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     ABSTRACT OF THESIS 

 

Circadian Gene Networks In Bone Regeneration 

 

   By 

 

      Nathaniel Raphael Hassan 

 

 Master of Science in Oral Biology 

     University of California, Los Angeles, 2012 

 Professor Ichiro Nishimura, Chair  

       

 

BACKGROUND: Previous studies suggested that vitamin D played a significant role in bone 

regeneration, facilitating the establishment of implant osseointegration. A whole genome 

microarray study further suggested that the vitamin D axis might involve circadian rhythm gene 

expression in the bone peripheral tissue. 

OBJECTIVES: To identify key gene networks involved with vitamin D receptor in the bone 

regeneration process and to explore any correlation with circadian rhythm gene expression in 

bone marrow mesenchymal stromal/stem cells (BMSC).  

METHODS: The available whole gene microarray data was analyzed using the weighted gene 

correlation network analysis (WGCNA) R package and Cytoscape software. Any gene 

expression correlation was examined for vitamin D receptor (VDR) as well as circadian rhythm 
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genes. Separately, Per 1 luciferase transgenic Wistar rats were then applied for in vitro 

evaluation on BMSC circadian rhythm. Per1::luc BMSCs were seeded on 35mm dishes and 

forskolin-synchronized luminescence was recorded across different media conditions. The 

recording media included growth medium containing F12 (10% Fetal Bovine Serum, 1% Pen-

Strep and antibiotic) supplemented with or without 1 nM 1,25D. Luminescence was also 

recorded in F12 growth medium containing bone differentiation factors (beta glycerophosphate, 

Ascorbic acid and Dexamethasone) supplemented with 0, 1 or 10 nM 1,25D.  

RESULTS: A total of 47 gene network modules, based on the correlation between gene 

significance values and module membership, were generated. The “Blue” module contained 

VDR. With a threshold of 17 and median of 13, VDR exhibited 35 gene connections as well as 

correlation values of 0.31 and 0.55 for OSV+ (vitamin D sufficient condition) and OSV- 

(vitamin D insufficient condition) respectively. NPAS2, CLOCK, BMAL1 and casein kinase 1 

were directly connected to VDR. Per1-3 and cry1-2 were each found in a different module with 

generally low correlation values. In vitro luminescence measures of Per1::luc rat BMSC showed 

a dose dependent sustained increase in Per 1 expression with the addition of 1,25D to the F12 

growth medium as well as osteogenic differentiation medium. The baseline subtracted 

luminescence data indicated that the circadian pattern of BMSC was maintained with 1,25D 

supplementation.   

CONCLUSION: The WGCNA data suggests that VDR may serve as the main coordinator, or 

hub gene, strongly correlated with the identified circadian rhythm genes. The forskolin-

synchronized expression of Per1::luc exhibited circadian expression in BMSC in vitro. 1,25D 

supplementation significantly and dose dependently increased the baseline expression of 

Per1::luc, whereas the circadian rhythm was maintained. We postulate that the physiological 



iv 
 

regulation of vitamin D may mediate gene network organization via circadian rhythm gene hubs 

during the bone regeneration or remodeling process. 
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Introduction 

The contemporary view of vitamin D can no longer remain limited to skeletal bone 

health. Produced endogenously and obtained through diet, many areas of science and general 

health have asserted this essential vitamin’s prominence in their respective field. Scientists 

repeatedly view vitamin D as an essential contributor to the prevention of various diseases 

involving the cardiovascular, lymphatic, metabolic systems and even mental health (1). Aside 

from its role in preventing the development of rickets and osteoporosis, vitamin D has even been 

indicated in the inhibition of tuberculosis and the flu (2).  Vitamin D deficiencies can also 

preclude dental procedures, when for instance an oral implant necessitates absolute 

osseointegration for healthy functioning (3). Possible sources for the vitamin's deficit have been 

manifest in environmental factors such as clothing, sun exposure and sunscreen use (1). These 

studies also establish the futility in providing general guidelines for treatment via oral 

consumption of vitamin D, due to its casual routing and bioavailability (1). Despite these 

limitations, doctors still prescribe this supplement in variable milligram dosages to alleviate the 

deficiency.  

Although these points are all important contributing factors to the problem of vitamin D 

deficiency treatment, the main difficulty stems from the intrinsic properties of vitamin D 

distribution. A closer look at the origins and utilization of this endogenously produced vitamin 

may contain the critical discernment necessary for its involvement in bone regeneration. For 

example, the formation of the precursor to vitamin D, known as 7-dehydrocholesterol, parallels 

the cholesterol biosynthesis pathway and reaches a crossroad to either convert into cholesterol or 

remain the same (4). If the precursor stays the same it is then transported from the intestine to the 

skin via the blood stream (4). Once in the skin, sunlight changes 7-dehydrocholesterol into a pre-
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vitamin D form (4). Next, this pre-vitamin D antecedent is transformed into vitamin D with the 

addition of hydroxyl groups from various organ locations (4). In its final form, vitamin D 

facilitates the absorption of calcium and phosphorous, two important elements promoting bone 

development and growth (4). Relatively unexplored, yet highly relevant, some research 

demonstrates the importance of vitamin D in implant osseointegration (3). Only few researchers 

have given this phenomenon considerable attention. Even less research links vitamin D to 

circadian biology. One study shows that vitamin D receptors vary with the circadian rhythm, the 

cycle that tracks regulated physiological processes according to a twenty-four hour period (5). 

These processes involve thermoregulation of body temperature, cortisol to stress level 

relationships and the secretion of melatonin. The appropriate cycling of these processes help 

maintain the body’s homeostasis, which in turn prevents susceptibility to disease. A second study 

even identifies certain circadian rhythm genes as playing a significant role in implant 

osseointegration (7). It may then prove beneficial to examine the circadian rhythm of vitamin D 

receptor (VDR) regulation, in order to comprehensively understand the therapeutic possibilities. 

The synthesis of this analysis and a consideration for the connection between physiological and 

molecular circadian rhythms deserves extra attention from researchers. Working with these 

fundamental ideas may provide a foundation for the improvement of vitamin D deficiency 

treatment. 

 

The Variability of Vitamin D Absorption 

Depending on environment and lifestyle, the beneficial activation of vitamin D in the skin 

will vary from person to person. Some people live at low altitudes, which increase the filtering 
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distance of UVB radiation to the skin (1). The further sun rays have to travel to reach the skin, 

the less capacity the inhabitants of the area have to produce and store vitamin D (1). People who 

live in cold environments tend to wear more clothing, additionally reducing sun exposure (1). 

Other factors such as skin pigmentation and sunscreen use only amplify this sun blockade effect 

(1). Despite the sun’s tendency to direct the most available vitamin D converting radiation during 

its apex at twelve o’clock noon, many people still manage to forgo enough sun exposure. 

However, pinpointing these variables does not identify a specific therapeutic solution, and there 

are many experts in various fields opposed to such a simplification. No matter the disorder, 

special consideration for lifestyle and environment must be taken into account to correctly 

consider a solution. However, there are discernible generalities when discussing vitamin D with 

regard to basic mammalian biology, and the revelation of certain metabolic patterns will help 

generate universal treatments.  

 

HMG Co-A Reductase and Vitamin D receptor 

 Ordinarily, the circadian rhythm presides over biological pathways naturally cycling in 

the human body. One of these pathways involves an enzyme called HMG –CoA reductase, 

which catalyzes the production of cholesterol (4). Levels of this enzyme rise and fall according 

to the circadian rhythm. High levels of HMG -CoA reductase peak during the night while low 

levels occur during the day (7). This cycle diversifies cholesterol levels throughout the day, 

causing fluctuations within the individual. Although levels of HMG- CoA reductase are lower 

during the day, less potential cholesterol is converted from 7-dehydrocholesterol, the vitamin D 
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precursor. Thus, more 7-dehydrocholesterol is available for sunlight conversion of vitamin D and 

subsequent activation of VDR.  

  A study reviewing the diurnal metabolism of forty-nine mice reveals a circadian 

regulated timing system for VDR expression (5). The study explains that a family of nuclear 

receptors known as retinoic acid-related orphan receptor (ROR) regulates the activation of 

certain genes, while another family subtype known as Rev-erb alpha promotes repression (5). 

