter and more robust as indicated in figure 2c. Additionally, tau 

values were calculated to compare the internal period (tau) of the biological clock, to the 

artificial rhythm induced by the administration of tet-H2O.  

 A one hour light pulse was found to not alter the phase of the artificially induced rhythms 

in the Tg/Tg/H/Ko mice as it would in wild type mice. Although a four hour light pulse did cause 

phase shifts, they were dramatically less than the phase shifts induced in wild type mice with 

only a one hour light pulse. The animals were then sacrificed so that their tissues could be 

subjected to western immunoblotting to assess rhythmicity of the period proteins. Six animals on 

10µg/ml who displayed behavioral rhythmicity were sacrificed at CT 10 (n=3) and CT22 (n=3). 

Protein was extracted from the cerebellum of each animal.  
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Clinical Significance: 

 Interestingly, PER2 has been found to be a key player in familial advanced sleep phase 

syndrome (FASPS). Individuals affected by this disorder go to sleep very early and are very 

early to rise. FASPS has been found in ages ranging from 8-80 and equally affects both males 

and females. In humans, two types of dominant FASPS have been described that are linked to 

post-translational modification of PER proteins
16,33,36

. In both types, FASPS patients show 

phases of sleep, core body temperature, and melatonin rhythms that are 4-5hr earlier than those 

of unaffected siblings. One of these syndromes has been mapped on the molecular level to an 

amino acid substitution in a phosphorylatable residue of hPer2, and in the other syndrome, the 

hCKI∆ kinase gene itself is affected
34

. However, PER2’s role in FASPS remains to be 

elucidated. In our experiment, we seek to use our novel genetically engineered mice to 

demonstrate that abolished rhythms can be artificially induced by balancing PER2 levels in a 

stoichiometric fashion through time-regulated administration of tetracycline. This will help 

FASPS patients who have been diagnosed with either of the two types of FASPS linked to post-

translational modification of PER proteins as this is exactly what our research aims to resolve. 

The PTG mice constitutively over-express the Per2 gene, which has been found to be one of the 

main regulators of the clock. Through the use of the tet-off system, the Per2 gene is suppressed 

inducing a normal rhythm, in theory this should work in a human system as well.    

Future Directions: 

In order to confirm if this induced behavioral rhythmicity is linked to a rhythmic 

molecular profile, we will harvest liver and cerebellum tissue around the clock at 4 hour intervals 

and subject these samples to western immunoblotting for protein analysis and rt-PCR for mRNA 
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analysis. If the Scg2/Per2Trans/Per1/Per2: Tg/Tg/H/Ko and Scg2/Per2Trans/Per1/Per2: 

Tg/Tg/Ko/Ko mice are behaviorally rhythmic at the time of sacrifice, then it is plausible to 

suggest that their mRNA and protein profile should follow suit with that of a wild-type animal 

for that corresponding CT. However, if the mice are arrhythmic at the time of sacrifice, their 

protein and mRNA profile should show a higher amount of PER expression. It would be 

interesting to test other circadian clock genes as well, to investigate if the downstream signaling 

related to the circadian clock is modified in any fashion. To complement the light pulse data for 

the Tg/Tg/H/Ko mice, the same light pulse experiments will be performed on the Tg/Tg/Ko/Ko 

mice once a clear rhythm can be established. Furthermore, 4 hour light pulse experiments with 

the wild-type animals will be performed in order to allow for a direct comparison of results 

against the data already obtained. I am hypothesizing that the neither the 1 hour nor the 4 hour 

light pulse will induce phase shifts in the Tg/Tg/Ko/Ko mice, as these mice do not have a Per1 

allele intact to compensate for the feedback loop. In conclusion, this study should provide 

evidence solidifying previous findings from our lab suggesting that Per is responsible for 

maintenance of robust circadian rhythms on both molecular and behavioral levels.  
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Figure 1c.  
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Figure 2a. Behavioral Data for ScgII/Per2Trans/Per1/Per2: Tg/Tg/H/Ko mouse #605 

showing reversal of Tet H2O administration in a 12h fashion. The mice were entrained in LD 

to ensure that they could maintain a 24hr period. They were then released into DD which 

induced arrhythmicity. Tet-H2O was then administered to artificially induce a period. Switching 

to regular H2O induced arrhythmicity again. Phases could be manipulated in a 12 hour fashion 

according to when the tet-H2O was administered as indicated by the arrows.  

2a.  
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Figure 2b. Behavioral Data for ScgII/Per2Trans/Per1/Per2: Tg/Tg/H/Ko 

Mouse #400. The mice were entrained in LD to ensure that they could maintain a 24hr period. 

They were then released into DD which induced arrhythmicity. Tet-H2O was then administered 

to artificially induce a rhythm. After 14 days, Dox-H2O was administered; the phase was 

advanced as indicated by the black dashes shifting to the left.  

2b.  
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Figure 2c. Behavioral Data for ScgII/Per2Trans/Per1/Per2: Tg/Tg/H/Ko Mouse #402. The 

mice were entrained in LD to ensure that they could maintain a 24hr period. They were then 

released into DD which induced arrhythmicity. Tet-H2O was then administered to artificially 

induce a rhythm. After 14 days, Dox-H2O was administered; the phase was advanced as 

indicated by the black dashes shifting to the left. 

2c. 
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Figure 2d. Behavioral Data for ScgII/Per2Trans/Per1/Per2: Tg/Tg/H/Ko Mouse #459. The 

mice were entrained in LD to ensure that they could maintain a 24hr period. They were then 

released into DD which induced arrhythmicity. Tet-H2O was then administered to artificially 

induce a rhythm. After 14 days, Dox-H2O was administered; the phase was advanced as 

indicated by the black dashes shifting to the left. 

2d.  
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Figure 2e. Behavioral Data for ScgII/Per2Trans/Per1/Per2: Tg/Tg/Ko/Ko Mouse #460. The 

mice were entrained in LD to ensure that they could maintain a 24hr period. They were then 

released into DD which induced arrhythmicity. Tet-H2O was then administered to artificially 

induce a rhythm. The mouse was then left on tet-H2O to determine how long it could maintain 

the artificially induced rhythm. The mouse was then reentrained in LD on tet-H2O and displayed 

a more robust rhythm when compared to the LD period on regular water.  

2e.  
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Figure 2f. Behavioral Data for ScgII/Per2Trans/Per1/Per2: Tg/Tg/Ko/Ko Mouse #461. The 

mice were entrained in LD to ensure that they could maintain a 24hr period. They were then 

released into DD which induced arrhythmicity. Tet-H2O was then administered to artificially 

induce a rhythm. The mouse was then left on tet-H2O to determine how long it could maintain 

the artificially induced rhythm. The mouse was then reentrained in LD on tet-H2O and displayed 

a more robust rhythm when compared to the LD period on regular water. 

2f.  
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Figure 2g. Behavioral Data for ScgII/Per2Trans/Per1/Per2: Tg/Tg/Ko/Ko Mouse #465. The 

mice were entrained in LD to ensure that they could maintain a 24hr period. They were then 

released into DD which induced arrhythmicity. Tet-H2O was then administered to artificially 

induce a rhythm. The mouse was then left on tet-H2O to determine how long it could maintain 

the artificially induced rhythm. The mouse was then reentrained in LD on tet-H2O and displayed 

a more robust rhythm when compared to the LD period on regular water. 

2g.  
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Figure 2h. Behavioral Data for Per1/Per2: Ko/Ko Control Mouse #188. The control mouse 

was entrained in LD to ensure it could maintain a 24hr period. It was then released into DD 

inducing arrhythmicity. Administration of tet-H2O and dox-H2O was performed to show that this 

mouse will not restore any type of rhythmicity.  

2h.  
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Figure 2i. Phase Delay Figure in a c57Bl6 mouse at CT15. A light pulse experiment was 

performed on a wild type mouse early in the subjective night (CT15). The mouse displayed a 

phase delay as indicated by the shift in the black dashes to the right.  

2i.  
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Figure 2j. Phase Advance in a C57BL6 mouse at CT 21. A light pulse experiment was 

performed on a wild type mouse late in the subjective night (CT21). The mouse incurred a phase 

advance as indicated by the shift in the black dashes to the left. 

2j.  
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Figure 3a. Tau Calculation for Mouse #510.  Tau values were calculated to compare the 

internal period (tau) of the biological clock to the artificial rhythm induced by the administration 

of tet-H2O. The linear regression lines are indicated in red for the internal period during 

entrainment in LD and blue for the induced period through administration of tet-H2O.  