These two families of receptors modulate the molecular oscillation when present in the same 

tissue, cycling between activation and repression rhythmically (5). The study continues to report 

that the ROR family has three well known receptor subtypes, ROR alpha, ROR beta and ROR 

gamma (5). ROR alpha receptors found in human mesenchymal cells play an important role in 

directing the activation of osteoblasts and bone building (8). Suppression of ROR alpha results in 

improper bone mineralization (8). Incidentally, ROR gamma and Rev-erb alpha receptors appear 

to cycle rhythmically in mammalian brown adipose tissue, stabilizing the molecular clock system 

(5).  Coincidentally, the only site of rhythmic VDR expression is mammalian brown adipose 

tissue (5).  

Vitamin D and Circadian Rhythm 

 As these coincidences begin to accumulate, it becomes more difficult to ignore possible 

trends and applications. In effect, VDR up-regulation peaks during a specific time of day known 

as the Zeitgeber time (ZT) value four (5). While the ZT value zero corresponds to the time the 

lights came on in a light day cycle, ZT 4 corresponds to roughly four hours after the lights came 

on. Assuming the average person wakes up between six and eight AM to go to work, ZT 4 would 

take place four hours later, at around twelve o’clock noon, and  would thus mark the highest 
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expression of vitamin D receptors. Now, taking this idea further, considerations of the following 

physiological trends that occur at 12 o’clock noon provide grounds for associating circadian 

biology to bone regeneration. While vitamin D receptors are highly expressed at noon, HMG- 

CoA reductase levels are low and more 7-dehydrocholesterol levels appear preserved for sunlight 

activation. In theory, if the activation of vitamin D receptor were to affect the coordination of 

circadian rhythm genes, then vitamin D application may also serve to modulate the circadian 

rhythm. Further extrapolation of microarray data obtained from a study linking the molecular 

crosstalk between circadian rhythm genes and implant osseointegration identifies VDR as an 

additional coordinator (6). In effect VDR may act to modulate circadian rhythm genes to regulate 

bone regeneration. In particular, environmental stimuli such as sunlight and nutrition may serve 

to preserve bone integrity by maintaining the expression of circadian rhythm related genes. In 

order to consider a method for appropriately dissecting the potential connection between 

circadian rhythm genes, vitamin D and bone regeneration, one must first consider the important 

players involved in the molecular basis of circadian biology.  

Circadian Rhythm Genes 

 With only eight circadian rhythm genes discovered to date, the molecular basis of 

circadian rhythms serves as a relatively simple yet elegant foundation for this study (9). Best 

characterized as a negative feedback loop, the common mammalian circadian molecular 

mechanism begins with the formation of the circadian rhythm initiating CLOCK/BMAL 

complex (10). This heterodimer binds to the E-box within the nucleus and promotes the 

transcription of genes such as period homolog (Per)1, 2, 3 and cryptochrome (Cry) 1, 2 as well 

as Rev-Erb nuclear orphan receptors and retinoic acid related orphan receptors (10). PER and 
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CRY translated proteins then dimerize in the cytoplasm and are phosphorylated by casein kinase, 

which allows for the PER/CRY dimer to trans-locate back into the nucleus and inhibit the 

BMAL/CLOCK heterodimer over a 24 hour period (10). The specific phosphorylation of PER 

allows for its subsequent degradation after it has completed its nuclear inhibition (11). Since the 

phosphorylation of PER controls the phase and period of the molecular clock, it serves as a 

valuable marker for the determination of vitamin D’s effect on circadian rhythms (11).  

Hypothesis 

The presence of vitamin D significantly modifies the peripheral circadian rhythm of bone.  

Specific Aims 

1.) Weighted gene correlation network analysis (WGCNA) of the whole genome microarray 

data obtained from osteotomy or implant placement site of vitamin D deficient rat femurs 

This study aims to explore the postulated genetic correlation between VDR and circadian 

rhythm genes. The whole genome microarray raw data obtained from rat femur-derived total 

RNA served as an available foundation. Beginning with a weighted gene correlation network 

analysis (WGCNA), whole genome microarray data obtained from the osteotomy or implant 

placement site of vitamin D deficient rat femurs was filtered.  Each rat was treated with either a 

vitamin D deficient or sufficient diet. The femur received either an osteotomy or Ti implant 

placement. WGCNA package allows for the identification of gene networks, which involved 

VDR and a set of circadian rhythm genes.  

2.) Effect of 1,25 dihydroxyvitamin D3 on circadian rhythm of rat bone marrow 

stromal/stem cells (BMSC) in vitro 
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This study aims to characterize different circadian rhythms, in terms of PER1 expression, 

under different media conditions such as 1,25 dihydroxyvitamin, differentiating beta 

glycerophosphate, ascorbic acid as well as dexamethasone exposure. The most useful model to 

observe changes in PER1 expression is the transgenic rat with a luciferase knock-in at the per1 

promoter region annotated by Per1::luc (12). This DNA construct allows for real time tracking of 

circadian transcription and subsequent catalysis of supplied beetle luciferin, resulting in light 

expression (13). The fact that such reporter constructs are reliable tools for drug screening and 

molecular analysis implies multiple potential applications for elucidation of molecular biology 

and medicine in general (13). The use of the Wistar Per1::luc rats for this study demonstrates the 

potential involvement of vitamin D in sustaining a circadian rhythm during bone regeneration.  

Materials and Methods 

WGCNA Statistical Analysis 

 Previously, total RNA was collected from the hollow chambers of T-shaped Titanium 

implants that were inserted into the distal ends of adult male Sprague-Dawley rats, under 

Vitamin D sufficient and deficient diet conditions. The whole genome microarray was used to 

evaluate the mRNA expression in these samples. Rat microarray expression data was exported 

into project R and analyzed using the weighted gene correlation network analysis (WGCNA) 

package (14). The data was first cleaned by removing extraneous information such as sacrifice 

date, sex and strain. The resulting data frame contained expression data and clinical traits such as 

OSV +, OSV-, ITV+ and ITV-, OSvsIT and VD+, representing osteotomy with vitamin D, 

osteotomy without vitamin D, implant with vitamin D, implant without vitamin D, osteotomy 

only and vitamin D only groups respectively. The data was then re-clustered to indicate the rat 
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groups with high expression according to a particular clinical trait. Any group that had a low 

expression was characterized by the color black (Figure 1). Any expression value outliers were 

identified and removed using the block-wise methodology so as to accommodate the large set of 

genes that was analyzed. The strong correlations between gene expression profiles were then 

emphasized by using a command described as “soft threshold picking” (14). A unit-less mean 

connectivity was then determined and the genes were further organized into different color coded 

groups known as modules. These modules were then organized into nine different block 

dendograms showing the degree of gene expression overlap for each color (Figure 2). This gene 

expression overlap determined the module membership of each gene, or tendency of the genes to 

react according to each other.  

The genes were then compared in terms of their expression correlation with the clinical 

traits. This analysis led to the establishment of a gene significance value, which determined the 

tendency of the genes to react according to a particular clinical trait. The module membership 

(MM) and gene significance (GS) were then assigned a correlation as well as a p-value and 

expressed in a module-trait heat map (Figure 3). Red colored boxes represented genes that were 

activated while green boxes represented genes that were de-activated (Figure 3). The degree of 

activation and de-activation was represented by the intensity of the color shade (Figure 3). 