3a.  
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Figure 3b. Zoomed in view of Tau calculation for Mouse #510.  

3b.  
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Figure 4a. Wild type and Tg/Tg/Ko/Ko Light Pulse Data. Wild type light pulse data was 

collected from a previous experiment performed in my lab. Advance and delays in each mouse’s 

phase was individually calculated in minutes. 

4a.  

ID 

Onset of 

Activity 

Onset of New 

Phase Advance/Delay 

Advance in 

Minutes 

Delay in 

Minutes 

wt1 19:11 21:05 1:45   105 

wt2 3:54 2:35 1:19 79   

wt3 6:21 5:18 1:03 63   

wt4 14:27 15:55 1:28   88 

wt5 23:10 21:41 1:05 65   

wt6 16:46 18:43 1:57   117 

wt7 21:24 20:05 1:19 79   

wt8 5:40 7:51 2:11   131 

312 2:08 23:40 1:28 88   

400 13:41 16:08 2:27   147 

402 6:21 4:07 2:14 134   

459 3:18 6:21 3:03   183 

510 8:33 11:36 3:03   183 

463 10:41 8:30 2:11 131   

 

Figure 4b. Light Pulse Data Averages. The averages for the light pulse data were calculated 

from figure 1a. in order to calculate pvalues and determine if there was significance in the 

results. The pvalue = 0.07948838 for the advance in the phase was found to be not significant. 

The pvalue = 0.015175761 was significant.  

4b.  

  Advance Delay 

1hr wt Delay 

Average  

4hr Delay 

Average 

wt 79 105 110.25 171 

wt 63 88     

wt 65 117     

wt 79 131     

ko 88 147     

ko 134 183     

ko 131 183     

pvalues 0.07948838 0.015175761     
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Figure 4c. Tetracycline and Doxycycline Artificial Period Calculation.  

4c. 

mouse 

ID  Tet Period  Dox Period  

Raw Period 

Difference  

312 24.96 23.34 1.62 

400 23.68 22.9 0.78 

402 23.76 22.43 1.33 

459 23.28 22.67 0.61 

460 24.01 23.61 0.4 

Average  23.938 22.99 0.948 

SD 0.6286653 0.48244171 0.509970587 

 

Figure 4d. Tetracycline Period Average to determine an accurate average with previously 

collected data.  

4d.  

Mouse 

ID  Tet Period  

312 24.96 

400 23.68 

402 23.76 

459 23.28 

460 24.01 

605 24.68 

973 23.55 

Average 23.988571 

SD 0.6142863 

 

 

 

 

 

 

 



 

 

31 

 

Figure 4e. Endogenous Period Calculation for wild type mice 1-8 and pvalues to determine 

significance of the results. The pvalue comparing the tetracycline period to the doxycycline 

period was significant (pvalue=0.02). The p-value comparing the tetracycline period to the wild 

type endogenous period was not significant (p-value=0.13). The p-value comparing the 

doxycycline endogenous period to the wild type period was significant (p-value=0.05).  

4e.  

mouse ID 

Endogenous 

period 

wt1 23.53 

wt2 23.56 

wt3 23.7 

wt4 23.46 

wt5 23.57 

wt6 23.5 

wt7 23.64 

wt8 23.72 

Average 23.585 

SD 0.093503247 

Pvalue comparing tet period to dox period  0.028143232 

Pvalue comparing tet period and wt endogenous 

period  0.134132221 

Pvalue comparing dox endogenous period to wt 0.050098695 
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Figure 4f. Wild type, Tetracycline, and Doxycycline period results graphed. The wild type 

endogenous period was found to be significantly more robust than the Doxycycline induced 

period. The tetracycline induced period was found to be significantly more robust than the wild 

type period.  

4f.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

22

22.5

23

23.5

24

24.5

25

wt endogenous 

period

tet period 

dox period

*
*

wt endogenous 

period 23.585 

tet period  23.98857 

dox period 22.99 



 

 

33 

 

Figure 4g. Tau calculations from experiment 1. Tau calculations were performed to determine 

endogenous period and robustness of period for Tg/Tg/H/Ko and Tg/Tg/Ko/Ko mice. From these 

values the average period length and period difference between the two genotypes could be 

determined as indicated in figure 4h.  