Individual modules from the module-trait heat map were exported and compared based on their 

gene number, content, module membership to gene significance correlation and p-value across 

the four clinical traits OSV+, OSV-, ITV+, ITV-. Once a module of interest was discovered, the 

gene annotation file containing the entire set of probe IDs from that module were re-loaded to R 

for further processing. A topological overlap matrix (TOM) value of six was initially chosen to 

provide a reasonable threshold for the degree of gene connectivity. The value of six allowed for 
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the inclusion of important highly correlated genes, any smaller value would have omitted 

statistically significant data, correlation values were computed using a Pearson correlation (P-

value less than five). A as.dist(modTOM) histogram was generated representing the genes within 

the selected module that overlapped the most in terms of module membership and gene 

significance (Figure 4). The y-axis of the histogram showed the frequency of genes that had a 

high topological overlap as a function of different gene groups within the module on the 

histogram’s x-axis (Figure 4). In order to accommodate as many genes with a high TOM value 

as possible, a threshold of 0.3 was chosen representing a distance of inclusion on the histogram’s 

x-axis that included the highest frequencies. This selection of the choice module’s genes was 

then exported to Cytoscape, a network visualization software that represented the probe IDs as 

nodes and edges. Each node corresponded to a probe ID for a gene from the choice module, 

while the edge connections characterized a significantly high correlation between module 

membership and gene significance. Each probe ID was identified using different gene ontology 

databases such as DAVID and Entrez. Genes of interest from the chosen module were then 

characterized by the neighboring genes they were connected to and selected for further study. 

BMSC Harvest and Seeding 

Five month old male Per1::luc transgenic Wistar rats were obtained from the Hillblom 

islet research center for bone marrow sample harvest. The rats were originally supplied by 

Michael Menaker from the University of Virginia. The partial sequence cloning vector which 

was used placed two luciferase sequences at either end of the Per1 promoter beginning with the 

Luc F sequence and ending with the Luc R sequence (15). The Luc F sequence consisted of the 

sequence 5’ – CGCCAAAAACATAAAGAAAGGC -3’ whereas the Luc R sequence was 5' - 



10 

 

TGTCCCTATCGAAGGACTCTGG – 3 (15). The Per1 gene also had an estimated number of 

40 copies of the luciferase gene (15).  

Bone marrow was collected by removing the left and right femurs as well as tibias and 

placing them in an 85mm dish with 10ml Phosphate buffer (PBS), 1% PS. The metaphyses at 

each end of every bone was clipped and the bone marrow was flushed with alpha MEM, 10% 

FBS, 1% PS into a 50ml tube using a 20 gauge syringe. A total of 30ml bone marrow alpha 

MEM solution was mixed and 3ml was seeded onto ten  85mm dishes with an accompanying 

10ml of alpha MEM, 10% FBS, 1% PS for each dish. After two days the supernatant of each 

dish was removed and washed several times with 10ml of PBS before placing 10 more milliliters 

of alpha MEM, 10% FBS, 1% PS. On the fourth day the dishes were washed again and only 

mesenchymal stem cells remained attached to the dishes. On the sixth day one dish containing 

BMSCs at 90% confluence underwent a passage. The passage procedure took place as follows, 

the dish was washed with 10ml PBS, and then the supernatant was replaced with 3ml PBS and 

3ml 0.25% trypisin. The dish was swirled to mix in the solutions and then incubated at 37 

degrees Celsius and 5% CO2 for three minutes. This period of time and trypsin concentration 

provided the sufficient means for most of the cells to completely detach from the dish. The 6ml 

supernatent was then reintroduced at several different locations around the dish to ensure as 

much cell detachment as possible. The 6ml cell solution was then transferred to a 15ml tube and 

spun in a centrifuge at 1000 rpm for 5 minutes. The supernatant of the tube was then removed 

leaving only the pellet behind. The pellet was then re-suspended in 10ml of alpha MEM, 10% 

FBS, 1% PS. The cell density of this solution was calculated by placing 10 micro liters onto a 

hemacytometer and the cells were photographed and counted in each of the four quadrants of the 

stage under a phase contrast microscope at 10X magnification. The cell number of each quadrant 
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was added and averaged, and then this number was multiplied by 100,000 to obtain the cell 

density in cells per ml. Since the cells were to be seeded at 20,000 per cm
2
 on 35mm a total of 

192,422.55 was divided by the established cell density to obtain the seeding density in milliliters 

which was then converted to micro liters for use of the appropriate pipette. Each 35mm dish 

received the same seeding volume of cell solution in addition to 2ml of alpha MEM, 10% FBS, 

1% PS and were placed in the incubator at 37 degrees Celsius and 5% CO2 for at least overnight 

incubation. Cells were then allowed to grow for four days with a media change after the first two 

days, they were then incubated with 10nM forskolin in 1ml of alpha MEM, 10% FBS, 1% PS for 

two hours at 37 degrees Celsius and 5% CO2. After forskolin treatment each dish was washed 

with 2ml of PBS and treated with a specialized recording media for lumicycler analysis.  

The first recording involved twelve 35mm dishes with cells on their fourth passage. The 

first three dishes each received the control media (2ml F12, 10% FBS, 1% PS, 1mM luciferin). 

The second set of three dishes received differentiation media (F12, 10nM Dexamethasone, 

10mM beta glycerol phosphate and 50µM ascorbic acid, 1mM luciferin). The third set received 

differentiation media with 1nM 1-alpha, 25-Dihydroxy-Vitamin D3 (1,25D), 10nM 

Dexamethasone and 1mM luciferin. The final set received differentiation media with 10nM 

1,25D and 10nM Dexamethasone and 1mM luciferin. All dishes were then sealed with Corning’s 

high pressure vacuum grease and concealed from light until they were loaded into the 

lumicycler. A photon count per second was collected every ten minutes from each dish for five 

days and saved as an initial loading for further data processing and analysis. 

The second loading consisted of passage five BMSCs seeded onto nine dishes with the 

same conditions (four day maintenance under 2ml alpha MEM, 10% FBS, 1% PS at 37 degrees 
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Celsius and 5% CO2). The dishes were then treated with 10nM forskolin each for two hours 

before adding the lumicycler recording media. The first set of three dishes received control 

media (F12, 10% FBS, 1%PS, 1mM luciferin). The second set of three dishes received the 

vehicle media (F12, 10% FBS, 1%PS, 1nM ethyl alcohol, 1mM luciferin). The last set of three 

dishes received the experimental media (F12, 10%FBS, 1%PS, 1nM 1,25D in 1nM ethyl alcohol, 

1mM luciferin). All nine dishes were then grease sealed and concealed from light until they were 

loaded into the lumicycler. A photon count per second was then collected every ten minutes from 

each dish for five days and saved as a second loading for further data processing and analysis.  

Lumicycler data acquisition and processing 

All raw data was analyzed by comparing the average of the baseline photon count from 

each day between days one through four. Period was measured by the peak to peak x-axis 

distance in days while amplitude was taken as the peak to trough y-axis distance in photon 

counts per second. The period and amplitude measures were compared after performing a 

baseline subtraction and applying a polynomial fit line of sixteen with a smoothing of eighteen 

hours. Period and amplitude were compared across the different days and conditions.  A standard 

deviation was also generated followed by a repeated measure ANOVA to determine statistical 

significance for both the raw and baseline subtracted data. 

Baseline subtraction was performed by a software named Lumicycle Actimetrics (17) 

applied under a polynomial filter of 16 and a smoothing of 18 to produce well defined peaks and 

amplitudes from the raw data. The process of baseline subtraction involves the use of a midline 

drawn between all peaks and troughs so as to normalize the circadian rhythm. The use of this 

technique allows for the visualization of well defined peaks and troughs for definition of a 
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rhythm. The polynomial number allowed for the midline to fit more sensitively to sinusoid 

curves that were circadian in nature. The smoothing allowed for the removal of noise. 

Statistical Methodology 

Data from two experiments were evaluated, experiment one involved three groups with 

three samples each, F12 as control, Alcohol vehicle and 1,25D with alcohol. Experiment two 

involved four groups with three samples each, F12 alone, differentiating media alone, 

differentiating media with 1nM 1,25VD and differentiating media with 10nM 1,25D. Using raw 

Per1 expression in terms of photons per second averaged over the course of each day a repeated 

measure analysis of variance (ANOVA) was used to track the Per1 expression change, as well as 

the percent change, over the course of four days for each treatment condition. This method 

insured a statistically sound comparison by accounting for the fact that the same culture dishes 

were being measured over multiple time points for both experiments. For this method an F 

(Fisher) value, degrees of freedom and p-value were obtained first to determine whether the 

repeated measure ANOVA could be used. The F statistic was also used to eliminate the potential 

for false positives. Then individual p-values were obtained to compare and assess the effect of 

the different treatments as well as days on raw Per1 expression. In addition, the repeated measure 

ANOVA was also applied to a percent change between day one and all other days for both 

experiments one and two. Since period length did not appear to vary as much as amplitude, a 

regular student’s T-test was performed to compare the period lengths across the different 

treatments and days.  

In order to evaluate the covariance of time and amplitude from the baseline subtracted 

data the method of multivariate repeated measure analysis of variance (MANOVA) was used. 
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This method was also accompanied by the Wilks Lambda test to produce p-values. The 

amplitudes used in this method were measured by taking the y-axis peak to trough amplitude 

values from days one to four for each treatment condition. The time was measured by taking the 

midpoint x-axis time value or half-max between the peak and trough of each amplitude. The 

sample dish number n was equivalent to three or all treatment groups.        

 

LIVE/DEAD Assay and Longitudinal Study 

The Invitrogen LIVE/DEAD Viability Cytotoxicity kit was warmed to room temperature. 

Once all the dishes were washed with two milliliters of PBS, four micro liters of Ethidium 

Bromide were added to two milliliters of phosphate buffer and mixed. Next, one micro liter of 

Calcein AM was mixed into the Ethidium Bromide mixture and 300 micro liters of this solution 

were placed onto each dish. The dishes were then incubated at room temperature for forty 

minutes. The dishes were then transferred to the LAS 3000 camera for fluorescence imaging. 

The green filter was set to a wavelength of 515nm to visualize live cells in green fluorescence. 

The red filter was used to visualize dead cells at 605nm and then merged into a composite image 

with the green cells image. In order to asses BMSC viability under lumicycler conditions, P1 

cells from a previous lumicycer loading were subjected to the LIVE/DEAD assay. Cells were 

previously seeded onto eight dishes at a density of 20,000/cm
2
 for two days and subjected to 

lumicycler conditions for six days. Two dishes contained 10nM 1,25VD in addition to F12, 10% 

FBS, 1% PS while the other two dishes only had F12, 10% FBS and 1% PS media. The 

LIVE/DEAD assay was performed on these four dishes.  The red and green fluorescent 

composite image was then analyzed purely by observation.  
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A separate set of three P3 control dishes with a cell density of 20,000/cm
2
 and regular 

media (F12, 10% FBS, 1% PS) were then subjected to a longitudinal study under lumicycler 

conditions (grease sealed, 37degrees Celsius only) to establish an idea of the rate of cell 

proliferation. Each dish was photographed on days one, two, five and six and cells were counted 

in three locations for each dish that were chosen at random the first day but maintained until the 

last day. The increase in cell number was then averaged for all three locations per dish and 

compared as percent change over time.     

siRNA knockdown and rt-QPCR 

Each siRNA application consisted of a mixture of three different sequences and was 

purchased from Santa Cruz Biotechnology. For the first knockdown CLOCK siRNA the sense 

strands were GCCUUCUUAUGAAGAUAGAtt, CAUGUGGACGACCUAGAAAtt, and 

CACCACAACAGUUCUUACAtt. The second knockdown NPAS2 siRNA sense strands 

consisted of CAGAUAGCGAAGCCUGUUAtt, CCUGUUAAUUUCGCUGAUAtt, and 

GGAAGUGUAGUGAAUUGUAtt. All probes including NPAS2, BMAL1, Id2 and GAPDH 

were rat specific and purchased from life technologies. 

Passage one Per1 luciferase transgenic rat BMSCs were seeded at a density of 

20,000/cm
2
 onto nine 35mm dishes were incubated at 37 degrees Celsius and 5% CO2 for four 

days. On the second day, the first set of three dishes received an NPAS2 siRNA knockdown, the 

second set of three dishes received a CLOCK siRNA and the third set of three dishes received 

Lipofectamine only all according to the Santa Cruz siRNA transfection protocol. All mixtures 

accounted for one extra sample’s worth of volume in order to ensure that there was enough 

solution for all samples. CLOCK and NPAS2 siRNAs were dissolved in RNAse free water and 
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15µl of each was further placed in 300µl of F12 without FBS or PS (straight F12) and labeled 

solution A1 and A2 respectively. A solution B was then created by mixing 48µl of 

Lipofectamine in 800µl of straight F12. Solutions A1 and A2 were then each mixed with 400µl 

of solution B and allowed to incubate at room temperature for 20 minutes. Next 630µl of the 

CLOCK siRNA solution and 630µl of the NPAS2 siRNA solution were each individually mixed 

with two separate volumes of 2.4ml straight F12. All nine 35mm dishes were then washed with 

2ml of straight F12. The first three received 800µl of the NPAS2 siRNA solution while the 

second three dishes each received 800µl of the CLOCK siRNA. The last set of three dishes 

received 800µl per dish of a mixture between 2.4ml of straight F12 and 8µl Lipofectamine. All 

nine dishes were then incubated at 37 degrees Celsius and 5% CO2 for 5 hours. A 10ml solution 

of F12, 20% FBS, 2% PS was then prepared and 1ml of this solution was added to each of the 

nine dishes without aspiration. The dishes were then incubated again at 37 degrees Celsius and 

5% CO2 for 22 hours and 21 minutes. On the third day, all nine dishes were forskolin treated 

(1ml each) and after two hours the cells were washed with PBS and switched to 1nM VD, F12 

with 10% FBS, 1% PS and 1mM luciferin. The dishes were then grease sealed and stored in a 

dark incubator at 37 degrees Celsius with no CO2. On the fifth day each set of three dishes were 

trypsinized using 1ml of 0.25% trypsin solution to 1ml PBS per dish. The dishes were then 

incubated at 37 degrees Celsius and 5% CO2 for 3 minutes. The resulting supernatant cell 

solution from three dishes for each condition was collected in to 3 separately labeled 12ml vial. 

Each of the 3 vials received a matching volume of αMEM, 10% FBS, 1% PS to deactivate the 

trypsin and spun at 1000 rpm for five minutes. After removing the supernatant from each vial the 

remaining pellet was re-suspended in 350µl of RLT buffer from the Qiagen rt-PCR kit. Each 

pellet sample was mixed and placed in 3 labeled QIA shredder vials and spun at 13,000 RPM for 
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2 minutes. Each of the filtering tops were then discarded and each sample flow through was 

frozen away at -80 degrees Celsius for three days. These frozen samples also known as lysates 

were then warmed to room temperature and spun in 3 gDNA spin columns all labeled according 

to the condition. The gDNA columns were then spun at 10,000 RPM for 30 seconds and again 

the flow through was kept and placed in 350µl of a 70% ethanol solution for each condition. 

Three RNeasy spin columns were then labeled for each condition and 700µl of each sample was 

transferred to its labeled column. The columns were then spun at 10,000 RPM for 15 seconds. 

This time the columns were kept and the flow through for each sample was discarded. The 

columns were transferred to three newly labeled 1.5ml tubes for each condition. A volume of 

700µl of buffer RW1 was added to each column and spun at 10,000 RPM for 15 seconds, the 

flow through was again discarded. Next 500µl of buffer RPE was added to each labeled RNeasy 

spin column spun at 10,000 RPM for 15 sec. The flow through was discarded and a second 

volume of 500µl buffer RPE was added to each RNeasy labeled spin column and spun at 10,000 

RPM for 2minutes. All flow through was discarded and each of the three spin columns were 

placed into another three 2ml collection tubes labeled according to their corresponding condition. 