4g.  

Experi

ment 1            

ID# Genotype 

Entrained 

Period 

(Hours) 

enodgenous 

period (Tet 

H20) 

Period 

Difference 

(minutes) 

Is endogenous 

period more 

robust? 

73 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  24.09 24.88 47.4 yes 

603 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.95 24.53 34.8 yes 

605 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 24.11 24.64 31.8 yes 

966 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.84 25.27 85.8 yes 

967 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 23.89 23.56 -19.8 yes 

968 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.51 24.94 85.8 yes 

971 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 24.02 23.88 -8.4 yes 

973 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  24 25.01 60.6 yes 

 

Figure 4h. Comparing Average Period Length and Period Difference between Tg/Tg/H/Ko 

and Tg/Tg/Ko/Ko mice from experiment 1. 

4h.  

Genotype Average Period Length  Period Difference  

Scg2/P2Trans/P1/P2: 

Tg/Tg/H/Ko 24.02666667   

Scg2/P2Trans/P1/P2: 

Tg/Tg/Ko/Ko  24.926 53.96 
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Figure 4i. Tau calculations from experiment 2. Tau calculations were performed to determine 

endogenous period and robustness of period for Tg/Tg/H/Ko and Tg/Tg/Ko/Ko mice. From these 

values we could determine the average period and period difference between the two genotypes 

as indicated in figure 4j.  

4i.  

Experi

ment 2            

ID# Genotype 

Entrained 

Period 

(Hours) 

enodgenous 

period (Tet 

H20) 

Period 

Difference 

(minutes) 

Is endogenous 

period more 

robust? 

312 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 23.87 24.94 64.2 yes 

400 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 23.99 23.7 -17.4 yes 

402 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 23.44 24.71 76.2 yes 

459 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 23.87 23.47 -24 yes 

460 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.89 26 126.6 yes 

461 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.89 26.5 156.6 yes 

465 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.59 23.2 -23.4 yes 

500 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.88 arrhythmic     

505 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  24.01 24.08 4.2 yes 

510 

Scg2/P2Trans/P1/

P2: Tg/Tg/H/Ko 23.99 23.29 -42 yes 

511 

Scg2/P2Trans/P1/

P2: Tg/Tg/Ko/Ko  23.99 24.32 19.8 yes 
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Figure 4j. Comparing Average Period Length and Period Difference between Tg/Tg/H/Ko 

and Tg/Tg/Ko/Ko mice from experiment 2. 

4j. 

Genotype  

Average Period Length in 

hours 

Period Difference in 

minutes 

Scg2/P2Trans/P1/P2: 

Tg/Tg/H/Ko 24.022 47.88 

Scg2/P2Trans/P1/P2: 

Tg/Tg/Ko/Ko  24.82   

 

Figure 4k. Average Period Length from both experiment 1 and 2 and experimental period 

difference average. 

4k. 

Genotype 

Average From Both 

Experiments in hours 

Period 

Difference in 

minutes 

Experimental Period 

Difference Average in 

minutes 

Scg2/P2Trans/P1/P

2: Tg/Tg/H/Ko 24.02375 50.955 50.92 

Scg2/P2Trans/P1/P

2: Tg/Tg/Ko/Ko  24.873     

 

Figure 5a. Per 2 Immunoblot from cerebellum of wild type mice harvested at indicated 

zeitgeber times 

5a. 

 

 

Figure 5b. Per 2 Immunoblot from cerebellum of Tg/Tg/Ko/Ko mice at indicated time 

points. The smears indicate that the animals’ tissues were harvested while they were 

displaying arrhythmic behavior.  

5b.  

 



 

 

36 

 

Figure 5c. Per2 Immunoblot ScgII/Per2Trans/Per1/Per2: Tg/Tg/Ko/Ko. 6 animals on 

10µg/mL who displayed behavioral rhythmicity were sacrificed at CT 10 (n=3) and CT22 (n=3). 

Protein was extracted from the cerebellum of each animal and subjected to western 

immunoblotting to measure PER2 levels. Notice the dramatic increase of PER2 during the 

subjective night time point when the mice are active. 

 

5c. 
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