This time 30µl of RNase free water was added to each of the three spin columns and spun at 

10,000 RPM for 1 minute. Without discarding anything, the 30µml from each flow through was 

placed back into the same spin column according to the respective condition and spun again at 

10,000 RPM for 1 minute. This repeated step allowed for a more concentrated flow through 

sample for each condition. All three labeled flow through samples were then placed on ice. Three 

additional 0.6ml collection tubes were labeled according to each of the conditions (NPAS2 

siRNA, CLOCK siRNA, Lipofectamine) and received 2µl from each corresponding sample and 

brought to the Gonda Genoseq core room 5309 to test purity. Using 1.5µl of each sample, a 
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concentration in nano-grams per µl as well as a 260/280 optical density value was obtained for 

each of the conditions. Any optical density that was below 1.8 was discarded as impure and 

would not have been used for further experimentation. The sample with the lowest concentration 

was used to normalize all other samples. DEPC water was used to dilute the higher concentration 

samples so that there was the same concentration of RNA, at least between 0.2 -1 µg, in 12.5µl 

for each condition. While all samples were kept on ice, a master mix was prepared by placing 

14µl of 5X reaction buffer, 3.5µl dNTP (10mM mix), 1.75µl recombination RNase inhibitor, and 

3.5µl MMLV reverse transcriptase summing up to 22.75µl solution in a 0.6ml collection tube 

under a sterilization hood. This mix was kept ready for later use. The three 12.5µl samples then 

received 1µl of random hexamer each and were placed at the center of the center of the 

thermocycle. The thermocylce program PHRT was run which began by heating the samples at 70 

degrees Celsius for 2 minutes to free up the RNA samples. The samples were then immediately 

transferred back to ice. Under the sterilization hood, 6.5µl of the previously prepared master mix 

was added to each of the three samples and mixed thoroughly. The samples were then placed 

back into the thermocycle and reheated at 80 degrees Celsius for an hour to allow for the reverse 

transcription of the RNA sample in cDNA. The samples were then brought back to the 

sterilization hood and 20µl of each sample was diluted with 80µl of DEPC water. A 96 well plate 

was then placed on ice and each sample was kept close by for transfer. Next the super mix was 

prepared by placing 60µl in four separate tubes labeled according to the four different gene 

probes Id2, NPAS2, BMAL1 and GAPDH. The probes were then warmed to room temperature 

and 6µl of each probe was placed into the corresponding labeled tube containing the 60µl of 

supermix. Twelve clean 0.6ml tubes were then labeled according to probe and condition. Each of 

these tubes received 22µl of the mastermix probe solution and 18µl of the cDNA sample for a 
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total of 40µl solution in each of the 12 probe/condition labeled 0.6ml tubes. The 40µl was used 

to supplement 3 wells with 10µl each, the extra 10µl served as a buffer in case some solution 

was lost in the solution transferring process. The first nine wells in row A received 10µl each of 

the Id2 probe mix across the three conditions NPAS2 siRNA, CLOCK siRNA and 

Lipofectamine respectively. The first nine wells of row C received 10µl each of the NPAS2 

probe, first nine wells of row E each received 10µl of the BMAL1 probe and finally the first nine 

wells of row G each received 10µl of the GAPDH probe across all three conditions respectively.                        

Results 

WGCNA Results  

 The microarray expression data was successfully organized according to external clinical 

traits and sample groups in the form of a sample dendogram and trait heat map (Figure 1). The 

sixteen rat samples were expressed in groups according to genes that behaved in a similar 

fashion. The two major clinical traits that included the largest groups of organization were OSV- 

(OSV..1) and ITV + (ITV.), (Figure 1). The sample groups six through nine formed one 

continuous block for OSV..1 while sample groups ten through thirteen formed a continuous 

block of expression data for ITV. (Figure 1). While the other traits OSV+ (OSV.), ITV- (ITV..1), 

Vitmain D only (VD.) and Osteotomy only (OSvsIT) were discontinuous blocks of microarray 

gene expression; (VD.) encompassed the largest amount of sample organization across the 

discontinuities (Figure 1).    

Soft threshold picking led to a selection power of eight since that cutoff was best in terms 

of scale free topology and most inclusive in terms of mean connectivity (Figure 5). This power 
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resulted in the division of nine gene block dendograms, with gene overlap distributions shown 

over the differently colored modules (Figure 2). The organization of the different colored 

modules into a module-trait heat map showed that the blue module had one of the strongest GS 

to MS correlation value above 0.5 and P-value below 0.05 for the each of the different clinical 

traits (Figure 3). A bar graph comparing all gene modules with the highest gene content validated 

that the blue module appeared as the second largest group with over 9,000 genes (Figure 8). 

Reorganization of the blue module into GS to MS XY-scatter plots showed that the correlation 

values of 0.31 and 0.55 for OSV. and OSV..1 respectively were significant (Figure 6, 7). Once 

the probe IDs from the blue module were exported to DAVID and Enterez gene ontology, eight 

circadian rhythm genes were identified as NPAS2, BMAL-1, CLOCK, two Casein kinase 

subtypes and three, helix-loop-helix family member subtypes in addition to Vitamin D receptor 

gene (21). The eight genes identified the blue module as the highest circadian rhythm gene 

containing group of all forty seven modules. Per1-3 and cry1-2 were each found in a different 

module with generally low correlation values.   

 After re-loading all the probe IDs from the blue module into project R the WGCNA 

Cytoscape exportation package was used to create a histogram of as.dist(modTOM) (Figure 5). 

The threshold including the highest degree of gene topological overlap was 0.3 (Figure 5). All 

genes included in this threshold were exported to an excel file for import into Cytoscape. The 

Cytoscape program then created a blue module hub gene map from the TOM probe IDs (Figure 

9). The blue hub gene map was further processed so that only the Vitamin D receptor gene and 

its immediate connecting neighbors were visualized (Figure 10).With a threshold of 17 and 

median of 13, the VDR gene exhibited 35 gene connections (Figure 10). In addition to circadian 
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rhythm genes, VDR was also connected to 11 nuclear receptor genes, 11 foundational structure 

genes and 5 vitamin D related genes (Figure 10).              

Lumicycler data analyses by ANOVA Results 

All means were appropriately compared by the parametric test of repeated measure 

ANOVA, because the data collected were of a normal distribution, homogeneous variances and 

the sample groups were independently tested. In addition, experiments one and two both showed 

an overall repeated measure ANOVA p-value that was less than 0.05 for all considered 

treatments, days and combination of both treatment and days (Table 1). A simple daily average 

of experiment one’s raw data demonstrated an increase in Per1 expression with the addition of 

1,25D (Figures 25, 26). After applying the ANOVA a significant increase in Per1 expression was 

confirmed with the addition of 1,25D when compared to the alcohol vehicle and control groups 

for all four days (Figure 17). While the significance p-values for all treatments, days and 

treatments plus days were all below 0.05, the alcohol vehicle and control groups were not 

significantly different from each other (Table 1). Percent change for experiment one mirrored 

these results showing 1,25D as the significant treatment with some subtle exception (Figure 18). 

When comparing percent change for day 1 to days 2, 3 and 4, 1,25D only showed a significant 

difference on days 2 and 3 when compared to the vehicle and control groups in experiment one 

(Table 2). The alcohol vehicle and control groups did not differ significantly for percent change 

in experiment one over the four days (Table 2). Furthermore, only the 1,25D group showed 

significant percent changes for all days compared to one (Table 3a). The vehicle and control 

groups only showed significant percent changes on days three and four when compared to one 

(Table 3).  
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In experiment two, a simple daily mean demonstrated a higher Per1 expression level for 

all three treatment groups (Figure 27, 28). The ANOVA confirmed this significantly higher mean 

Per1 expression compared to the control group for all days (Figure 19). The expression levels 

between the treatment groups were not significantly different for any day (Table 4). The percent 

changes displayed a significant dose dependent effect of 1,25D when compared across all groups 

for all days except day four (Figure 20, Table 5, 6). When compared to control all groups with 

differentiating media and 1,25D showed a significant percent change for all days (Table 5, 6). 

The group with differentiating media only, did not show a significant difference in percent 

change from control for any day (Table 6). When the groups were tracked by day, the control 

group started showing a significant percent change on day three and four while the 1nM 1,25D 

group had significant percent changes for all days except day three (Table 6). All other groups 

showed significant percent changes for all days (Table 6). 

The MANOVA performed on the baseline subtracted data showed that the most 

significantly altered variant was amplitude and not time (Figure 21, 22). A simple baseline 

subtracted measure for experiment one initially demonstrated that mean peak to trough amplitude 

and peak to peak period length were similar across the different treatment conditions (Figure 29). 

This was confirmed by the MANOVA peak to trough amplitudes which confirmed that neither 

amplitude nor period significantly differed for any treatment condition or control group (Table 

7). While the 1,25D with alcohol and alcohol vehicle groups were not significantly different 

from the first to second day, there were significant changes in amplitude among days three and 

four (Table 8).  
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The control group however had significantly different amplitudes when compared across 

all four days (Table 8). The mean half-max did not differ across any of the treatments for any 

given same day (Table 7). Both the MANOVA and Wilks Lambda statistic only produced a 

significant p-value under 0.05 for the condition of day (Table 9).       

For experiment two the overall MANOVA and Wilks Lambda p-value was less than 0.05 

for both treatment and day for baseline subtracted data (Table 10). In addition there was also a 

lack of significance when comparing the half-max across all treatment conditions and control 

(Figure 22). However, the peak to trough amplitudes for the control group was significantly 

greater than all the other treatment groups across all four days (Table 11). The treatment groups 

with and without 1,25D did not significantly differ from each other for any day (Table 11). This 

trend was also visualized by the lack of synchronicity in the simple baseline subtracted 

comparisons (Figure 30). The 10nM 1,25D did not show a significant difference in amplitude 

between days two and three, while the 1nM 1,25D and differentiating media alone groups did not 

show a significant difference between days three and four (Table 12). Aside from the exceptions 

mentioned, all group amplitudes significantly dropped between days one to four (Table 12).   

The peak to peak period lengths for experiment one and two did not appear to have 

significant differences between the different treatments although this was not confirmed by 

statistical significance (Figure 23, 24).      

LIVE/DEAD Assay and Longitudinal Study Results 

The LIVE/DEAD assay revealed that the 1,25D sufficient dishes were still populated 

with live cells, whereas the control dishes had barely any cells left (Figure 11).  
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The Longitudinal study showed that the cells under similar conditions without 1,25D 

continuously divided from days one to six under lumicycler conditions (Figure 12). While the 

percent increase decreased over time it still remained above 15% on day six (Figure 13). 

siRNA knockdown and rt-QPCR Results 

The concentrations for the NPAS2, CLOCK and Lipofectamine samples were 51.8ng/µl, 

43.8ng/µl, and 133ng/µl respectively. All 260/280 values were 2.1 and well above the 

requirement for purity. Since the CLOCK had the lowest concentration, 12.5µl were directly 

placed into a vial establishing 0.5micrograms as the standard. Ten micro liters of the NPAS2 

sample was diluted with 2.5µl of DEPC water while 4µl of the Lipofectamine sample was 

diluted in 8.5µl to obtain 3 samples with 0.5µg in 12.5µl.  

NPAS2 expression was lowest for the NPAS2 siRNA at an expression profile value of 1, 

second lowest for the CLOCK siRNA at 2.25 and highest for the control Lipofectamine 

condition with an expression profile value of about 3.19 (Figure 14). BMAL expression was 

lowest for the NPAS2 siRNA at an expression profile value of 1, second lowest for the CLOCK 

siRNA at 2.7 and highest for the Lipofectamine control group at a value of 9 (Figure 15). The 

Id2 gene also displayed the lowest expression level under the NPAS2 siRNA condition with a 

value of 1 when compared to the Lipofectamine control at about 2.25 and CLOCK condition at 

about 1.7 (Figure 16).  
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Discussion 

All in all, these studies indicate that vitamin D plays a more significant role in circadian 

rhythm per1::luc gene activation rather than in the maintenance the circadian system. The 

microarray data indicate that under a vitamin D deficiency, osteotomy significantly reduces the 

activation of the circadian gene network whereas the heat-map shows an increased activation of 

the same network when both vitamin D and implant are present. Even the sample dendogram 

shows a higher involvement of vitamin D (VD.) groups than osteotomy (OSvsIT) alone (Figure 

1). Although figure 8 indicates that the blue module containing vitamin D receptor (VDR) was 

the second highest gene-containing group, this study has demonstrated the significant effects of 

genes from this module throughout every experiment. The direct connection between VDR, 

circadian rhythm genes, foundational structure genes and nuclear receptor genes implies a well 

integrated network that may contribute to bone regeneration. Bone marrow mesenchymal stem 

cell survival even increased with vitamin D when compared to control despite enduring a full 

week of the harsh lumicycler conditions and tendency of cell proliferation to decrease after 5 

days (Figure 11). Since the knock down of circadian rhythm gene NPAS2 caused the lowest 

expression of BMAL1, Id2 and NPAS2 under a vitamin D sufficient condition it is suspect that 

VDR relies more on NPAS2 for circadian control (Figure 14, 15, 16). The Id2 gene in particular 

is involved in chondrogenesis as well as cellular differentiation, proliferation, apoptosis and is a 

member of the same basic helix-loop-helix family as the CLOCK gene (19). There are additional 

reports describing Id2 as an inhibitory transcription factor of the CLOCK/BMAL1 heterodimer 

elements as well as mPer1 in mice (20).   

Per1 luciferase expression was consistently altered by vitamin D. For experiment one the 

vitamin D groups showed a significantly increased raw Per1 expression when compared to 
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control and alcohol vehicle groups for all four days of recording (Figure 17). The control and 

alcohol vehicle groups did not show any significant difference at any day thus further reinforcing 

the significant effect of vitamin D. Interestingly the percent change for experiment one showed 

that when compared to day one, vitamin D only had the significant effect on days two and three 

while the control and alcohol vehicle groups again showed no significant difference (Figure 18). 

This may be due to the short half life of vitamin D.  

For experiment two, both vitamin D and differentiating media conditions showed 

significantly higher mean Per1 expression for all days when compared to control. Unlike the 

vitamin D groups however, the differentiating media condition did not sustain mean Per1 

expression over days 2, 3 or 4. Furthermore the percent change indicated a dose dependence of 

vitamin D showing that the more vitamin D added the higher the mean Per1 expression was over 

days 2, 3 and 4. When tracking changes in both peak to trough half-max time and amplitude 

length, only the amplitude showed significant differences for both experiments one and two for 

baseline subtracted data. This was especially evident for experiment one indicating that the 

treatments were having no effect on the baseline subtracted rhythm. The amplitude however was 

significantly decreased for all treatments in experiment two when compared to control. In 

addition, there is an unconfirmed trend of time shift between the 10nM 1,25D group and 

differentiating media alone groups for days 1 and 2. While the p-value is not as significant, 

vitamin D appears to have shifted the phase of the half-max forward, but more samples are 

required to confirm the trend. In conclusion, Vitamin D activates circadian rhythm genes such as 

Per1 which may contribute to the building of bone. 
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     While the effect of vitamin D appeared more empirical, in terms of visual amplitude, 

at first, actual quantifiable measures have confirmed this steroid’s activating effect on Per1 

expression. The use of the Wistar Per1::luc rats for this study has demonstrated the potential 

involvement of vitamin D in sustaining a circadian rhythm during bone regeneration. Other 

studies have shown the importance of circadian rhythm genes in cell cycle check points and 

proliferation (9). In light of this new evidence of Vitamin D acting to sustain a rhythm even in 

harsh conditions such as 0% CO2 and lack of media maintenance for a week, the role of VDR 

may have beneficial reparative effects on the BMSC population. This cellular resilience is 

maintained between stem cells and potentially even differentiated cells as indicated by the 

significant effect of vitamin D with differentiating media. These findings suggest an important 

involvement of vitamin D with cancer. The regulation of c-myc by the NPAS2/BMAL1 

heterodimer prevents the cell from progressing through cellular checkpoints due to damaged 

DNA (9). While cellular differentiation slows down cell proliferation, high Per1 expression was 

found for the differentiating media without vitamin D (18). This finding may suggest that 

differentiated BMSCs produce a higher Per1 expression than their stem cell predecessors. If 

cancer suppresses or distorts differentiation as suggested by the cancer stem cell hypothesis, then 

VDR may restore the increased Per1 expression phenotype in a reparative attempt (18). The 

finding that the knockdown of NPAS2 under the vitamin D sufficient condition caused the 

lowest expression of all other tested genes may indicate a special interaction between VDR, 

NPAS2 and cellular proliferation. Future experiments testing the effect of NPAS2 siRNA on 

Per1 expression in vitamin D sufficient and insufficient conditions will confirm this relationship. 

Other experiments will also test the Per1 expression of irradiated BMSCs with and without 

vitamin D. In addition, the effect of vitamin on implant osseointegration must also be addressed 
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by comparing the Per1 expression of BMSCs seeded on Titanium implant surfaces with and 

without vitamin D.  

 Limitations that future experiments will also address include small sample sizes that have 

been tested in this study. Higher sample sizes may show better defined effects of vitamin D on 

the phase and period of the baseline subtracted Per1 rhythm. Three main limitations were 

addressed to account for all inconsistencies. First the lack of CO2 was somewhat compensated for 

by the buffering capacity of the F12 media. Unfortunately the lack of access to the dishes for a 

media change for one week may have had significant alterations in data collection. 

Consequently, there was some uncertainty about how the short half-life of 1,25D effected Per1 

expression. This issue was also taken into consideration for the differentiating media and thus the 

percentage of the BMSC population that was differentiated was also unknown. However, under 

this particular system the significance of vitamin D was still established and future experiments 

such as Alkaline phosphatase assays will aim to answer some of these questions.            

If however, a significant connection between cell differentiation and Per1 expression is 

established, this may serve as an additional marker. As previously mentioned, the circadian 

rhythm is found in almost all peripheral tissues of the body, therefore further study will benefit 

future applications in all fields of medicine.  

Conclusion 

The WGCNA data suggests that the VDR may serve as the main coordinator, or hub 

gene, strongly correlated with the identified circadian rhythm genes. The forskolin-synchronized 

expression of Per1::luc exhibited the circadian expression in BMSC in vitro. 1,25D 

supplementation significantly and dose dependently increased the baseline expression of 
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Per1::luc, whereas the circadian rhythm was maintained. We postulate that the physiological 

regulation of vitamin D may mediate gene network organization via circadian rhythm gene hubs 

during the bone regeneration or remodeling process. 
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Figure 11 

The top dishes had 1,25D while the bottom dishes only had regular F12 control media. 
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Tables 

 Table 1 experiment 1       

  
mean comparisons among 

treatments by day       

day treatment vs treatment 

Mean 

Protei

n 

levels 

p 

value 

1 Alcohol + 1nM VD 

Alcohol 

Vehicle 1445.4 

0.009

9 

1 Alcohol + 1nM VD control 1102.7 

0.022

4 

1 Alcohol Vehicle control 1148.7 

0.702

9 

          

2 Alcohol + 1nM VD 

Alcohol 

Vehicle 1656.2 

0.000

2 

2 Alcohol + 1nM VD control 1107.2 

0.000

4 

2 Alcohol Vehicle control 1140.1 

0.785

2 

          

3 Alcohol + 1nM VD 

Alcohol 

Vehicle 1507.6 

0.000

6 

3 Alcohol + 1nM VD control 1014.0 

0.001

2 

3 Alcohol Vehicle control 1051.2 

0.758

0 

          

4 Alcohol + 1nM VD 

Alcohol 

Vehicle 1241.9 

0.012

2 

4 Alcohol + 1nM VD control 911.0 

0.033

9 

4 Alcohol Vehicle control 969.2 

0.630

2 

   ANOVA table, 

denom df=18       

 source df F value p value 

 treatment 2 8.13 0.0031 

 day 3 138.98 <.0001 

 treatment x day 6 16.68 <.0001 

 Table 1 
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  experiment 1  Table 2   

  
mean comparisons among treatments 

by day     

day treatment vs treatment p value 

2 Alcohol + 1nM VD Alcohol Vehicle 0.0001 

2 Alcohol + 1nM VD control 0.0000 

2 Alcohol Vehicle control 0.8600 

        

3 Alcohol + 1nM VD Alcohol Vehicle 0.0002 

3 Alcohol + 1nM VD control 0.0002 

3 Alcohol Vehicle control 0.9580 

        

4 Alcohol + 1nM VD Alcohol Vehicle 0.2187 

4 Alcohol + 1nM VD control 0.6289 

4 Alcohol Vehicle control 0.4382 

Table 2 
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 Table 

3 Experiment 1 

 Percent 

Change 

  mean comparisons among day 1   

day treatment condition 

p 

value* 

2 Alcohol + 1nM VD 0.0000 

2 Alcohol Vehicle 0.8854 

2 control 0.9161 

      

3 Alcohol + 1nM VD 0.0239 

3 Alcohol Vehicle 0.0005 

3 control 0.0005 

      

4 Alcohol + 1nM VD 0.0000 

4 Alcohol Vehicle 0.0000 

4 control 0.0000 

Table 3 
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  experiment 1  Table 3a 

 Percent 

change 

  
mean comparisons among treatments 

by day     

day treatment vs treatment p value 

2 Alcohol + 1nM VD Alcohol Vehicle 0.0001 

2 Alcohol + 1nM VD control 0.0000 

2 Alcohol Vehicle control 0.8600 

        

3 Alcohol + 1nM VD Alcohol Vehicle 0.0002 

3 Alcohol + 1nM VD control 0.0002 

3 Alcohol Vehicle control 0.9580 

        

4 Alcohol + 1nM VD Alcohol Vehicle 0.2187 

4 Alcohol + 1nM VD control 0.6289 

4 Alcohol Vehicle control 0.4382 

Table 3a 
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 Table 4 experiment 2 

 

  

  
mean comparisons among treatments by 

day     

day treatment vs treatment p value 

1 0vd 10nMdex/C 10nM vd 10nMdex/C 0.3813 

1 0vd 10nMdex/C 1nM VD 10nMdex/C 0.4780 

1 10nM vd 10nMdex/C 1nM VD 10nMdex/C 0.8656 

1 0vd 10nMdex/C Control 0.0015 

1 10nM vd 10nMdex/C Control 0.0125 

1 1nM VD 10nMdex/C Control 0.0084 

        

2 0vd 10nMdex/C 10nM vd 10nMdex/C 0.5577 

2 0vd 10nMdex/C 1nM VD 10nMdex/C 0.7992 

2 10nM vd 10nMdex/C 1nM VD 10nMdex/C 0.7388 

2 0vd 10nMdex/C Control 0.0032 

2 10nM vd 10nMdex/C Control 0.0007 

2 1nM VD 10nMdex/C Control 0.0017 

        

3 0vd 10nMdex/C 10nM vd 10nMdex/C 0.1405 

3 0vd 10nMdex/C 1nM VD 10nMdex/C 0.4061 

3 10nM vd 10nMdex/C 1nM VD 10nMdex/C 0.5039 

3 0vd 10nMdex/C Control 0.0097 

3 10nM vd 10nMdex/C Control 0.0002 

3 1nM VD 10nMdex/C Control 0.0012 

        

4 0vd 10nMdex/C 10nM vd 10nMdex/C 0.3134 

4 0vd 10nMdex/C 1nM VD 10nMdex/C 0.4267 

4 10nM vd 10nMdex/C 1nM VD 10nMdex/C 0.8267 

4 0vd 10nMdex/C Control 0.0249 

4 10nM vd 10nMdex/C Control 0.0022 

4 1nM VD 10nMdex/C Control 0.0038 

     ANOVA table, denom df=24     

source df F value p value 

treatment 3 5.72 0.0042 

day 3 152.19  <.0001 

treatment x 

day 9 11.86  <.0001 

Table 4 
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 Table 

5 Experiment 2 

 Percent 

change 

  
mean comparisons among 

day 1   

day treatment condition 

p 

value* 

2 0vd 10nMdex/C 0.0065 

2 10nM vd 10nMdex/C 0.0000 

2 1nM VD 10nMdex/C 0.0101 

2 Control 0.0898 

      

      

      

3 0vd 10nMdex/C 0.0000 

3 10nM vd 10nMdex/C 0.0012 

3 1nM VD 10nMdex/C 0.1344 

3 Control 0.0000 

      

      

      

4 0vd 10nMdex/C 0.0000 

4 10nM vd 10nMdex/C 0.0000 

4 1nM VD 10nMdex/C 0.0000 

4 Control 0.0000 

Table 5 
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Table 

6  experiment 2  Percent change    

  
mean comparisons among treatments 

by day     

day treatment vs treatment p value 

2 0vd 10nMdex/C 

10nM vd 

10nMdex/C 0.0000 

2 0vd 10nMdex/C 

1nM VD 

10nMdex/C 0.0006 

2 10nM vd 10nMdex/C 

1nM VD 

10nMdex/C 0.0391 

2 0vd 10nMdex/C Control 0.3635 

2 10nM vd 10nMdex/C Control 0.0000 

2 1nM VD 10nMdex/C Control 0.0042 

        

3 0vd 10nMdex/C 

10nM vd 

10nMdex/C 0.0000 

3 0vd 10nMdex/C 

1nM VD 

10nMdex/C 0.0000 

3 10nM vd 10nMdex/C 

1nM VD 

10nMdex/C 0.0013 

3 0vd 10nMdex/C Control 0.4830 

3 10nM vd 10nMdex/C Control 0.0000 

3 1nM VD 10nMdex/C Control 0.0000 

        

4 0vd 10nMdex/C 

10nM vd 

10nMdex/C 0.0000 

4 0vd 10nMdex/C 

1nM VD 

10nMdex/C 0.0000 

4 10nM vd 10nMdex/C 

1nM VD 

10nMdex/C 0.0755 

4 0vd 10nMdex/C Control 0.4173 

4 10nM vd 10nMdex/C Control 0.0000 

4 1nM VD 10nMdex/C Control 0.0001 

Table 6 
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Table 

7  

mean 

comparisons 

among 

treatments   

 Experiment 

1 

day treatment vs treatment p value 

1 

Alcohol + 1nM 

VD Control 0.5927 

1 

Alcohol + 1nM 

VD 

Control + 

Alcohol 0.2435 

1 Control 

Control + 

Alcohol 0.0971 

        

2 

Alcohol + 1nM 

VD Control 0.6995 

2 

Alcohol + 1nM 

VD 

Control + 

Alcohol 0.1718 

2 Control 

Control + 

Alcohol 0.3162 

        

3 

Alcohol + 1nM 

VD Control 0.6445 

3 

Alcohol + 1nM 

VD 

Control + 

Alcohol 0.2627 

3 Control 

Control + 

Alcohol 0.5009 

        

4 

Alcohol + 1nM 

VD Control 0.6329 

4 

Alcohol + 1nM 

VD 

Control + 

Alcohol 0.2743 

4 Control 

Control + 

Alcohol 0.5291 

Table 7 
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mean 

comparisons 

across days Table 8     

tx day vs day p value 

Alcohol + 

1nM VD 1 2 0.2642 

Alcohol + 

1nM VD 1 3 0.0000 

Alcohol + 

1nM VD 1 4 0.0000 

Alcohol + 

1nM VD 2 3 0.0000 

Alcohol + 

1nM VD 2 4 0.0000 

Alcohol + 

1nM VD 3 4 0.0071 

        

Control 1 2 0.0017 

Control 1 3 0.0000 

Control 1 4 0.0000 

Control 2 3 0.0000 

Control 2 4 0.0000 

Control 3 4 0.0065 

        

Control + 

Alcohol 1 2 0.0994 

Control + 

Alcohol 1 3 0.0000 

Control + 

Alcohol 1 4 0.0000 

Control + 

Alcohol 2 3 0.0000 

Control + 

Alcohol 2 4 0.0000 

Control + 

Alcohol 3 4 0.0084 

        

Table 8 
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ANOVA tables amplitude   Table 9 

  df F p value 

treatment  2 0.97 0.3985 

day 3 201.2 < 0.001 

treatment x day 6 1.28 0.3167 

        

Overall ANOVA (Wilks Lambda)- joint 

amplitude & time       

  df F p value 

treatment 4 1.13 0.3975 

day 6 2695 < 0.001 

treatment x day 12 1.99 0.0574 

time   

 

df F 

p 

value 

2 1.86 0.2345 

3 460K 

< 

0.0001 

6 2.36 0.0741 

Table 9 
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ANOVA tables amplitude     

Table 

10 

  df F p value   

treatment 3 10.37 

< 

0.0001   

day 3 126.1 

< 

0.0001   

treatment x day 9 12.4 

< 

0.0001   

          

          

Overall ANOVA (Wilks Lambda)         

  df F p value   

treatment 6 8.08 0.0007   

day 6 741 

< 

0.0001   

treatment x day 18 11.97 < 0.001   

time    

 

df F 

p 

value 

3 26.74 0.0002 

3 61K 

< 

0.0001 

9 18.55 

< 

0.001 

Table 10 
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 Table 

11 
mean comparisons 

among treatments     

day tx vs treatment p value 

1 

10nM 

VD/Dex/BGP/AA2P 

1nM 

VD/Dex/BGP/AA2P 0.1661 

1 

10nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.0656 

1 

1nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.6208 

1 Control 

10nM 

VD/Dex/BGP/AA2P 0.0000 

1 Control 

1nM 

VD/Dex/BGP/AA2P 0.0000 

1 Control Dex/BGP/AA2P 0.0000 

        

2 

10nM 

VD/Dex/BGP/AA2P 

1nM 

VD/Dex/BGP/AA2P 0.1669 

2 

10nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.0916 

2 

1nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.7428 

2 Control 

10nM 

VD/Dex/BGP/AA2P 0.0000 

2 Control 

1nM 

VD/Dex/BGP/AA2P 0.0001 

2 Control Dex/BGP/AA2P 0.0003 

        

3 

10nM 

VD/Dex/BGP/AA2P 

1nM 

VD/Dex/BGP/AA2P 0.2829 

3 

10nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.3138 

3 

1nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.9451 

3 Control 

10nM 

VD/Dex/BGP/AA2P 0.0006 

3 Control 

1nM 

VD/Dex/BGP/AA2P 0.0090 

3 Control Dex/BGP/AA2P 0.0077 

        

4 

10nM 

VD/Dex/BGP/AA2P 

1nM 

VD/Dex/BGP/AA2P 0.1505 

4 

10nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.2185 

4 

1nM 

VD/Dex/BGP/AA2P Dex/BGP/AA2P 0.8264 

4 Control 

10nM 

VD/Dex/BGP/AA2P 0.0015 

4 Control 

1nM 

VD/Dex/BGP/AA2P 0.0479 

4 Control Dex/BGP/AA2P 0.0300 

Table 11 



76 

 

mean comparisons 

across days     

 Table 

12 

tx day vs day p value 

10nM 

VD/Dex/BGP/AA2P 1 2 0.0396 

10nM 

VD/Dex/BGP/AA2P 1 3 0.0018 

10nM 

VD/Dex/BGP/AA2P 1 4 0.0000 

10nM 

VD/Dex/BGP/AA2P 2 3 0.1972 

10nM 

VD/Dex/BGP/AA2P 2 4 0.0021 

10nM 

VD/Dex/BGP/AA2P 3 4 0.0437 

        

1nM 

VD/Dex/BGP/AA2P 1 2 0.0388 

1nM 

VD/Dex/BGP/AA2P 1 3 0.0001 

1nM 

VD/Dex/BGP/AA2P 1 4 0.0000 

1nM 

VD/Dex/BGP/AA2P 2 3 0.0253 

1nM 

VD/Dex/BGP/AA2P 2 4 0.0033 

1nM 

VD/Dex/BGP/AA2P 3 4 0.3895 

        

Control 1 2 0.0000 

Control 1 3 0.0000 

Control 1 4 0.0000 

Control 2 3 0.0000 

Control 2 4 0.0000 

Control 3 4 0.0028 

        

Dex/BGP/AA2P 1 2 0.0116 

Dex/BGP/AA2P 1 3 0.0000 

Dex/BGP/AA2P 1 4 0.0000 

Dex/BGP/AA2P 2 3 0.0012 

Dex/BGP/AA2P 2 4 0.0000 

Dex/BGP/AA2P 3 4 0.1837 

Table 12 
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